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Abstract

The nuclear lighthouse effect (NLE) is a new technique to examine Mdssbauer isotopes
with synchrotron radiation (SR). It is closely related to nuclear forward scattering (NFS),
which is the time based analogon to traditional, energy based Mossbauer spectroscopy.
However, in rotating rapidly the sample, which is basis of the NLE, the time response
of a NFS experiment is mapped to an angular scale. Interacting photons are deviated
according to their interaction time within the rotating sample. In principle, it is an
improvement of nuclear forward scattering (NFS), as it permits to apply the rules of
NF'S, but does not need a certain time structure of the synchrotron radiation.

In this thesis, an experimental setup for NLE measurements was established to inves-
tigate two different types of systems. The first system are model 5"Fe-layers in a grazing
incidence geometry. This was the first angle-resolved measurement of the NLE in this
geometry. The second system is ®'Ni metal. This Mdssbauer isotope has a very high
transition energy of 67.4 keV. This energy is twice as high as all other isotopes used in
NF'S or other coherent SR based nuclear resonant measurements so far. The lack of inves-
tigations on transitions with high energies is of no surprise, as the Lamb-Maossbauer factor
describing the probability of nuclear resonant absorption scales with e™" *¢ *F3<e*>  Fyr-
ther, high resolution monochromators become difficult to realise at these energies. The
NLE does not depend on a huge degree of monochromatisation of the incident radiation,
as the non-interacting photons are not deviated into the detector.

This thesis describes the technical developments realised to use the NLE in grazing
incidence geometry and at high energies. The latter application depends crucially on an
elaborated scheme to cool the rotating sample. The performances of the beamline ID18 at
the European Synchrotron Radiation Facility at high energies are presented. Small angle
X-ray scattering (SAXS) leads to an undesired background and has to be minimised.
Means how to minimise SAXS are presented.

The results obtained for the 5"Fe-layer systems are presented and their magnetic prop-
erties deduced. The main emphasis however is given to the 5'Ni resonance. The first
spectra ever obtained in coherent nuclear resonant scattering of SR for a Mossbauer iso-
tope with high transition energy is presented. The analysis of these data obtained with
the NLE are compared to literature and to results of a further method, synchrotron ra-
diation based perturbed angular correlation (SR-PAC). SR-PAC exploits the incoherent,
inelastic decay channel of a nuclear excitation. It does not depend on the Lamb-Moss-
bauer factor and leads to higher experimental countrates as compared to NF'S with a small
Lamb-Mossbauer factor. Advantages and drawbacks of these two methods are discussed.
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Chapter 1

Introduction

The aim of this thesis is the development of a recently introduced nuclear resonant scat-
tering technique and its application to high energies and in grazing incidence geometry:
the nuclear lighthouse effect. The roots of nuclear resonant scattering (NRS) date back
to the late fifties.

In 1958 R. Mossbauer examined the nuclear resonant absorption of ~-rays in '!Ir.
He found out that, with decreasing temperature, resonant absorption increased contrary
to what was expected. His interpretation of the experiment based on works on neutron
absorption by Lamb [Lam39] and Wigner and Breit [Bre36|, leading to the picture of
“recoilless absorption”. Although first discovered in '"'Ir, many other isotopes proved to
show the effect, the most prominent one being >Fe. The effect, now called the Moss-
bauer effect, soon became a new spectroscopic tool to study the electronic and magnetic
properties of solids via the hyperfine interactions at the Mdssbauer nuclei, e.g. magnetic
hyperfine fields or valence states in chemical bonds. In fact, it was immediately widely
used in physics, chemistry, material science and biology [Giit78]. The sources of the y-rays
are radioactive mother isotopes, that are sometimes hard to obtain or impractical. With
the construction of synchrotrons, the idea to excite the nuclear levels with synchrotron
radiation (SR) emerged [Rub74]. The theoretical treatment of the physics involved in
such an experiment was soon developed [Tra78, Kag78, and references therein for earlier
work not specific to synchrotron radiation excitation].

As the natural linewidth of nuclear levels is extremely small (in the range from neV
to peV), especially as compared to the typical energetic width of undulator generated
synchrotron radiation (in the order of several eV), special experimental measures have to
be taken in order to extract the nuclear signal from the background of non-interacting or
electronically scattered photons. One is to maximise the ratio of resonant photons (i.e.
photons having an energy within the natural linewidth of the nuclear transition) to overall
photons. Another one is the use of a pulsed time structure of the incoming synchrotron
radiation. Then, the delayed de-excitation of the excited nuclei can be observed during
the absence of non-interacting or electronically scattered photons.

The first successful observation of nuclear resonant scattering with SR was achieved
in 1985 [Ger85] using yttrium iron garnet single crystals containing °"Fe. Properties of
the °Fe sites in these crystals were investigated using a nuclear Bragg reflection, that is
an electronically forbidden Bragg reflection, which is nonetheless allowed by a different
orientation of nuclear °“Fe scatterers in different lattice sites. Accordingly, this type
of measurements was named nuclear Bragg scattering (NBS). It is an efficient means to
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extract the interacting photons from the energetically broad pulse of incoming synchrotron
radiation.

With increasing quality of monochromator crystals and thanks to faster detectors, an-
other approach became possible, which is no longer restricted to nuclear Bragg reflections
of single crystals: Nuclear forward scattering (NFS) [Has91]. Coherently scattered pho-
tons are allowed for all crystalline and non-crystalline solids in the forward direction (i.e.
the direction of the incoming wavevector /;) The transmission of a synchrotron radiation
pulse through such a sample is characterised by a prompt pulse of photons that did not
interact with the nuclei and by a delayed signal of nuclear resonant scattering. The time
discrimination of the detector signal permits its separation.

Yet, the incident radiation had to have a very well defined time structure with a
sharp peak in intensity followed by a huge gap of zero intensity. This type of filling
is sometimes realised in synchrotron radiation storage rings. At the ESRF, these are
principally the 16 bunch and the single bunch fillings and represent about a quarter
of available measurement time [ESRFa]. In 1996, a group of scientists examined X-ray
optics for peV-resolved spectroscopy [R6h97]. During these experiments, they observed
that the phase of the nuclear excitation turns with the sample itself, if the latter is subject
to a rotation. The de-excitation proceeds deviated into a certain angle as compared to
the forward direction. In fact, in this case the time evolution of the decay of NF'S is
mapped on an angular scale. Increasing angles correspond to increasing times, and this
independently from the time structure of the incident radiation. The effect became known
as the nuclear lighthouse effect (NLE) [R6h99¢]. Apart from the independence from the
time structure of the incident radiation, the second feature of greatest importance is the
separation of nuclear scattered photons and non-interacting or electronically scattered
photons in space. Whereas the first are deviated off axis to the side, the latter -to a large
majority- stay on the beam axis and proceed undeviated. Monochromatisation schemes
like for NFS can become much less important. The first measurements demonstrating the
power of this approach have been carried out with *"Fe, 1*°Sm and ''°Sn in transmission
geometry [R6h00c, R6h01lc, R6h01d]. As the NLE does not depend on the synchrotron
radiation time structure, but obeys the rules of NF'S nevertheless, it is in that respect an
improvement of that last technique. Electronically scattered photons that do not stay on
the beam axis originate mostly from small angle X-ray scattering (SAXS) and constitute
unfortunately an undesired background to the delayed signal.

NFS and the NLE are valuable tools to investigate hyperfine interactions, as is the
Maéssbauer effect. Further, also dynamics like relaxation and diffusion [Leu99, Vog99,
Ast01, Ser02] can be addressed with this technique. Another development of NRS to
study dynamics is nuclear inelastic scattering (NIS), discovered in 1995 [Set95], which
allows to measure the density of phonon states in solids and liquids [Bur00]. Despite
the variety of applications of NRS, a remark often heard about NRS is the limitation
to a small number of Mdssbauer isotopes that are investigated in experiments. By far
the most used samples contain “Fe, as was the case already in traditional Mdssbauer
spectroscopy. But other isotopes have been addressed with SR, too. '¥!Ta, 9Tm, 83Kr,
1Ry, 19Sm, 19Sn, 1Dy, 9K, 2T and '2!Sb. Other isotopes have just been excited
and their delayed decay was observed: 271, 197Au. Before this thesis, 5'Ni belonged to
this category, too. For an overview and references concerning these isotopes, see chapter
8. 5INi was first used in traditional Mdssbauer spectroscopy by Obenshain and Wegener
[Obe61]. Due to its manifold applications in magnetism and biology, it was hoped to



access this transition also with SR. Efforts by Wille et al. [Wil02, Ger02] did not pass the
step of simply exciting the level and observing the following nuclear fluorescence. This
thesis presents the first spectroscopic measurement with 'Ni at a synchrotron, using the
nuclear lighthouse effect. It further presents first results with 6!Ni using synchrotron
radiation based perturbed angular correlation (SR-PAC), which will be explained later
on in this introduction.

Nickel is a very interesting isotope for Mossbauer investigations: like iron, it exists in
different valences, it shows various magnetic behaviours and it plays a key role as active
centre of biomolecules [Lan88, Hau97]. Unfortunately, the use of Mdssbauer spectroscopy
is very much hampered by the lack of a suitable radioactive mother isotope. The two
possible sources are 'Co with a lifetime of only 99 minutes and %'Cu with a lifetime of
200 minutes. The only group involved sporadically in Mdssbauer spectroscopy with 6'Ni
at present is the group of Prof. Giitlich in Mainz, Germany, having the possibility to acti-
vate their sources with a nearby accelerator. A few other groups did so in the past. In the
beginning, nuclear properties of *'Ni [Weg61, Spi68, Lov68, Eri69] and possible Mossbauer
sources [Sey65, Amb69] were the main interest of the investigations. Then, most research
has been on electron configurations via the isomer shift and the electric quadrupole split-
ting in molecules of chemical interest [Obe76, Dal79, Jan96, Got98, Giit99], the nickel
contribution to magnetism in metallic alloys [Lov71, Tan72, Goér73, Tom77, Luk85] or
spinel type magnetic oxides [Giit84, Gry89, Oka95] and hyperfine interactions at the cop-
per sites of superconductors via ®'Cu(®'Ni) emission Mdssbauer spectroscopy [Mas98].
Also the contribution of the nickel nuclei to the magnetism of metallic glasses and amor-
phous alloys [Sos81, Sta89], phase transitions in pyrites containing nickel [Kri76] and
surface magnetism of nickel [Sta88] have been investigated. Very little results in the do-
main of material science [Rum82, Kse02] and biology [Jan96] are published, to finish this
almost comprehensive picture of the literature available on ®'Ni Méssbauer spectroscopy.

Another obstacle in Mdssbauer spectroscopy with 5'Ni is the Lamb-Mgssbauer factor,
that strongly decreases at high transition energies and with increasing temperature (see
equation 2.21). As the transition energy of the ®'Ni Mdssbauer level is fixed at 67.41 keV,
it is therefore indispensable to cool the sample. In traditional Mossbauer spectroscopy,
this is done down to 4 K. Using the nuclear lighthouse effect and thus a sample that
spins inside a gas bearing and driven by another gas flow, these temperatures are out of
reach. The stator-rotor system with its tolerances is conceived for ambient temperature.
Nevertheless, we can finally report the feasibility to cool the sample down to 100 K. During
the development of a functional cooling scheme, several options were thought of and also
led to an approach with the spinning sample sticking out of the stator block, allowing for
an ”external” cooling. Although rotors having a hollow sample chamber at their outer
end became too brittle and broke repeatedly in this region, the method of having the
sample at the outer end of the rotor was maintained for a different idea: measurements
in grazing incidence geometry on surface samples.

%Fe layers allow the creation of manifold systems to study magnetic behaviour in
reduced dimensions (e.g. interfaces and layer structures) [Bla94]. NFS in grazing incidence
geometry [R6h99b] with 57Fe has led to remarkable results in this field of research [Chu99,
R6h03, R6h04b]. This technique can be combined with the NLE. We therefore went on
to conceive bulk rotors with a polished top surface, which were covered with layered
structures containing °’Fe. The advantage of the grazing incidence geometry is the fact
that no sample container, e.g. the rotor walls, has to be passed by the synchrotron
radiation. The rotor walls represent a key part of the SAXS background, that tends to
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obscure the nuclear resonant signal, as it is likewise deviated into the same angular range.
Our measurements with the nuclear lighthouse effect in grazing incidence geometry on
these systems are the first of their kind.

Unfortunately in both cases (°'Ni sample in transmission geometry and °"Fe surface
layers) the SAXS, coming either from the transmitted sample and rotor wall or from the
surface roughness of the sample, turned out to be too big, if no further measures had been
taken. Luckily, SAXS is a scattering effect on a prompt time scale as compared to nuclear
resonant scattering. If the synchrotron is filled in ”timing mode”, an electronic gating of
the detector or the amplifiers allows to distinguish between prompt SAXS and delayed
nuclear resonant scattering. (Prompt non-interacting photons are not deviated and do
not need to be suppressed by electronics.) The drawback is the loss of a main advantage
of the NLE, namely its principal independence of the filling mode of the synchrotron. For
grazing incidence measurements with °"Fe layered structures, it is therefore advantageous
to use the less problematic NF'S setup with sophisticated, but available and reliable high
resolution monochromators. However, to perform coherent nuclear resonant measure-
ments with ®'Ni, NFS is no alternative, as sophisticated monochromatisation schemes do
not work at photon energies above 30 or 40keV, if Bragg backscattering is used. The
angular acceptance of Bragg reflections at these energies is too low to match the angular
divergence of current synchrotron sources. But without sophisticated monochromatisa-
tion and in forward geometry, the ratio of nuclear resonant photons to overall photons is
too bad even for modern detectors. Here, the separation in space with the NLE is the
only method to overcome this problem to date.

Only recently [Ser04], a further nuclear scattering technique has been reactivated.
After exciting a set of individual nuclei with synchrotron radiation, their exponential decay
is slightly modulated in time and angle, if the excited level consists of several sublevels
that interfere. It was first observed in 1996 and then called single nucleus quantum beats
[Bar96]. It is in fact an incoherent process, therefore involving just individual nuclei.
Due to the angular behaviour of the decay, nowadays the effect is termed synchrotron
radiation based perturbed angular correlation (SR-PAC). In time differential perturbed
angular correlation, a radioactive source decays into an excited state of nuclei showing a
further intermediate level between the primary excited state and the ground state. An
angular correlation between the two subsequent decays of the investigated nuclei provides
information about its hyperfine interactions. Here, the radioactive source and the first step
of the two-stepped decay is replaced by the synchrotron and the direction of the incoming
radiation. No three level system is needed anymore. Possible candidates for this technique
are thus all Mdssbauer isotopes. The great advantage in the context of energetically high
lying nuclear levels like in the case of ®'Ni is its independence from the Lamb-Mdssbauer
factor. The Lamb-Mossbauer factor decreases with increasing energy and temperature.
So far, SR-PAC was used to investigate °"Fe samples, but the advantages cited above
made it obvious to apply it to ®'Ni. The interference structure on top of the exponential
decay reveals the hyperfine splitting of the excited state. The magnetic hyperfine field of
6INi was thus determined by an alternative method.

NLE and SR-PAC can be complementary. Especially the NLE is sensitive to a splitting
of the nuclear ground state. On the other side, SR-PAC works in the region of vanishing
Lamb-Mdssbauer factor. If this factor becomes bigger, SR-PAC data will be disturbed
by the propagation of the coherent wave field in the sample. Both methods, NLE and
SR-PAC, will hopefully allow to address still other isotopes with synchrotron radiation in
the near future. A few isotopes seem to be in reach.
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This thesis continues as follows: chapter 2 introduces the theory of nuclear resonant
experiments and the hyperfine interactions. After focussing on the Mossbauer effect, it
treats especially the nuclear scattering technique and finishes with non-resonant SAXS.
Chapter 3 presents the different types of samples used and the nuclear properties of " Fe
and 5'Ni. Chapter 4 shows in detail the experimental setup used for the experiments,
in particular the lighthouse setup. It further explains synchrotron relevant instrumenta-
tion. Chapter 5 presents nuclear resonant scattering in grazing incidence geometry on
5Fe layers. It compares NLE results with the standard method of grazing incidence on
a stationary sample. Chapter 6 starts with flux and energy considerations at the %*Ni
energy and treats the measurements obtained on the ®'Ni with the NLE in transmis-
sion. Alternative results are obtained using SR-PAC measurements with ®'Ni which are
presented in a separate chapter 7, together with a short theoretical part. The question
weather the techniques of NLE and SR-PAC can be applied to other Mdssbauer isotopes
with a high transition energy is elucidated in chapter 8 including an overview over past
and present Mossbauer isotopes addressed with SR . The conclusions to take from this
work are drawn in chapter 9.






Chapter 2

Theoretical background

The main interest of this chapter is to review the theory of coherent nuclear resonant
scattering. It starts with the Mossbauer effect, which historically was the starting point
of nuclear resonance investigations in solid state physics. Then, with the advent of pow-
erful synchrotron light sources, nuclear forward scattering (NFS) and recently the nuclear
lighthouse effect (NLE) developed, as the time-based analogon of the energy domain
Mossbauer spectroscopy. Both depend on the coherence of the scattering process, thus
on its elastic behaviour. Into the same category falls grazing incidence scattering on thin
films containing Mossbauer isotopes, which will be discussed as well. In the case of the
6INi isotope, it turned out that nuclear lighthouse experiments are rather difficult, as
compared to investigations of the isotope with synchrotron radiation based perturbed
angular correlation (SR-PAC). This technique exploits the incoherent, inelastic scattering
channel of the nuclear excitation, especially the deviation from an exponential decay. It
will be discussed later in the dedicated chapter 7. Of further interest is small angle X-ray
scattering (SAXS), which presents an undesired background in NLE experiments. An
introduction to SAXS is found at the end of this chapter.

2.1 The Mossbauer effect

2.1.1 Nuclear resonant absorption

Nuclear resonant absorption of photons treats subsequent absorption and re-emission of
a photon by nuclei. An important issue concerning this effect is the recoil of the nucleus
after emission, or absorption, of a photon. Let’s consider a free nucleus. Apart from its
ground state, where all its nucleons occupy the energetically lowest configuration allowed
by the Pauli-principle, a variety of excited states exist, which can be reached by supplying
energy, e.g. by electromagnetic radiation or through the decay of a radioactive mother-
isotope [May94|. An excited nucleus of energy E, will decay into a lower level E,, e.g. its
ground state, after a characteristic time, the mean lifetime 7, of this excited level. The
difference in energy is £, = E, — E,. This decay can be radiative. The energetic width
[', of the level and the lifetime are correlated via the Heisenberg’s uncertainty principle:

r,=

Tﬁ (2.1)

13
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emitting nucleus absorbing nucleus

Figure 2.1: Principle of resonant absorption

The energy distribution N(E) of photons emitted by such nuclei is of Lorentzian shape
with I, being the full width at half maximum. A photon carries a momentum p = E, /c,
which has to be balanced by the emitting free nucleus, due to momentum conservation.
Therefore, the nucleus of mass m recoils with an energy

2 E?

p v
Er= " = 2.2
B= om ~ 2me? (2:2)

The Lorentzian energy distribution of the emitted photons is thus centred around the
reduced value E, = E, — Ep:

(5)°

(E= (B, — En) + (3)°

N(E) = N, (2.3)

The same accounts for the absorption of photons by nuclei. The incoming photons have
to provide a surplus of energy needed for the recoil of the absorbing nuclei: E, = E,+ Fg.
Thus, energy dependant absorption cross section, o(E) is centred at an increased value
Eo + ERI

(2)?

(E = (B, + ER))* + (%)

Resonant absorption is only possible, if both distributions 2.3 and 2.4 overlap at least
partly. This is not the case for a free nucleus at rest: A prominent example is >’ Fe with
E, = 14.4 keV, leading to a recoil energy Fr = 2-107%eV. Its mean lifetime is 7, = 141 ns,
which translates into a natural linewidth ', = 4.7 - 107%eV. Hence, there is no overlap.

o(E) =0,

(2.4)

Things change, if we consider thermal motion of the nuclei, like in gases and liquids.
Due to the Doppler shift, the widths of 2.3 and 2.4 increase, as thermal velocities are
distributed over a wide range according to the Maxwell distribution. Thermal velocities
correspond to kinetic energies in the range of Eg, so some overlap between 2.4 and 2.3 will
be observed at the center E,. The probability of resonant absorption stays nevertheless
small, as just the flanks overlap.

Nuclei in a crystal structure are bound. While absorbing a photon, a nucleus cannot
recoil freely, as F is smaller than typical binding energies (several eV). Energy might be
transferred to excite lattice vibrations, phonons. The energy of phonons in a crystal is
in the order of recoil energies of a free nucleus. Nevertheless, with a certain probability,
the absorption or emission of photons can occur without changing the phonon state of
the system. Then, the recoil has to be taken by the crystal as a whole. The mass of the

2
crystal M is comparatively huge and Er = ME/I—’CQ is negligible. The energy of the emitted
or absorbed photon then matches the energy of the nuclear transition, the difference
between ground and excited state: £, = E, = E, — E,. Nuclear resonant absorption can
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take place. It has been observed first in 1958 by Rudolf Mossbauer and is therefore called
the Mossbauer effect [M6859][M6858, theory]. The probability for transitions without
phonon interaction, zero-phonon 7-transitions, is called the Lamb-Mdossbauer-factor f;
[Lam39]. Although confusing, one speaks about the recoilless fraction. Remember that
there is still a recoil, only it is taken by the crystal as a whole and does not lead to a
perceptible energy shift of the v -ray.

2.1.2 The Lamb-Mossbauer-factor

It is evident that the knowledge of the Lamb-Mossbauer-factor is of great importance
for nuclear resonant scattering. We will first calculate it using classical physics [Bar80,
Fra63] and investigate a moving emitter of electromagnetic radiation. The result for the
Lamb-Mossbauer factor turns out to be the same as obtained with the correct quantum
mechanical treatment. This is surprising, as recoil losses do not appear in the classical
picture of a radiating emitter. Nevertheless, the temperature dependence in this approach
is not satisfactory. The transition to quantum mechanics will be sketched later.

Imagine a nucleus at rest bound in a crystal at zero temperature, emitting continuously
radiation of energy F, = fw,. The vector potential is then:

A(t) = A, et with: [4,7 =1 (2.5)

At higher temperatures, the nucleus oscillates around its equilibrium position. The fre-

quency changes: w(t) = wo(l + %t)), with v being the non-relativistic velocity of the

nucleus. The vector potential becomes:
At) = 4, e iffw(dr _ A, pitot oikz(t) (2.6)

z is the displacement of the nucleus and k = |k| = “ the wave vector of the emitted
radiation. If we apply the Einstein model of lattice vibrations, we assume only one
vibration frequency of the lattice (2 and replace x(t) = x, sin ¢, obtaining:

A(t) — Ao eiwoteikxo sin Qt (2‘7)

oo
Introducing the Bessel function with e#®sn® — Z T (ko)™ we get:

n=—oo

Aty = Ay Y Jalka,)elr ! (2.8)

n=—oc

The frequency spectrum of the emitted radiation splits thus into the frequencies w,, w,+

Q, w, £ 29, .... The unshifted central line with n = 0 is the line of zero-phonon ~-
transition. It’s intensity is given by
f = Anzol® = J5 (ko) (2.9)

If we consider a real crystal with NV atoms, there exist 3N independent vibration modes.
The displacement of the emitter x(¢) in the exponent of equation 2.6 is the sum of the
different components: z(t) = S*" z,, sin Q,,t. For f we now obtain:

f=1[ 72 (kzm) (2.10)
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Figure 2.2: Model of a classical oscillating emitter [Sch92]

As f cannot exceed 1, and 3N is large, each factor of 2.10 is close to 1, also the amplitudes
Ty are very small. Then, we can develop the Bessel function as a series J,(kz,,) =
1 — 1 (kzyp)? + ... and stop after the quadratic term. We calculate:

lnf_QZan (k) ~221n<1—k22> (2.11)

We use In(1 + a) = a — 3a® + ... and introduce the mean square displacement (2?) =
= >, T2, to obtain:

k2 2
In f ~ —2 Z —k? (2?) (2.12)
This is even exact for the limit N — oo. The value is called the Lamb-Mdssbauer factor.

fim = e_k2<m2> (2.13)

The quantum mechanical result is very similar, we just have to interpret (z?) in terms
of probability amplitudes. We can already see the following: To have a significant value
for fiu, we need k% (z?) < 1. The nuclei need to be bound, e.g. in a crystal or in an amor-
phous solid. It further implies that the wave vector shouldn’t be too big, which translates
to an upper limit of the y-energy E, = hck, for traditional Mossbauer spectroscopy below
200 keV. For nuclear resonant scattering with synchrotron radiation, this limit is much
lower due to technical problems, as we will discuss in chapter 4. As it decreases the atom
displacements and thus (z?), cooling will help to increase the resonant fraction fi,.

When considering aspects of quantum mechanics, two problems arise from our preced-
ing treatment. First, even at zero temperature, oscillations in a crystal exist. Second, the
~-ray emission is not continuously, but implies a y-quantum, a photon. It carries a recoil
that we did not consider above. A very nice way of introducing quantum mechanics at
this point is given in [Weg66, chapter 2 and 3]. Here, we will just replace the energy of
a classical oscillator by the energy of a quantum mechanical oscillator to obtain the right
temperature dependence of the Lamb-Mdssbauer factor [Sch92].

The energy of a one dimensional classical oscillator with x,, being its maximum dis-
placement is given by E,; = imQ%z2. The mean square displacement is (z?) = 122,
Thus

Eq=m Q* (z%) (2.14)
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In quantum mechanics, the energy of a harmonic oscillator being in the state n is
Egm = hQ (n + 1) (2.15)

In a large set of identical oscillators, each energy level n is occupied with a probability P,
according to Bose-Einstein statistics.

nhQ
e kBT
= _mn (2.16)
}:ne kgT
We compare the classical and the quantum mechanical energy of one oscillator. For the
quantum mechanical oscillator, we average over all possible states n:

m* (z*) = hQ (i nP, + %) (2.17)

P,

Combining 2.16 and 2.17 we thus get the desired expression for the mean quadratic
displacement of the atoms of the crystal:

h 2
WL . 2.1
(@ >E 2ms < * ekhB_QT—1> (2.18)

The index E standing for the Einstein model of lattice vibrations. If we assume a general
distribution of phonon frequencies, Z(Q) with [ Z(Q)dQ = 3N, with N being the number
of atoms in the lattice, we obtain:

(z%) = 3LN /OOO Z(Q) (¢*) A = 67:]\[ /OOO Zgl) (1 + h_QL_J dQ (2.19)

kBT

If the phonon density of states is known, it is thus possible to calculate the Lamb-Moss-
bauer factor. A good approximation for an unknown density of states is given by the
Debye model of lattice vibrations with

_ ONE Q? ks©p

Z(Q)—Ke—% for Q<QD: 7

and Z(Q2) =0 above (2.20)

Op is the Debye temperature. Combining 2.19 and 2.20 and using f,,, = ek2<’”2>, we are
able to find the Lamb-Maossbauer factor as a function of temperature:

3h%k? (l 72 (©p/T _y dy)

fow = mhoon (el @ @2.21)
For low temperatures 7' < ©p we get:
BB (1 ae? g2
fLM —e 4mkp©p (1+ 3 @2D) (222)

We state again that neither £, = hick nor T should be two large, in order to have a
significant f,, value. For T', we appreciate T' < ©p. Especially when investigating Moss-
bauer isotopes of large transition energy £, , like in the case for the 67.14 keV transition
of %INi, cooling becomes a must when investigating coherent nuclear forward scattering.
As we will see in chapter 2.4, this method depends on f2,. This is not the case for nuclear
inelastic scattering or synchrotron radiation based perturbed angular correlation.
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Figure 2.3: The Lamb-Mdssbauer-factor in ' Ni metal * following the Debye model with ©p = 390 K,
b) with a variable Debye temperature as shown in the inset and ¢ measured [Obe61]. Results of the inset
taken from [Bir64]. On the right a comparison to fru of 5" Fe in a-iron [Ber94b].

2.1.3 Energy conservation and recoil energy

So far, we considered the probability of a transition in which the ~-ray energy did match
exactly the energy difference between ground and excited state. This is given by fi .
Thus, there is the probability 1 — fi,;, that the energy does not match. How will the
energy be conserved in this case? The recoil energy could be taken between the nucleus,
the crystal and phonons. The nucleus cannot leave the lattice, so it cannot take transla-
tional energy. The mass of the crystal M is too big to take a non negligible amount of
translational energy, as we had Ep = E2/2 M ¢*. This leaves the phonons. Lipkin derived
the average energy transfer between the v quantum and the phonons [Lip60]. His law,
the Lipkin sum rule, will be explained below [Weg66].

The Hamiltonian of the lattice of atoms with momentum p; and position #; is given
by

P2
H=3 o4 V(... (2.23)

m

-

If we calculate the commutator [H,e "], the only term of H that does not commute
with 7, is 5=p?. We get:

oikTo I o=ikTo _ pp  — ik {H e—iﬁfo] _ Leil;fo {pﬂ e—ilzfo}
’ 2m o’
R’k? hoo
= — —kp, 2.24
2m  m Po ( )

The eigenstates of H are |Eq) with eigenvalues Eg. We thus have H = )" |G") Eq (G|
We further multiply (G| from the left and |G) from the right.

Ko | 1 1), —ikZ, / / n2k? h-,
> (Gl |G Ear (G'e " |G) = 3 (GIG) Ea(G|G) = (G5 ~|G) = (G| kp|G)
G’ G’
B2 k> hi -
1 —ikZo ZE ., — E — - 2 29
%:HG e "GP B — Bg = 5 — —(G|—kp,|G) (2.25)

The term (G\%Eﬁ()@) vanishes, as the operator j, can be written as a linear combination
of phonon creation and annihilation operators , thus changing the eigenstate |G), when
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acting on it and (G|G') = 0 for G # G'. |(G'|e % |G)|2 on the other side is the probability,
that the crystal changes its state from |G) to |G"), while emitting a y-quantum. The term
e~ k%o ig part of the Hamiltonian that describes the interaction of the v wave field and the
lattice. The other parts of that Hamiltonian are independent of the lattice state and do
not interest here [Weg66]. We rewrite:

k2 p?
— = ﬁ = Fp (2.26)

ZP(G — G’)Egl — FEq =
Gl

The mean energy transfer to the crystal equals the recoil energy of a free emitting nucleus.
With this point clarified, we can understand Fig. 2.4 which summarises the values for the
Lamb-Mossbauer factor and visualises the distribution of processes involving creation or
annihilation of phonons.

classical treatment quantum mechanical treatment
1
S S —
f=1 f<l
T=0
Wo E Wo E
1 I
i e et e It
f<1 f<1
T>0
.. | o[
Wo w

E

Figure 2.4: The frequency spectrum of a single line Mdssbauer-source at and above zero temperature in
classical and quantum mechanical treatment. In the latter case, the center of the spectra is shifted to
smaller frequencies and energies, corresponding to the recoil energy that would have been transferred to a
free nucleon. [Weg66]

2.1.4 Scanning the region of nuclear resonant absorption

We calculated the probability, that a y-ray emission or absorption process takes place
without creation or annihilation of phonons. In this case, we do not transfer recoil energy
to the crystal. The probability is referred to as the Lamb-Mdossbauer-factor fi,;. Now, we
will consider a source of y-rays on one side, and an absorber of the same nuclei at some
distance. As stated at the beginning, the source contains radioactive mother-isotopes,
that in performing the radioactive decay, populate the level E, of our Mossbauer isotope.
We will then displace the source with the speed v.

We remember the energetic width of emitted radiation 2.3, now of course in the case
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of Fr = 0 and modify it slightly, the index s standing for the source:
fIfM ) FO/QW

I,(v,F) = 2.27
N - N (| W (221
The constant is chosen as to obtain ffooo Lsorce = f220"¢¢. This radiation should pass the

absorber and hit a detector on the other side. The countrate will depend on the absorber
density, thickness and the absorption cross section. This splits into absorption due to
interaction with the electron cloud and nuclear resonant absorption. We remember the
nuclear absorption cross section 2.4 and write for the transmission

T(E) = e dno(®) (2.28)
o(E) = 0+ 0,(F) (2.29)
Un(E) = B im0, (FO/z) (2.30)

(E - E0)2 + (F0/2)2
o 1 2J,4+1
o= T 2.31
? K1+a2J,+1 (231)

The value for o, is obtained from quantum electrodynamics [Ach62, deS74]. One first
calculates the partial cross section of «-ray absorption by a nucleus of certain angular
momentum and certain z-component of it. If we do not know the initial state of the
emitting or absorbing nucleus with respect to its z-component of the angular momentum,
we have to average over 2.J; + 1 possible values. Further, after the transition, the z-
component will be in one of 2.J; 41 states. Here we have to sum over all these possibilities.
The factor i—’; is a very general behaviour of y-ray scattering. The factor 14%1 originates
from the fact, that in addition to a radiative decay of the excited state, a de-excitation
via electron conversion is an alternative possibility, but then no -ray is emitted, reducing
the resonant scattering (but not the resonant absorption) cross section. The probability
of emitting a ~-ray is just 14%04 For 5'Ni, o = 0.14 and thus in 87%, the decay will be
radiative. 5"Fe is much worse with o = 8.14 and thus only 11% of radiative decay. 3 is the
isotopic enrichment of the sample. Only the right isotope has the resonance energy under
consideration. d is the sample thickness, n the number of sample atoms per volume. The

detector measures the countrate
Z(v) = (1 — f2,)e ot 4 / I,(v, E) - emdnocg=dnor(B)q (2.32)
0

The first part originates from the non-resonant part of the source intensity. It is convenient
to compare the velocity dependant detector signal Z(v) to its value at Doppler shifts
far away from the resonance, Z(0co) = e~ If the sample is thin, then e~ (F) ~
1 —dno,(E) and we get

ZZ(EQ) |~ dn / " (0, B)oy(E)d(E)
_ 1 s ra (To/E,)?
= 1- idnﬁfLM Lm0 (U/C)2 + (Fo/Eo)2 (233)

The index a designates the absorber. In 1957, R. Mossbauer was the first to measure this
nuclear resonant absorption, using a 'Ir source and absorber. The setup and the result
is shown in Fig. 2.5. The word ’'spectroscopy’ for this case seems exaggerated, but if the
nuclear levels in the sample shift or split due to hyperfine interactions, this change can
be investigated.
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Figure 2.5: Schematic setup for Massbauer-spectroscopy and the historic results on 1 Ir [Mif59).

2.2 Influences on the energy of nuclear levels: hyperfine inter-
actions

In the preceding chapter, we analysed nuclear resonant absorption in the case of a nuclear
transition between an excited state F, and the ground state E,, the difference being F,,.
As only influence to this energy, we dealt with the Doppler shift that arose from thermal
motion, lattice vibrations and crystal velocity. There can be different influences to a
nucleus which might furthermore split possibly degenerate levels. As a nucleus is charged
and a composition of particles with spin, the presence of its atomic electron cloud and
magnetic fields, external or internal, affects the energy of the nuclear levels. Compared
to the energy of the nuclear level, these influences are very small and can be treated as a
perturbation. The set of possible perturbations is summarised with the term ”hyperfine
interactions”. For the Hamiltonian of the perturbed nucleus, we can write [Bar80]:

H=H,+Hy  Hy=Hy+ Hpogn (2.34)

We will treat the electric and magnetic influences only individually, starting with the
electric part. The electrostatic interaction energy between the charged nucleus and the
surrounding electric fields can be expressed classically by

E, = / pn (PVV (P)dPr (2.35)

with p,(7) being the nuclear charge density (the protons) and V() the scalar potential
of all surrounding charges (the electrons). We develop the potential in a Taylor series at
point » = 0 in the center of the nucleus, as the potential does not vary rapidly inside the
small nuclear volume:

} oV PV
V(F) =V, +Zm+ ;W wits Visgel 5 V=g (230)
Ea = /Pn F)dTWLZV/Pn )zid’r + Z‘/;J/pn Faayd’r + - (2.37)
< < i,j=1
eZ =0

The first term is V, eZ and represents the interaction of a point-like nucleus with the
surrounding charges. It does not matter whether the nucleus is in its excited state or its
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ground state. Thus, the term is of no interest here. The second term is zero, as p(7) is a
even function with respect to 7. The third term can be rearranged. We add and subtract
the term $6;;p, (7)r? inside the integral. Rearranging gives

3
1 1
Eo=2) Vi / pu(P)r* dr+ 2> Vi / (3wiz; — 0ijr®) pu (F)d’r (2.38)
N Z:1 n 17.] n

J/

7

~ ~~

E;s EQ

2.2.1 Isomer shift

The first part of equation 2.38 is called the Isomer shift or Chemical shift. To analyse it,
we first state that the scalar potential V' obeys the Poisson equation. Especially at the
nucleus, 7 = 0 we have:

3
AV(F=0)=> "V

i=1

= —47p, (0) = 4me|W(0)? (2.39)

r=
Here, —e|¥(0)|? is the charge density of the electrons, that are responsible for the existence
of V. W(0) is the probability of finding a charge at the center of the nucleus. Further, for
[ pu(P)r? d*r we consider a spherical nucleus of uniform charge density p,(7) = Ze - 5

4TR3
and radius R. This implies
/p (M)r?* d*r = ’ /r2 d’r = §R2 (2.40)
o ArR3 J, 5 '
Finally, we get
2
B, = %e\\IJ(OHZRZ (2.41)

The nuclear radius for the ground state is not the same as for the excited state. In
exciting a nucleus, we thus get an energy shift AE;, = 2%e[¥(0)[*(R2 — R2). As the radii
are almost the same, we approximate R, — R, = 6R and R, + R, = 2R.
AE;, = 4—7re|\If(O)\26—R R? (2.42)
5 R
In a traditional Mdssbauer experiment, there is the source and the absorber. The values
R? and ‘%R are nuclear properties and are identical for absorber A and source S. This
is different for the electron density at the nucleus |¥(0)|%. s-electrons can penetrate the
nucleus and spend a certain fraction of time there, as they have zero angular momentum.
Also py/p-electrons can do this, if we consider relativistic effects [Giit78]. Depending on
the valence state of the Mossbauer isotope in its lattice and chemical bonding properties,
the electrons are attributed to different orbits and thus the electron density at the nucleus
changes. This either by changing directly the population of s-electrons or indirectly by
p-, d- or f- electrons shielding more or less the s-electrons. We thus get in a Mossbauer
experiment a shift of energy for the transition by:
bis = AEjy — AE; = 4%&9(2) [[T4(0)]> — [¥¥(0)] %R R? (2.43)
S(Z) is arelativistic dimensionless correction factor which is 1.29 for ®Fe and 1.34 for !Ni.
The values for R? are 24 fm? for "Fe and 24.8 fm? for *'Ni, for 2 we have very roughly
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—0.9-103 for 5"Fe and —2.6---—0.9-10"* for 5!Ni [Tra68, Gol68, Obe73, Ing75, Giit78].
In a Mdssbauer experiment, ;5 is given by an offset in velocity concerning the position of
maximum overlap in the case of an unsplit absorber level and unsplit source level, see figure
2.6. With synchrotron radiation, as we will see later, this isomer shift is invisible, unless
we take two different nuclear resonant samples to obtain the difference in isomer shift
between them. Frequently, the isomer shift is also called electric monopole interaction.

AbSOrbeI' ITr A
Source

E, + AES Bo+ ABG

E, E,

(Y
>
>

naked nucleus naked nucleus V=0 v, O

Figure 2.6: Nuclear levels and the isomer shift. On the left the corresponding Mdssbauer spectra. A
stands for absorber, S for source.

Actually, it is just part of it. To understand this, one has to express the interaction energy
not with a Taylor series like in equation 2.37, but with the help of spherical harmonics, see
for example [MoB67]. Measurements of the isomer shift with *'Ni samples are in general
quite difficult for several reasons: the linewidth of the excited level is rather broad, due
to the short lifetime. The change in nuclear radius during the transition is an order of
magnitude smaller than in the case of iron. Finally, the second order Doppler shift, a
relativistic temperature effect that will not be treated here, see for example [Weg66], is
in this case of small isomer shifts comparable in magnitude and has to be corrected for,
using theoretical models of the concerning lattice dynamics.

2.2.2 Electric quadrupole interaction

The second part of equation 2.38 is called the electric quadrupole term. We remember

3 3
Lo = %ZV}J‘ /(3%‘%‘ — 6" ) pn(F)d®r  or  Hg = %62‘/@‘ Z(3$pi$pj — 6772
(2] n 1,J p

(2.44)
if we replace the classical expression for p,, (7) by the quantum mechanical density operator
and sum over all protons p: p(r) = Y ed (i’ — 7,) [Bar80].

For the determination of the energy eigenstates of a nucleus in the ground state I =

I, or in the excited state I = I, one uses perturbation theory and needs to calculate
the matrix elements (I, m|Hg|I,m), so in particular (I, m| >, (3T, — 8i;72) |1, m).
The sum describes elements of the nuclear quadrupole moment. The nuclear quadrupole

moment as written here is a symmetric tensor of rank 2 with trace zero. We can apply
the Wigner-Eckart theorem for such a tensor, as for the operator of angular momentum.
Their matrix elements are proportional:

LI+ 11,
(I,m| zp:(gx,,ixpj — 0T Im'y = ¢ - <I,m|3%

— 6 P|I,m') (2.45)
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To determine c¢;, we solve equation 2.45 for a special case m =m/ =1 and i = j = 2:
(I,m| Y325 —ri)|[I,m) = ¢y - (I, 1|3IZ — |1, T) (2.46)

Q 1(21-1)

The left side represents just the quadrupole moment of the nuclear charge distribution.
Defining a nuclear angular momentum implies an axial symmetry, so only one value () is
of importance [Bar80]. The quadrupole moment is positive for a cigar shape like nucleus
and negative for an oblate shaped one. We obtain:

~

Hy = 21_1 ZV;J[ (LI; + I;I;) — 6;; I (2.47)

The perturbation fIQ vanishes, if either the nuclear charge density p,(7) is of spherical
symmetry and thus Q = 0. Q is also zero, if I =0 or I = %, as @ = I(2I —1)-¢;. Further,
ﬁQ vanishes if the nucleus is embedded in a cubic crystal structure. This can be verified,
if a coordinate system is chosen, so that V;; are diagonalised. Then, V,, =V, = V,,,
with the other values V;; vanishing. Also, contributions from s-electrons and p; j5-electrons
can be neglected here, as they give rise to a potential of spherical symmetry. Excluding
these electrons, we have no charges at ¥ = 0 and can write the Laplace equation for the
potential of the ”charge free” region at 7 = 0: ) .V;; = 0. In a coordinate system that
diagonalises V;; and with the axes chosen so that V,, > V,, > V,, we finally get:

2 eQV. > ro  Mioza | 72
=< 3f Pyl 4 2.48

V., is often called the electric field gradient, as VE = —VVV. The asymmetry parameter
is defined as n = M

zz

With the perturbation Hamiltonian ﬁQ, it is possible to determine its eigenstates, leading

to
_eQVer
AI(21 — 1)

This equation is correct for n = 0 and all possible values of I and m. If [ = 2, it is correct
even for n # 0, whatever m is, also for I = 2 with m = 0 or m = 42. In other cases
with n # 0 and I > 2, only numerical results for the eigenvalues exist [Dun72]. Except
for I = 2 and n # 0, a two-fold degeneracy remains between substates of +m.

Eq = [Bm2 —I(I+1)] 1+ 2 (2.49)

In the case of °"Fe, the ground state does not have a quadrupole moment, as I, 2
If the electric field gradlent V., at the nucleus does not vanish due to crystal syrnrnetry
the excited state splits into two two-fold degenerated sublevels with

e‘/jzz :
) = _€Q4 14+ 7 (2.50)

and  E(+3) = +%,/1 +z (2.51)

The quadrupole moment of the excited state of " Fe was a subject of debate until recently.
The most recent value is @, = 0.15(2) barn [Mar01] and seems to settle the debate. There
are two possible transitions between the ground state and both of the split sublevels of
the excited state.
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The angular moments of “'Ni are J; = 2 and I, = 2. Therefore, in the presence of an
electric field gradient, the ground state splits twice and the excited state into 3 sublevels.
For the electric quadrupole moments, we have @, = +0.16 barn and . = —0.2barn.
The Méssbauer transition in ®'Ni is of M1 character. With the selection rules of Am =
—1,0,+1 for transitions between ground state and excited state, of the 6 transitions

between these sublevels, only 5 are allowed, see figure 2.7.
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Figure 2.7: Nuclear levels and the quadrupole splitting for > Fe and %' Ni in a non-magnetic material and
for n = 0. (The scaling of the °7 Fe levels and the %' Ni levels are different.)

V.. depends principally on two factors: First the contribution from distant ions that
surround the Mossbauer atom in a non-cubic crystal, it is called the lattice contribu-
tion V2'. Second, in the Mdssbauer atom itself, the valence electrons can be distributed
anisotropically. This is called the valence contribution V;?'. The lattice contribution actu-
ally is still enhanced by the fact that the field gradient from the distant ions polarises the
electron shells of the Mossbauer atom. The valence contribution on contrast is diminished
by a shielding from the core electrons. All together, the sum off both contributions is
often expressed as:

Ve = V(1 = 700) + V(1 — R) (2.52)

Yoo is the Sternheimer anti-shielding factor, R the Sternheimer shielding factor. For "Fe
we have v, ~ —9 for iron compounds and R = 0.25 — 0.35, for 'Ni, R should be
similar as there are just two electrons more and ., = —4.3 for the closed shells of *Ni,
[Bar80, Giit78, Obe76].

2.2.3 Magnetic hyperfine splitting

In classical physics, the magnetic moment of a nuclei is proportional to its angular mo-
mentum: [ = vf, with v being the gyromagnetic ratio. In quantum mechanics, the
definition for the magnetic moment is p = (I, m=I|u,|I, m=I), implying that only the
z-component of [i is observable. This leads to

p=hl = gunl (2.53)

g is the Landé factor and puy the nuclear magneton. v and g depend on how spin and
orbital angular momentum couple. Therefore, the magnetic moment is not proportional
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to the nuclear angular momentum. Instead, for *"Fe we have pu, = +0.09 puy and p, =
—0.155 py. In the case of 'Ni, it is py = —0.75 py and p, = +0.48 py [Fir96).

In the presence of a magnetic field, the magnetic moment interacts with it. The
interaction energy is

En=—ji-B classical (2.54)
E,, = {I,m|— p,B,|I,m) = —vyhB,m quantum mechanics (2.55)

A level of given I splits thus into 21 + 1 sublevels corresponding to the possible values of
m. There is no more degeneracy. We chose the z-axis to be parallel to the magnetic field.
The field that the nucleus sees is called the hyperfine magnetic field B, = Bj.
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Figure 2.8: Nuclear levels and magnetic hyperfine splitting for %' Ni in a cubic lattice (V.. = 0). The
solid transition lines correspond to Am = %1 transitions, the dotted ones to Am = 0.

Again, the selection rules for possible v-ray transitions is Am = —1,0, +1. In the case
of 9INi, we end up with 12 allowed transitions and 12 different transition energies, if there
is a magnetic hyperfine field at the nucleus. The case for 5"Fe is very similar, but as the

nuclear angular moments are I, = Land I, = %, the groundstate splits into two levels

2
only and the excited state into four. With the selection rules, 6 transitions of different

energy are allowed.

Despite the splitting of the level into 21 + 1 sublevels, there is an other result: The
nuclear angular moment precesses around the direction of the magnetic field [Sch92]. This
effect is of great importance for SR-PAC, please refer to chapter 7.

The reasons for the hyperfine magnetic field at the nucleus are multiple. The main
contributions can be written as [Bar01]:

éhf = gcore + gorb + gdip + éthf + gezt (256)

B,y is called the core polarisation field or Fermi contact field. It is the interaction of a
net spin-up or spin-down density ("unpaired spin density”) of s-electrons at the nucleus
with the nuclear magnetic moment. Even for a closed s-shell, the net spin density differs
from zero, as the spin of the s-electrons interacts with the total spin of the outer electron
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shells (p, d and f). s-electrons with a spin anti-parallel to the total spin of the outer shells
are stronger repulsed by these shells than s-electrons with a parallel spin. Therefore, they
stay closer to the nucleus and dominate over the other s-electrons. Also electrons from a
conducting band of s-character contribute to this term. Sometimes their part is designed
in an own term B,.,, the conducting electron polarisation field.

B, is the orbital field. Open, not completely filled shells have an orbital angular moment
L which interacts with the nuclear magnetic moment. In the case of "Fe and 5'Ni, these
are the 3d-electrons. L and B,,; vanish for closed and half-filled shells.

The interaction of the nuclear angular moment with the spin of the valence electrons is
called the spin-dipolar term By;,. Again, closed or half-filled shells do not contribute.
The term is further zero for an atom embedded in a local cubic symmetry.

Finally, the transferred hyperfine field By, originates from the influence of distant mag-
netic ions. Distant magnetic ions can polarise the core electrons (non-metallic systems)
or the conduction electrons (metallic systems) of a non magnetic ion via magnetic inter-
action. This term is in general small, but in cases where the Mossbauer atom has no
magnetic moment, it is the only remaining term. A prominent example is !9Sn.

Off course, an external magnetic field B,,; can be added as well. This is very practical
as to obtain the direction of the hyperfine field or to simplify the Mdossbauer spectra, see
the end of the following chapter 2.2.4.

2.2.4 Mossbauer spectroscopy and line intensities

In chapters 2.2.2 and 2.2.3, we saw that ground state and excited state can split into
sublevels. Mossbauer spectroscopy is an excellent tool to investigate these sublevels. In
most of the cases, for the Mdssbauer source the Mossbauer isotope is embedded in a
material that is non-magnetic and shows no electric field gradient. Thus, the nuclear
levels do not split into sublevels and only one transition energy is the result. This type of
source is called a single line source. The investigated sample contains Mossbauer nuclei
embedded in their atomic and nuclear environment. Depending on this environment
(resulting charge density at the nucleus, the electric field gradient and the magnetic
hyperfine field) the levels of the Mdssbauer isotopes in the sample shift with respect to
the source or split. As explained in chapter 2.1.4, the energy of the source’s radiation
is shifted via the Doppler effect. If this energy corresponds to the energy of a possible
transition in the sample isotopes, resonant absorption takes place and the transmitted
intensity decreases. Changing the incoming energy over a sufficiently large region, all
transitions in the sample will be detected and give all valuable information about the
hyperfine-splitting, isomer shift or more subtle information like line broadening. In figure
2.9, both for °"Fe and for 'Ni, Mdssbauer-spectra with electric or magnetic hyperfine
splitting are shown as an example.

One point that was not treated so far are the strength of the different observed lines
(with ”line”, one means an energy that corresponds to a transition in the sample). To
calculate the strength or intensities, we need to know the multipolarity of the transition
and the corresponding transition matrix elements, as well as the radiation characteristic
of this multipolarity.

During the transition between the excited state I, m,, m, and the ground state I,, mgy, 7,
a photon with quantum numbers | = I, — I;, m = m, — mgy, 7 is emitted. Conservation
of angular momentum and parity 7 implies the emission of an electromagnetic wave with
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Figure 2.9: Magnetic hyperfine splitting (left) and quadrupole splitting (right) in selected > Fe and %' Ni
systems. In the case of °" Fe, the siz lines of a magnetic hyperfine split and the two lines of a quadrupole
split spectra are clearly visible. In the case of ' Ni, the natural linewidth T, is much larger and therefore,
the lines are often not completely resolved. A compound with huge Bpy is NiCry Oy, and the 12 lines
become visible. Electric quadrupole splittings are generally small in °!' Ni compounds. The example shown
here shows a rather large quadrupole splitting without simultaneous magnetic interaction. The five lines
have been indicated by the author [Dal79]. The energy shift AE between a particular line and the unshifted
value E, is given by the Doppler effect and is thus AE = 2E,. (1 mm/s = 48,1 neV for 5TFe and 1
mm/s = 225 neV for S Ni).

a well defined characteristic. This is the case for multipole radiation fields. To get their
angular radiation characteristic, one calculates the absolute value of the pointing vector

S = (E X B) with E and B expressed as multipole fields. The normalised angular
radiatlon characteristic is obtained as [Sch92]:
LY
Fyn = M—l‘ (2.57)
2 1L Yim?

L is the operator of angular momentum. For 5"Fe and °!Ni, the multipolarity of the
transition is almost of pure M1 character and [ = 1. We obtain:

1 1
F10 = §Sin29 F1:|:1 == 1(1 + COS2 9) (258)

This radiation characteristic is shown in figure 2.10. The z-axis is chosen to be the
preferred axis, either of the magnetic hyperfine field B,y or of the electric field gradient
V... 0 is the angle of observation of the radiation. The second angle ¢ is of no importance,
if the other two axes are equivalent, that is 7 = 0 and no combined electric and magnetic
splittings.

To get the probability, that a transition between a certain excited state and a certain
ground state occurs, as a function of I, m,, I,, M,, we need to calculate the transition
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Figure 2.10: Dipole radiation angular characteristic.

matrix element with the concerned multipole transition operator M(M1). The intensity
of a certain transition is given by:

. 2
I, oc [(Iy, mg|M(M1)|Ie, me)| Fim(0) (2.59)

Using the Wigner-Eckart theorem and omitting the reduced matrix elements of M that
depend only on I, and I, and are thus the same for all transitions in one isotope and with
the help of 3-j-symbols, this reduces to [Sch92]:

170<<[e Lo >2F1m(0) (2.60)

me M —my

With this formula, one can calculate the relative line intensities of all possible tran-
sitions. In the case of a polycrystalline sample, the values Fi,,(f) have to be aver-
aged over all directions, due to the arbitrary orientations of the nuclei in the sample.
f¢ Jy Fim(0)sin(0)dfd¢ = 4?” in all cases. Then, only the squares of the 3-j-symbols are of

importance. In the case of " Fe and magnetic hyperfine splitting, we get relative intensi-
ties ratios of 3:2:1:1:2:3 for the six transitions, as can be seen also in figure 2.9. For ®'Nj,
we obtain 10:4:1:6:6:3:3:6:6:1:4:10. Still in a polycrystalline sample, but in the case of
electric quadrupole splitting, the levels are degenerated and we have to add up intensities
of several transitions for one line. For "Fe, this leads to a ratio of 1:1 for the two lines, see
e.g. figure 2.9. For 5!Ni, the ratios are 9:6:1:4:10, starting with the line of lowest energy.

If the sample is a single crystal or aligned with the help of an external field, the
angle 6 between detector direction and the preferred axis is fixed. The values of Fi,,(6)
play an important role now and may lead to a suppression of some lines (§ = 0°) or to
different intensity ratios (e.g. € = 90°). The different lines correspond also to different
polarisations. Am = 0 transitions are linear polarised and Am = =1 transitions are
elliptically polarised, reaching in special cases the extrema of circular or linear polarisation
[Bar80].

2.3 Absorption and scattering

In the previous part of this theory chapter, the Mossbauer effect has been treated as
a resonant absorption process. When dealing with SR experiments with a Mdssbauer
isotope, it can be necessary to treat the subsequent absorption and emission of v or
X-rays as a scattering process of an electromagnetic wavefield.
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After the SR excites a nucleus, the nucleus can decay into its ground state using two
channels: a radiative decay or the emission of inner shell electron. This electron is called
a conversion electron. The electron hole is then filled by an electron of an energetically
higher shell, thereby emitting X-ray fluorescence radiation. In case of the radiative decay,
it is definitely appropriate to speak about a scattering process. In the second case, the
process is sometimes called nuclear absorption [Chu98b]. The conversion electron or the
X-ray fluorescence radiation are products of the absorption process. The probability of a
radiative decay is given by a+r1 with a being the internal conversion coefficient.

The scattering or absorption process can include the participation of phonons and thus
a transfer of energy. It is helpful to classify the process with respect of elasticity. The
interaction of nuclear matter with the incoming radiation can be described as [Stu04]:

Wi vi) = [¥n) = [¥p)lyy) (2.61)

Here, |¥;) and |v;) are the initial states of the incoming X-ray wavefield and the nuclear
matter. The excited state |¥,) is a temporary state with the incoming X-ray wavefield
being absorbed that finally decays into the final state |¥ ;) under the emission of a photon
|7) or an other decay product.

If the initial and the final states |;) and |y¢) are of identical energy, then the interaction
process is elastic. If further the decay of the nucleus is radiative, we can speak about
nuclear elastic scattering. If phonons participate in the interaction, |v;) and |y;) are not
of identical energy and the process is inelastic. If furthermore the decay channel is the
radiative one, the emitted photon can be called vy-ray fluorescence [Chu98b|.

To consider coherence, it is necessary to consider a collection of atoms and one can
analyse the following expression [Stu04]:

[w:) = ) [ 107 (2.62)

|x:) describe the collective state of lattice vibrations and itinerant electrons. |wi(])> is the
core state of atom j. In a coherent scattering process, the initial and final core states
of all atoms are identical. The scattering process is called incoherent if at least one core
state changes.

In nuclear forward scattering and the related nuclear lighthouse effect, the radiative
decay is examined under the exclusion of phonon participation. It is an elastic coherent
scattering process. The theory to describe this scattering will be sketched in chapter 2.4.
Nuclear inelastic absorption [Set95] and nuclear inelastic scattering [Chu98b] are phonon
assisted inelastic and incoherent processes. In these processes, coherence is destroyed by
the phonon lifetimes on very short time scales, much faster than the nuclear decay and
thus practically unobservable in nuclear resonant experiments. Synchrotron radiation
based perturbed angular correlation (SR-PAC) is incoherent inelastic, too. It is treated
in chapter 7.

Mossbauer spectroscopy is elastic and coherent, though the coherent properties are
not easily visible in a standard absorption experiment. Conversion electron Mdssbauer
spectroscopy (CEMS) is an elastic incoherent process. The coherence vanishes when the
conversion electron is emitted.



2.4. Nuclear forward scattering 31

2.4 Nuclear forward scattering

2.4.1 Coherent elastic scattering and the nuclear exciton

Moéssbauer spectroscopy was introduced in chapter 2.2.4 as a valuable tool to investigate
hyperfine interactions. To obtain similar results in a SR scattering experiment, nuclear
forward scattering is employed. When the radioactive source used in Mossbauer spec-
troscopy is replaced by the SR, several experimental facts imply and allow for a different
approach. In Mossbauer spectroscopy, the energy of the incoming radiation emitted by the
radioactive mother isotope is changed in energy with respect to the investigated sample
via the Doppler shift. The energetic width of the emitted radiation is extremely narrow.
It was stated in chapter 2.1.1, that in the case of ®"Fe for example, this width is 4.7 neV.
Even with best monochromators, as will be seen in chapter 4.2.4, the energy resolution of
SR is in the meV range. This is much broader than the energetic splitting due to hyperfine
interactions, which is in the order of several tens to hundreds of neV in general. Specific
split sublevels can not be excited individually, instead all possible transitions between the
sublevels of the ground and excited state are excited simultaneously.

However, as nuclear forward scattering is an elastic coherent scattering process, it is
possible to examine the interference between the decaying sublevels. This can easily be
done if the SR is of pulsed nature. A flash of SR excites all sublevels of the excited state,
and in the following time (when no further excitation happens), the delayed decay of
the involved sublevels is observed on the time scale. With the nuclear lighthouse effect,
a method was found that is independent from the pulsed behaviour of the synchrotron
radiation [R6h00c|. Still, the scattering process can be treated with the same formalism
as needed for NFS.

An important consequence of the coherent nature of NFS is the fact, that it is not
possible to know which nucleus was involved in the scattering process. No nucleus has been
tagged via the emission of a conversion electron or a change in its oscillatory behaviour.
An illustrative picture to describe this fact is the nuclear exciton. The nuclear exciton
can be expressed as a coherent superposition of all realisations, in which one nucleus is
excited and the others remain in their ground states, [R6h04al:

0 (Ex)) = <= 32 %% g) ) (2.63)

Here, |g) denotes the ground states of all but one nuclei and |e;) the excited state of the

remaining nuclei being at the position 7;. The factor e*»™ is needed to preserve the phase
relation between the different nuclei at different positions with respect to the incoming
radiation k. Only in the forward direction, all individual phases add up constructively,
unless the arrangement of the nuclei in the sample allows for a Bragg reflection.

To treat nuclear forward scattering with synchrotron radiation, several theoretical
concepts can be used. It is possible to treat the scattering in the energy domain, as the
Mossbauer effect itself, and examine the response of a collection of individual, energetically
different plane waves incident on the nuclear scatterer. The response of the broad-band
incoming SR is obtained after integration of all plane waves [Smi99]. The outgoing wave
is the sum of the incident plus the scattered wave.

A second possibility is to assume a locally homogeneous scatterer that is represented
by its anisotropic and polarisation dependent refractive index [Han99, Biir99, R6h04a].
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This approach is used here. As the refractive index is frequency dependent as well, also
here a Fourier transform into the time domain is necessary. The outgoing wave is refracted
incident wave.

In a third approach, the response function technique, the scattering is solved directly
in the time domain, without using the detour of the previous energy dependent plane
waves [Shv09]. First order integro-differential equations are used. Their kernel K(t,7)
represents the coherent single scattering response of the nuclear scatterer at time ¢ when
the excitation happened at time ¢. This approach has been implemented in the data
fitting program Motif which is arguably the most user-friendly fitting program for NFS.
However, the complicated theory does not suggest any presentation of it here.

2.4.2 Jones matrices and the refractive index of a scattering process

Polarised light travelling along the z-axis can be expressed as

L, . . o A, eis
F— Aael(wt+kz+¢o)é'o_ _+_A7Tel(UJt+kz+¢Tr)é'7T or A= (A e.¢ ) (2.64)
r€'or

in the Jones matrix formalism, if we restrict us in the following to coherent elastic
forward scattering processes. Synchrotron radiation is polarised in the horizontal o-plane
and contains, compared to the width of a nuclear resonance, a broad frequency spectrum
monochromatised to a width Aw. We can represent it as

i) = VITB ) (2.65)

In the following, we will assume /Iy/Aw = 1.

The propagation of an electromagnetic wave through a homogeneous material of thick-
ness d can be described with the transformation of its Jones vector as:

A'(w) = Tg(w)Ay(w) (2.66)

The properties of the propagation matrix T,(w) depend on the scattering process and
thus on the scattering amplitude. It can be shown [Blu68| that

A(w) = e 4 (w) (2.67)

is a solution of the wave equation for electromagnetic radiation passing through a medium
of refractive index n. We use the refractive index in matrix form n. In anisotropic media,
as is the case for nuclear scatterers with a preferred spin orientation, the index of refraction
is not a scalar, but different for orthogonal polarisations. It needs to be represented by
the Jones matrices for birefringent material. Polarisation mixing can occur. We use the
basis of horizontal and vertical polarised light:

n= ( Moo Mo ) (2.68)

nﬂ'ﬂ' nﬂ'ﬂ'

In the case of forward scattering, the refractive index n depends on the forward scat-
tering amplitude f via, [Lax51]:
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where o is the density of scatterers. A simple derivation of this equation can also be

found in [Als93]. 1 is the diagonal unit matrix and f is the polarisation dependent

forward scattering matrix. It is convenient for the following treatment to use n = 1+f/k
27

and thus to include the factor =% into the expression of f. We further introduce k = k1.

Equation 2.67 transforms thus to:
A'w) =eF4 (w)  with F=k+f and eT=T,w) (2.70)

However, the factor e’k only accounts for a phase shift of all components of the travelling
wave which is neglected again in the Jones vector formalism. Thus in practice, it is
sufficient to calculate A'(w) = e'f?A4y(w).

2.4.3 The nuclear scattering amplitude

The scattering amplitude f represents the properties of the scatterer, in particular of

electronic and of nuclear nature: f = Q;CF—g(fe +1£,). It is a complex amplitude, thus treating

both phase shifts and absorption. In usual electronic X-ray scattering experiments that
neglect the nuclear contribution, it is common to write

k
fo=—1oZ+ f +if" in cases treated here: foe=—1r,7 + i4—atot (2.71)
T

where 1,7 is the Thomson scattering amplitude of Z electrons, r, = m*fc? is the classical
electron radius and f’' 4+ if” is the complex anomalous dispersion correction term. Far
from absorption edges, it is sufficient to consider only the imaginary term iﬁatot which
comprises the total absorption cross section due to Compton scattering and the photo
effect. The magnetic scattering amplitude f,, has been excluded in this equation. Then,

the electronic scattering amplitude is a scalar and f, = f.1.

If the nuclear transition occurs between two unsplit nuclear levels, its contribution to
the scattering amplitude can be written as:

. ZBZ fo —~ fo
flw) = 2 B, —hw)T =1 2(E, — hw)/T =i (272)

The first term corresponds to Thomson scattering on the nucleus and is negligible, since
the proton mass m, is much larger than the electron mass. The second part is the resonant
contribution that has its maximum if the incident photon has the energy F, of the nuclear
transition. f, is given as [R6h04al:

12,+1 1

Jo= k3, v11+a

fin B (2.73)

where (3 is the isotopic abundance. The nuclear scattering amplitude is connected to the
nuclear absorption coefficient o, (w) of equation 2.30 via the optical theorem o,(w) =

TTm{ f,(w)}, and thus o, = 47 f,.

If the involved nuclear levels are at least partially split by hyperfine interactions,
different transitions between the split levels can only be excited by light of a certain
polarisation state, see also chapter 2.2.4. Therefore, the nuclear scattering matrix f,, has
to include the polarisation information. We will restrict ourselves to a M1 transition as
in the case of 5'Ni and 5“Fe. The selection rules require Am = —1,0,1 =: M for the
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transition between ground state and excited state. This leads to 6 transitions in the case
of a magnetically split iron sample or 12 lines in the similar case for ' Ni. The nuclear
scattering amplitude is given as [R6h04a]:

1
dr
Bl = = D (e X K) - Yinsr(mb)[[Yiy (b) - (€ X )] Fur(w) (2.74)
M=-1
where v and p run over the two orthogonal directions of the chosen polarisation basis.

Using the o and 7 directions as polarisation basis, one obtains the matrix form:

dm o { ( 7Y (sb) Y (kb)m  —m-Yi(eb) Yiy(eb)-o ) }
fn - 5 FM (w) * *
k ot —O'-YlM(n,b) YlM(n,b)-ﬂ' O"YlM(K,,b) YIM(K,,b)'O'

(2.75)
The energy dependent part is presented by the factor Fj; that is specified later. The
polarisation properties are expressed via the term [(€,x&)Y 11/ (kb)|[Y 7], (kb ){€,xK)]. o, 7
and k are the unit vectors that span the co-ordinate system attached to the incoming SR.
The vector spherical harmonics Y;;; describe the emission or absorption characteristics
of a M1 transition. They depend on the direction & of the examined photon and the
quantisation axis of the nuclear scatterer, i.e. the direction b of the magnetic quantisation
axis or the symmetry axis of an axially symmetric electric field gradient. For a detailed
view of these spherical harmonics, see for example [Stu04, page S 520] or the appendix of
[Han99, R6h99c]. The energy dependent part can be expressed as:

1 1 C*(I,11,;;my, M)
F =2 ————fiu Lo 2.
w(@) =2 or 1/ ﬁ; 2(E (2.76)

(mg,me=mg+M) — hw)/r —i

The explicit form for F_;, Fy and F} for the case of a magnetically split °"Fe scatterer can
be found in [Sid99, page 691]. Equation 2.75 can be transformed with some trigonomet-
rical calculations into:

f _ 3 F1+F_1+(7r-b)2(2F07F17F_1) 7i(l€-b)(F17F_1)7(0'-b)(7r-b)(2F07F17F_1) (277)
" 8k i(h:-b)(Fl7F_1)7(0'-b)(1r-b)(2F07F17F_1) F1+F_1+(0'-b)2(2F07F17F_1)

Equation 2.77 simplifies drastically, if the preferred quantisation axis is parallel to one of
the directions o, v or k. Examples will be seen later together with the time evolution of
a decaying ensemble of excited states. If the quantisation axis is distributed isotropically
or in a certain plane, the polarisation dependent part [(€,x&)-Y1a(x.b)|[Y {1 (rb)-(€,XK)]
has to be integrated over all Euler angles o, 5 and 7 between k and b [R6h94].

With the use of equations 2.69, 2.77 and 2.76, the transmission matrix Ty(w) = e'"kd
can be calculated. The matrix exponential can be calculated analytically for certain
special cases only and numerically in general. To describe a SR experiment with linearly
o-polarised incoming radiation and a detector that is insensitive to the polarisation, the
measured intensity is given by

2

1) = AP = |5 [ A (2.78)
1= (o) = (76 ) 6) 279
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and thus
2

_|_

2

I(t) = oo (t) + Ins (1) = (2.80)

1 [ . 1 [ .
%/0 Ty (w)e ™ dw %/0 Tro(w)e ™ dw

Here, the inverse Fourier transform was used to obtain the time response A’(t) of the
scattering amplitude A’(w). Causality demands that the integral starts only at t=0, the
arrival time of the SR flash, that is taken to be a delta function in time.

Using this result, some properties of nuclear forward scattering and examples are
treated in the following chapters 2.4.4 to 2.4.6.

2.4.4 Dynamical beats and speed-up

The first example to be considered is the case of absent hyperfine interactions. In this
case, equation 2.77 reduces to f, = f,1 with f, given by equation 2.72 where the nuclear
Thomson scattering term can be neglected. This can be understood as the denominator
of 2.76 is equal for all terms and the sum of the nominators is proportional to 2/, + 1.
This leads to F_y = Fy = F; and thus | — F_y = 2Fy — F} — F_; = 0. The matrix of
equation 2.77 is then of diagonal form and proportional to the unit matrix 1. Accordingly,
the matrix exponential e can be determined analytically and the transmission matrix
is given as [Sid99]

T(w) = o~ ghel o TR =TTT2 < (1) (1) ) (2.81)

The first factor e #<%?2 is due to the electronic scattering amplitude and g, = 000 e is
the enhanced resonance width given by

1 1 2I.+1
2k21 + a2, +1

[,=m0p0 fimd = %gaoﬁfLMd-F (2.82)

In the time evolution of the transmitted radiation, this leads to a speed up of the exponen-
tial decay. As T(w) is diagonal, the scattering process does not change the polarisation

of the incoming radiation. A’(w) is a scalar and given by

A(w) = e 3Hel o TR (2.83)
The inverse Fourier transform leads to [Kag79]:

I(6) = e Hed o7 % Jf( %) (2.84)
where y = % = %gaoﬁ fim d is the so-called effective thickness and .J; is the first-order

Bessel function.

Equation 2.84 can be approximated at early times by

t
I(t) o x%e~ ()7 (2.85)

which shows that the initial decay is accelerated. This behaviour was termed speed-up. At
later times, the Bessel function has repeated minima with decreasing time delay between
two adjacent minima. The resulting beat structure was termed dynamical beats, as it
appears in thick samples. In the limit of extremely thin samples, the time behaviour of
I(t) approaches the simple decay behaviour of an isolated nucleus I(t) = e~*/7. For ®'Ni
samples of varying thickness, the equation 2.84 is sketched in figure 2.11.
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Figure 2.11: The influence of the thickness on NFS with absent hyperfine interactions. A fictive ! Ni-foil
at 180 K without hyperfine splitting is considered. The Lamb-Mdssbauer factor is 0.0246. For comparison,
the exponential decay with the natural lifetime of 7.4 ns is also given. The decay for real samples is
accelerated, this is called the speed-up. The oscillations in the spectra are called dynamical beats.

2.4.5 Quantum beats

Now, a nuclear resonant sample will be investigated under the presence of a magnetic
hyperfine field. In particular, the magnetic hyperfine field is taken to be aligned in the
vertical direction by an external magnetic field. This means 7« = b. In this case, equation

2.77 simplifies to
3 [ 2F, 0
b= 5% < 0 F+F, ) (2.86)

The matrix exponential can be calculated easily, because the scattering amplitude is of

diagonal form. As the incident radiation is o-polarised, only the matrix element Fj has

to be taken into account. The Jones vector for the transmitted radiation is given by
C2(Ig11.3my 0)

. 1
A”( ) l,ud 13X2Ie+1Z2(Emg,me=mg—hw)/f‘—i 1
w) =e 27 ¢ mg
0

(2.87)

The sum runs over the possible transitions between the ground state and the excited state
which satisfy m, = m,, i.e. M = 0. In the case of ®'Ni, these are four transitions, as can
be seen in figure 2.8, each having a different energy. To illustrate the interference caused
by several possible transitions in nuclear forward scattering, it is more simple to treat the

case of ""Fe, where only two possible transitions exist (I, = % instead of I, = % in the

case of ¥'Ni). The two transition energies are E, and F,. Writing A"(w) as a scalar now
for the 5"Fe case, it is:

X 1 1
AI(LU) — e*%/ied 612 (2(Eb7hw)/I‘fi+2(Ea7hw)/Ffi) (288)

The Fourier transform can easily be performed numerically, although an analytical
solution in this case is not at all evident. Still, if the splitting of the two transitions
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AE = |E, — E,| is larger than the natural line width ', a good approximation can be
found as [Han99, page 218-219]:

1 t . .
At) = —ie el omar [ (ePut g et gy ((f20) (2.89)

This leads to the measured intensity of

—ppd L X of ot 2 A
I(t) = e Hele™7 T J1< %) cos” &t (2.90)
The cos-term leads to a distinct beat structure. This effect is known as quantum beats.
A similar equation as 2.90 can be derived for ®’Fe-nuclei under the influence of an electric
field gradient. However, to get the two transitions with equal intensity, an isotropic
distribution of the electric field gradient direction is necessary.

T T T T 1
I \
R I \( I
100 0.5 H H H
| "' e ‘
oF of L] !
N AR S“m T 50 0 50 =50 0 50
0.1 1 Lo Y e
0.01 | " : ‘ ' ;5 s T
i 16 pym

intensity

VoY

100 120 140 160

0 20 40 60

time [ns]

Figure 2.12: Quantum beats for a-5" Fe-iron at 300 K. The nuclear spins are aligned along the m-direction,
e.g. by a small external alignment field. The envelope is a hypothetical non-magnetic 7 Fe-foil of half the
thickness. The inset shows the corresponding Mdssbauer absorption spectrum where the horizontal azis
is the energy in units of the natural linewidth T =4.65neV for ®" Fe. The vertical axis is the transmitted
intensity. The splitting is much larger than the natural line width.

Figure 2.12 shows quantum beats in the time spectrum of a->’Fe at 300 K. The hy-
perfine field of °"Fe is 33T. The nuclear spins are aligned in the m-direction, which ex-
perimentally can be achieved with a small external alignment field. The calculations are
performed with the program Motif [Stu94] and not following equation 2.90 as to avoid
the approximation used in calculating the Fourier transform of equation 2.88. The re-
sult shows that for both thin and thick samples, the time spectrum of NFS is very close
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to the modulated cosine function of equation 2.90. As shown in the inset of the figure,
the energy difference of the two transitions, given in units of I', is much larger than the
natural line width. It was stated above that this is a necessary condition to obtain the
simple equation 2.90. The overlaying envelope was calculated assuming a hypothetical
sample with vanishing hyperfine field of half the thickness as used in the original curve.
The envelope only shows dynamical beats.

intensity

1pm

0 20 40 60 80 100 120 140 160
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Figure 2.13: Quantum beats for metallic ' Ni at 180 K. The nuclear spins are aligned along the 7-
direction, e.g. by a small external field. As the splitting is not much larger than the natural linewidth, the
envelope of a hypothetical non-magnetic 8 Ni-foil of a quarter of the thickness does not match perfectly.
The inset shows the corresponding Mdssbauer absorption spectrum for the thinnest and the thickest foil.

In the case of ®'Ni, where four transitions are allowed with the nuclei being aligned in
the m-direction, the simple cosine term of equation 2.90 does not hold. As the energies of
the four transitions are equally spaced, three distinct energy differences exist, giving rise
to three frequencies in the NFS time spectrum.

For a thin sample of 1 um at 180 K, the time spectrum is shown at the bottom of figure
2.13. The magnetic hyperfine field was taken to be 7.3 T. The envelope assuming a fictive
identical non-magnetic sample of one fourth of the thickness is shown for comparison. The
corresponding Mossbauer absorption spectra are shown in the lower left inset. It is seen
that the splitting is only slightly larger than the line width. Therefore, the time spectra
with 40 yum and 100 um thick samples are not equivalent to the curve of the magnetic
1 pm thick %'Ni-foil modulated by the simple dynamical beat behaviour. The Mdssbauer
absorption spectra for the 100 ym thick magnetic foil and the 50 pm non-magnetic foil are
shown in the top right inset.
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2.4.6 Distributions of magnetic quantisation axis

If the quantisation axis of the nuclei varies inside the sample, this has to be taken into
account in nuclear scattering matrix as given by equation 2.77. It was already stated that
the polarisation dependent part [(€,xK)- Y1 (x.b)][Y ] (x.b)-(€,xK)] has to be integrated
over all Euler angles a, f and + between k and b. If the distribution is completely
isotropic, the integration has to be done as given by [R6h94]:

1
872

/027r /Ow /02“ (€, %K) Yiar(sb)][Yiy(sb)- (€, x k)] da sin Bd3 dy (2.91)

However, in thin films the magnetisation is often restricted to lie in the film plane. Then
the integral has to be taken with ﬁ OQW 027T - -dady with § = 90°. The resulting nuclear
scattering matrices are given by [Roh04a]

g3 _ 3 <F1+F1+FU 0 > g2 _ 1 <F1+F1 0 >
"8k 0 F+F . +F "4k 0 SR+3F+R

(2.92)
In most experiments with SR, the incident radiation is o-polarised and the scattered
radiation is detected by a polarisation insensitive detector. If the scattering matrix is of
diagonal form, only F,, will contribute. The scattering matrix is also diagonal for b||o
and b||w. For b|k, this is not the case and polarisation mixing occurs. Polarisation
mixing is often referred to as a generalised kind of Faraday-effect.
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Figure 2.14: The time spectra of nuclear forward scattering on a thin °" Fe sample with the magnetic
quantisation axis aligned or distributed as depicted to the left [R6h04a]. The quantum beats are more or
less complex, depending on the number of interfering transitions with different energy.

For a-iron, the NFS spectra under the conditions stated above are depicted in figure
2.14 for a very thin sample, i.e. no dynamical beats appear. If one has to distinguish
between the three cases of row two, additional measurements with a tilted sample can tell
the difference, as a different scattering geometry will change F,.
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Figure 2.15: The time spectrum of nuclear forward scattering on a polycrystalline ! Ni sample of 80 um
thickness at 180 K.

Again, the time spectrum of ®'Ni is more complex, due to the maximal 12 possible
transitions. The case of a polycrystalline metallic %' Ni-foil, thus the 3d-case, is calculated
with Motif for a 80 um thick foil at 180 K and with a magnetic hyperfine field of 7.3T, see
figure 2.15. For comparison, also e /7415 is depicted, i.e. the decay corresponding to the
natural lifetime.

The inset of figure 2.15 shows the corresponding Md&ssbauer absorption spectrum. The
magnetic hyperfine splitting in metallic °'Ni is very small. As the splitting of the excited
state AE, = peBys/I. = 44neV is much smaller than the splitting of the ground state
AE, = pyBps/I, = 115neV, the twelve transitions are not resolved in the Mdssbauer
absorption spectrum. Remember that the natural line width is 85.4neV. As can be seen
in figure 2.8, the twelve lines can be approximated by 4 triplets which are still resolved in
the Mossbauer absorption spectrum. This case is thus not too different from the case of an
aligned 5'Ni sample as discussed and depicted in chapter 2.4.5. However, the time spectra
of NFS differ quite a lot. The resolution of NFS does not suffer from thick samples.

2.4.7 Principal experimental setup of NFS

A brief sketch of the experimental setup used in nuclear forward scattering is shown in
figure 2.16. The detector is placed in the direct beam to detect the forward scattered
radiation. Coherently scattered radiation of non-crystalline samples only exists in the
forward direction or in specular reflections. Unfortunately, non-interacting radiation or
electronically scattered radiation is present in the forward direction, too. In fact, it
dominates by far the nuclear signal, as the incident radiation is much broader in energy
than the nuclear line width. Sophisticated monochromatisation schemes have to be used
too limit the detector charge as much as possible without reducing the nuclear signal.
The nuclear signal is "filtered” out of the huge total signal by timing electronics. Non-
interacting radiation or electronically scattered radiation basically arrives without delay at
the detector, whereas the nuclear scattered radiation is delayed in time ranging from 0 ns
up to several lifetimes of the excited nuclear level. The delayed arrival time with respect
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Figure 2.16: View of the experimental setup used for nuclear forward scattering.

to the prompt flash is analysed and a time spectrum acquired. This implies a pulsed time
structure of the electrons in the storage ring with sufficiently large gaps between adjacent
electron bunches. Furthermore, each electron bunch needs to be short in time. These
filling modes are called timing modes. Figure 2.16 indicates quantum beats travelling
towards the detector after the nuclear scatterer as one example of a nuclear response.

2.5 Grazing incidence scattering

If an electromagnetic wavefield impinges on a surface under a small angle, i.e. in grazing
incidence, it gives rise to a reflected and a transmitted wavefield. Reflected and transmit-
ted beam represent two open scattering channels and form the case of a 2-beam diffraction.
It is possible to extend the theory developed in chapter 2.4.3 for the case of two (or more)
open scattering channels [R6h99b].

a) ﬂ oiFd A';:l = ((1))

{y = ((1)) u A'(w) 2 J{ oiFd
z z 1+ (w
0 d b) Atr( )

Figure 2.17: Geometry in nuclear forward scattering experiments, panel a), and for grazing incidence
reflections, panel b).

Similar to equation 2.70 for forward scattering, the 2-beam case of grazing incidence can
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be expressed by the following 4 dimensional equation:
A(d) = eT?A(0) (2.93)

with the 4 dimensional matrix F given in grazing incidence as [R6h99b]:

_(f+ke, f
F_< _f —f—koz> (2.94)

Here, f and k, = k,1 =~ k¢ - 1 are again the 2x2 matrices as described in chapter 2.4.3.
Only if the incident angle ¢ is very small, all four f matrices that appear in equation
2.94 are identical. The wavevectors A(0) and A(d) are supervectors combining both open
scattering channels, designed + for the incident direction and — for the reflected direction:

A(d) = (‘Ittﬁ(“)) and  A(0) = ( ﬁi)) (2.95)

re

It is helpful to introduce a matrix T as defined by

. T ./, T, (P
Tl — T = ++ * 2.96
‘ ) T_,® T__® (2.96)
With this notation, the reflected wavefield can be calculated as
> > 1
An(w) = =[T_@®]'T_,m Af, = —[T__<F>]‘1T_+<F><U> (2.97)

If the scattering matrix F is not constant over the thickness z, like in a layer system
of N layers, the matrix T is a product of the matrix exponentials of the individual layers:

T = elFNdN L elF2d2€1F1d1 (298)

The scattering matrices F; account for the electronic and nuclear scattering properties of
each individual layer and depend on the incident angle ¢ via the k, ~ k¢ -1 contribution.

Numerically, the matrix exponential T = [], eFi? can be derived without further as-
sumptions. Then, equation 2.97 allows to calculate the reflected amplitude and properties
important in grazing incident scattering: This is first the reflected intensity as a function
of the incident angle ¢ solely due to electronic scattering. It can be calculated if w is
chosen close to, but not on the nuclear resonance energy. This is equivalent to neglecting
the nuclear scattering amplitude f,. Second, the nuclear contribution can be included and
A,e(w) calculated as a function of w, keeping ¢ fixed. The delayed intensity as a function
of time is again obtained with the Fourier transform

2

1o
elt) = |5~ /0 Ao (w)etdu (2.99)

This time dependent intensity can be integrated over times ranging from ¢4 to ¢;. If
this procedure is repeated for varying incident angles ¢, the nuclear reflectivity curve is
obtained.

To reduce computing time and to obtain further physical insight of the reflection matrix
R, the scattering matrix F can be diagonalised. An important step of this procedure
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is the diagonalisation of f. At the end, the matrix exponential [],e'F? is expressed as a
multiplication of several matrices describing individual processes. For a single freestanding

layer, the following expression is derived [R6h99b]:
T = eiFd == 917'51173015173107'1_0191_1 (2100)

where all matrices are 4x4 matrices as to describe the 2 open scattering channels and
two orthogonal polarisations. G; is a coordinate transformation between the chosen set
of polarisations and the one in which F is of diagonal form. 7T is the transmission of
the eigenpolarisations through the interface of vacuum and layer 1. R is the reflectiv-
ity matrix at the interface vacuum and layer 1 and € describes the propagation of the
eigenpolarisations through the layer 1. This formalism can be extended to multiple layers
easily.

If the layer containing the Mdssbauer isotope is ultrathin, it is possible to approximate
its scattering matrix T = e'F? by T ~ 1+idF. It can be shown [R6h99a, R6h04b], that the
frequency dependent contribution to the reflectivity matrix R as introduced in equation
2.97 is then given by

R (w) = ida®(dyy)f(w) (2.101)

with a?(du) being the normalised wave field intensity at the depth d of the ultrathin
layer of thickness d. This wave field intensity depends on the electronic scattering proper-
ties of the whole layer system and can be increased by an appropriate waveguide structure
with the ultrathin layer placed in an anti-node, see chapter 3.4.2. As the layer containing
the Mossbauer isotope is ultrathin, the wave field intensity does not depend on the nuclear
scattering amplitude in first order. Equation 2.101 is valid as long as (k, d)? < 0.1, corre-
sponding to nm thickness at typical incident angles at the resonant energy of °"Fe. This
ultrathin limit corresponds to nuclear forward scattering by the ultrathin layer with an
effective thickness of a?(dyy)d. This case is referred to as the kinematical approximation.

2.6 The nuclear lighthouse effect

In nuclear forward scattering, the signal originating from the interaction of the incident
photons with the nuclei is delayed with respect to the electronically scattered radiation.
This allows to distinguish between them. However, to do so, the exciting radiation has
to provide a well defined time structure with quiet time periods that allow to detect the
delayed quanta in the absence of electronically scattered radiation. Furthermore, as the
detector is placed in the direct beam and the lifetime of the nuclear levels is very short,
i.e. typically 1 to 100ns, the detector needs to recover rapidly after the electronically
scattered radiation. This is only possible if the electronically scattered intensity is reduced
drastically with the use of high resolution monochromators. A method that achieves a
separation of electronic and nuclear scattered photons not only in time, but also in space, is
the nuclear lighthouse effect [R6h99c, R6h00c]. This name is used to describe a coherent
nuclear resonant scattering experiment on a rapidly rotating sample. High resolution
monochromators and a certain time structure of the incident radiation are not essential
for this effect.
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2.6.1 Phase shift upon rotation

Formally, the nuclear lighthouse effect can be explained using angular momentum con-
servation of a system. Linear translations of spatial coordinates involve a phase shift of
the eigenstates of the system that are proportional to the invariants of motion p, the
linear momentum, and .J, the angular momentum [R6h98]. Here, we are concerned with
rotations: oL L

A(o+1) = e 777V A(4),) (2.102)
During a coherent scattering process, the phase difference between the participating scat-
terers excited by the incident radiation of wavevector /;0 stays constant. In nuclear reso-
nant scattering, this coherent excited state is called the nuclear exciton. For a sample at
rest, the decay of the exciton follows in the direction of EO, unless the arrangement of the
nuclel allows for Bragg scatterlng, too. Now suppose the sample spinning with constant
angular velocity O and ¢( )= Q. This situation is sketched in figure 2.18.

Figure 2.18: Nuclear resonant scattering on a rotating sample element.

Similar to equation 2.102, the nuclear exciton as described via the time-dependent
wavefield A, (7, t) that it emits at rest, acquires an additional phase:

A7 t) = e w7 4 (7 1) = e nT M elhor 1 (1) (2.103)

where /Yo(t) is the Jones vector of the scattered radiation as given in equation 2.78. The
angular momentum .J is the sum of orbital angular momentum L and of the spin S:

J=L+S=hixk,+5 (2.104)

Inserting this into equation 2.103, we obtain the exponentials exp(i (7 x k, ) - (3t) -exp(%g”-
(). The second factor containing the spin S does not change the 7 dependence of A(7,t).
It changes the polarisation state of /T(F, t) and may introduce an energy shift of the nuclear
level by an amount of A{) which is negligible as compared to the natural linewidth of the
nuclear levels [R6h00c]. As the detectors used in nuclear resonant scattering experiments
do not depend on the polarisation of the detected radiation, we can neglect this term
here.

Using basic vector algebra one can rewrite
L7 Ot = L0 Gt = (Fx k) - Ot = (k, x Qt) - 7 (2.105)
and finally obtains [R6h00a, R6h00c]

A7, t) = elFoFox)r 1 () (2.106)
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—

[t is visible that equation 2.106 represents a time modulated (A4,(¢)) plane wave in the
direction of k(t) = k,—k,x Q. As the scattering vector ¢ = k(t)—k, = —k,xQt is linear in
the time, the time response is mapped onto an angular scale with |¢(¢)| = k,Qt = k,o(t).

However, the incident SR radiation is not a perfect plane wave but a divergent beam.
This leads to a reduced degree of transverse coherence at the nuclei. The transverse
coherence is described by a mutual coherence function W (7), represented by a Gaussian
of standard deviation £. To obtain information about the angular dependence of the
scattered radiation under this condition, it is more convenient to treat the scattering
amplitude in reciprocal space. This is done with the Fourier transform

A1) = / A7 1) e Far = A1) / 1o £1) 7 7 g (2.107)

A(g.1) = A1) / o (T Rox )T g2 (2.108)

In equation 2.108, we still have to include the reduced coherence via the function W (7):

—

A1) = A,) / o~ T-Fox Q07 17 () 5 (2.109)
If the coherence length is assumed as infinite, the coherence function W (7) is constant
and 1. The integration of [°° e~ /(@=kx2)T Jeads to 6(¢ — k, X (t). Thus:
A(q.t) = A, (1)8(T — ko x Q) (2.110)
It is convenient to use now —k:, x (Ot = k,Qtx = k0.
If the coherence length is &, equation 2.109 transforms to
A1) = A,0) / omili-Fox )7 =% (2.111)
The integration together with |§] = k,¢ leads to
A(p, 1) = A, (t)e 28" (6= (2.112)

As the intensity measured at a fixed angle is the square of the wavefield amplitude at that

angle, one calculates
2

1(¢) = /OOO ‘/T(cj', nl at (2.113)

The results derived here are consistent with a more vigorous theoretical approach
[R6h00c| directly in the space time formalism derived by Shvyd’ko [Shv99].

2.6.2 Nuclear lighthouse effect experimental scheme

The principal experimental realisation of the nuclear lighthouse effect is depicted in figure
2.19. The delayed nuclear signal of the rotating sample is mapped onto an angular scale.
Unfortunately, the nuclear signal is not the only deviated signal. Small angle X-ray
scattering also leads to photons deviated off beam-axis, see chapter 2.7. Its distribution
to the obtained signal by the detector can be as important as the nuclear signal itself.
In figure 6.5, the SAXS is included for the case of an ®'Ni measurement. For technical
details of the rotor/stator system, refer to chapter 4.3.
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27 M Mossbauer isotope

Figure 2.19: Basic experimental setup of the nuclear lighthouse effect. The undulator radiation U is
monochromatised coarsely by a simple pre-monochromator M. The rotor R containing a Mdssbauer iso-
tope is spinning at high frequencies Q. The non-interacting prompt direct beam (intensity P) hits the
beamstop B. The delayed nuclear lighthouse effect signal NLE is deviated as a function of time and rotor
frequency and hits a position sensitive detector D. This detector acquires intensity as a function of the
deviation angle. In fact, the time spectrum of NFS is mapped to an angular scale. Small angle X-ray
scattering, see chapter 2.7 and figure 6.5, has been neglected.

2.6.3 Energy shifts

The nuclear lighthouse effect is not only useful as a powerful variation of nuclear forward
scattering thanks to the mapping of the decaying radiation onto an angular scale. It
further allows to shift the energy of the scattered radiation by small amounts, which is
useful in inelastic X-ray scattering [Bur00]. This is explained in detail in [R6h97, R6h98,
R6h0O0D].

To analyse this energy shift, we rewrite the rotational phase of equation 2.105
LIOt = (Fx ky) - Ot = (DX 7) - kot = T+ kot (2.114)
Inserting this into equation 2.103:
A7) = el TRt giko™ 1 (1) (2.115)

With the Fourier transform, we obtain the scattered amplitude in the energy domain as:
A(Fw) = / it cihot ihor T (1) dt = olFo" / T T (1) d (2.116)

This means that the energy of the scattered radiation is Doppler shifted by the amount
Aw = Ul;o. For this purpose, it is best to irradiate the nuclear scatterer in the rotor at
its edge, so that 7| k,. The energy shift will be at maximum. If the rotor is irradiated
in its center, v L l;o and the energy shift is zero. In fact, with the geometry as used in
figure 2.18, it is Aw = UI;O = Qk,x.

If a slit after the rotating sample at angle ¢, selects a part of the nuclear scattered
radiation, the energy of this radiation can be shifted over a few meV when changing the
position = of the impinging beam on the rotor. This has been demonstrated on the °"Fe
resonance [Qua02]. This might allow in future to perform nuclear inelastic scattering
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experiments with peV resolution [R6h00b, Bur00]. The energetic width of the radiation
is only a few peV large, depending on the sum of nuclear level width and the lateral
beamsize Ax of the beam at the rotor.

2.7 Introduction to small angle X-ray scattering

2.7.1 Scattered intensity and correlation function

Small angle X-ray scattering is an elastic scattering process of photons on electron density
variations [Wil93]. If the lateral dimensions of these density variations are in the range
of 1 to 100nm, these variations lead to a momentum transfer ¢ in the angular range
within less than 1 degree of the incident beam. This is also the angular range of the
expected NLE signal with typical rotor frequencies and nuclear lifetimes. Contrary to the
delayed signal originating from an interaction with a Mdssbauer nuclei, SAXS happens
on a "prompt” time scale of approximately 1071%s.

The volume element d®r at the position 7 contains p(7)d3r electrons. The scattering
amplitude of this volume element under irradiation is given as [Gla91]:

A =4, [[[ oo (2.117)

—

where the scattering vector is given by ¢ = Eout — kin and its amplitude in an elastic
scattering process with |ki,| = |kow| = & can be expressed as

q = 2ksin % ~ k0 (2.118)

The last approximation is only valid for small scattering angles 6 between incident and
outgoing wavevector. The scattered intensity as a function of ¢ is given as

I(g) = Alq) - A*(q) = I, /// &, /// &% rap (7)) () €71 FAT (2.119)

I, is proportional to the incident intensity and to the square of the classical electron radius

2 . . . .
R, = —. It is useful to introduce an autocorrelation function, also known as Patterson

function [Por82], given by

70 = [[[ o) 0t +7) a0 (2.120)

I(g) = I, /// () e Py (2.121)

In many cases, sample is statistically isotropic when averaged over its volume implying
p*(7) = p*(r). This is also the case for polycrystalline samples. Further, no long range
order should exist, leading to p*(oc) = p?. The electron density difference is introduced
as Ap(r) = p(r) — p. The average of the exponential over all orientations is given by

(e71hr) = s‘;‘—fr With these assumptions and definitions, the scattered intensity gives:

which leads to

sin gr
qr

I(q) = Lar /Ooo r2Ap*(r) dr (2.122)
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2.7.2 Porod’s law

Equation 2.122 can be further simplified if the scatterer is a composition of two phases
with two distinct electron densities which are different by Ap, in particular spherical
particles in an environment. One can introduce 7,(r) := %{Er) where 7,(r) is only related
to the geometry of the sample. If the interfaces of the two samples components are sharp
and we consider only the final slope of I(q), that is we consider only small distances in
real space, namely the interface of the neighbouring two sample components, Porod was

able to derive the following approximation of the scattered intensity [Por82]:
I(q) = I,2rS(Ap)?q* (2.123)
where S is the total interface surface.

Thus, the final slope of I(q) follows a ¢~* behaviour. This power law (power of -4) is
known as Porod’s law. It is not only valid for single, separated spherical particles, but also
for densely packed systems, provided that a well defined internal surface exists [Por82]. If
the interface is continuous, the absolute value of the exponent can be even larger than 4,
meaning a faster decay of the scattered intensity towards increasing scattering angles. If
the interface is sharp, but has a fractal structure, e.g. self-resembling features on several
length-scales, the exponent can vary between -2 and -4. A similar power law can be
derived also for non-spherical particles: If the particles have a rod-like structure, the
exponent is -1, for discs it is -2 [Sch91].

The energy dependence of the scattered intensity can easily be understood when re-
placing ¢ by kf. This leads to

1(0) = L,2nS(Ap)?k 104 (2.124)

which shows that SAXS is expected to be significantly lower with increasing photon
energies.

2.7.3 Single crystals

In a NLE experiment in transmission geometry, the material traversed by the beam is the
rotor and the sample. As the rotor wall thickness is two times 0.5 mm, but the sample
just two times 40 ym, the main SAXS will originate from the rotor material. If the rotor
material is polycrystalline, the grain boundaries have a significantly different electron
density than the interior of the crystallites. This difference gives rise to a large SAXS and
can be treated with Porod’s power law for densely packed systems, leading to a I(q) oc ¢ %
behaviour. If however, single crystalline rotors are used, e.g. sapphire rotors, these grain
boundaries do not exist and this large contribution to the overall SAXS vanishes. The
remaining SAXS will be due to the sample itself and the various windows between vacuum
sections and ambient pressure sections of the beam path. These windows can be produced
out of single crystalline material, like thin silicon wavers in principle.

In a NLE experiment in grazing incident geometry, the main contribution to SAXS is
the surface of the top layer, as large electron density variations between the air and the
layer material exist. Unfortunately, the interface is not ideally smooth, but characterised
by a surface roughness. It is this surface roughness which generates a large SAXS back-
ground in the NLE experiments in grazing incidence geometry. Also for surfaces, the final
slope of I(q) can follow a ¢=* behaviour, for example with vapour deposited gold films
[Lev89.
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Investigated samples

3.1 °Ni nuclear parameters

The experiments with the NLE on a thin nickel foil used the nuclear resonance of the 5'Ni
isotope. The foil was enriched to 81 % in this isotope. Here are the nuclear parameters
of 61N,

property value reference ‘
transition energy E, 67412 eV
wavelength Ao 0.184 A
recoil energy of free nucleus Er 40.0 meV
lifetime T 7.70 ns
halflife t1/2 5.34 ns
natural width r, 85.4 neV
2r, 0.76 mm/s
internal conversion coefficient a 0.12 [Obe73]
nuclear angular moment 1,° 3%~
I %~
maximum resonance cross section o, 0.72 Mbarn |[Obe73|
electronic cross section Oel 10 barn |[SLAC]
transition multipole character MI1+E2
mixing 0 0.0076
relative change of nuclear radius 2% [-2.6----0.9 -10~* [[ObeT73]
nuclear quadrupole moment Qg 4+0.162 barn
Qe -0.20 barn
nuclear magnetic moment Ig -0.750 pupn
Le +0.480 pn
natural abundance Brat 1.14 %

Table 3.1: Nuclear properties of S Ni. Unless stated otherwise, values are taken from [Fir96] or derived
from it.

Before continuing to the specific °'Ni sample used in this thesis, the nuclear level dia-
gram of *'Ni including its possible mother isotopes for traditional Mdssbauer spectroscopy
should be discussed. It shows the main difficulty in ®'Ni Mossbauer spectroscopy apart
from the low Lamb-Mossbauer factor and how much the approach with synchrotron radi-
ation is valuable. About the scientific case for ' Ni Mossbauer spectroscopy, please refer
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to the introduction.
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Figure 3.1: Level scheme of ®' Ni and its possible mother isotopes. Values taken from [Fir96]

The two possible mother isotopes of 'Ni are 'Co and ®'Cu. ®'Cu has the longer
lifetime of 3.33 hours, but only 4.6 % of the decaying copper nuclei populate finally the
67.41keV level of ®'Ni. Apart from this level, a multitude of other levels are excited
and lead to large y-ray background during measurements. 5'Co decays almost completely
into the 67.41keV level of ®'Ni, but its lifetime is unfortunately even shorter, 99 min-
utes. As copper is paramagnetic even as pure element, obtaining a single line source is
easy. In the case of cobalt, single line sources are NiV(14%), which is non-magnetic at
4.2K and shows almost natural line width, or NiCr(20%) which gives a little broader
line [Obe73]. The lifetimes of the mother isotopes are so small, that measurements can
only be done in the vicinity of an accelerator, that creates the source activities, partly
even in situ. Neither ®®Co nor %°Cu are stable so that neutron capture of these iso-
topes is no option. Most common reactions are %*Ni(p,a)%'Co which requires ~ 20 MeV
protons and ®2Ni(v,p)®*Co, which uses bremsstrahlung from a ~ 25MeV electron beam
[Obe73]. Other options are **Ni(p,n)®*Co [Nas93], **Fe(a,p)®'Co [Sch73] for ®'Co and
Ni(a,p)®Co, *®Ni(a,n)'Zn—%Cu [Oka95] or ®3*Cu(v,2n) Cu [Eri69] for *'Cu. Finally,
the 67.41keV can be populated via Coulomb excitation, that means irradiating ®' Ni nuclei
with an oxygen O** ion beam [Sey65].

3.2 OS!Ni-metal

The 'Ni sample we used to perform the first hyperfine spectroscopy measurements with
synchrotron radiation was an enriched nickel metal foil (85 % enrichment). The foil thick-
ness was 20 pum, thick enough to neglect surface effects. Bulk nickel crystallises in the face
centred cubic (fcc) structure. The lattice constant of natural nickel at room temperature
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is 3.52 A and the density is 8.91 g/cm? [Kit96]. The Debye temperature is approximately
390 K above 80 K temperature and increases slightly below [Bir64].

In the temperature range of our experiments, e.g. 100-300 K, nickel is ferromagnetic.
The Curie temperature of nickel metal is 7, =632.7K [Sha80], above which nickel is
paramagnetic. The atomic magnetic moment of nickel is due to the eight electrons in the
partly filled 3d shell. As this is the outer shell of valence electrons, the magnetic moments
are not localised at the atoms, but of itinerant character. As common for 3d transition
metals, the orbital angular momentum of the nickel atom is ”frozen”, i.e. L = 0, as
opposed to L = 3 following Hund’s rule. The reason for this are the strong electrical crystal
fields acting on the nickel atoms. Below the Curie temperature, exchange interaction
between the atomic spins, S = 1, leads to a spontaneous ferromagnetic ordering of the
magnetic moments in nickel.

The behaviour of the spontaneous magnetisation as a function of temperature, M (T),
was measured using several techniques, see for example [Sha80]. M (T) can be described
with the following equation:

(3.1)

M(T) = M(0K) - B (TC—T>/3

1.

[Sha80] derive B = 1.3 and 8 = 0.355 as the critical parameters for nickel close to the
Curie temperature. B is actually temperature dependant and drops to B = 1 at zero
temperatures.

The magnetic hyperfine field as measured with NMR follows nearly the same be-
haviour, as the hyperfine coupling constant is nearly constant independent of temperature
[Rie77]. There are no Mdéssbauer measurements covering this huge temperature range, as
a matter of low Lamb-Mossbauer factor. The magnetic hyperfine field at the nickel nu-
clei was measured close to zero temperature by several groups. For Bj; they obtained
7.6 £0.1 T for bulk nickel [Lov71], 7.50 £ 0.02 T for a 250 ym thick nickel foil [Sta87] and
Vyur = 28.46 MHz— Byy = 2MBE — 747 T [St163, Rie77).
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Figure 3.2: ' Ni NMR () and magnetisation (MMG) measurements with nickel [Sha80]

The Lamb-Madssbauer factor for nickel metal was measured in 1961 [Obe61] and can
be calculated assuming the Debye model of phonon states or knowing the phonon density
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of states experimentally. At room temperature, fr,; = 0.004. Our measurements have
been performed at 180K with fi,, = 0.025 and at 115K with f.,, = 0.066. At 4.2K,
the Lamb-Méssbauer factor has been measured to be 0.164 [Obe73]. The temperature
dependence of the Lamb-Mossbauer factor is shown in figure 2.3.

61N;j foils rolled to 3 mm diameter

4 mm outer diameter

colour for speed determination

Figure 3.3: %' Ni-foil in rotor for transmission NLE measurements

Rotors of the 4 mm stator-rotor system have been filled with 2 foils of 20 pm thickness,
each covering once the internal cylinder circumference of 7 d = 37 mm. The height of the
foils was 7mm. As the beam traverses the rotor, it passes through 80 ym of foil.

3.3 °"Fe nuclear parameters

The samples of the grazing incidence NLE measurements contained *"Fe as nuclear reso-
nant scatterers. It is therefore of interest to review it’s most important properties here,
also to facilitate comparison 5"Fe to 6!Ni.

Note especially the long lifetime, the small natural width and the high maximum resonance
cross section of *"Fe. This, but also the high Lamb-Mgssbauer factor for iron or iron
compounds is among the main reasons, why Mdssbauer spectroscopy with *"Fe is so widely
used. The small natural width is very favourable to detect small hyperfine interactions,
the long lifetime practical for time-resolved examinations. The Lamb-Mdssbauer factor
of a-iron at room temperature is fi =0.77 [Ber94b]. See also figure 2.3.

3.4 Magnetic thin films

Magnetic thin films and multilayers are extremely interesting materials first for funda-
mental physics with respect to magnetism and second for industrial applications such
as magnetic data storage [Gra93]. A multitude of experimental techniques to manu-
facture and examine magnetic thin films have been developed during the last decades
[Bla94, for a nice overview]. As it is sensitive to magnetism on a local scale, nuclear
resonant scattering with 5"Fe contributes significantly to advances in thin film and multi-
layer research [R6h99a, Chu99]. These measurements are performed in grazing incidence
geometry [R6h99b]. 5"Fe probe layers allow for highest depth selectivity in these kinds of
experiments [Nie98, R6h02b, for example]. Alternatively, conversion electron Mdssbauer
spectroscopy can be used [Wal94], although the brilliance of synchrotron radiation is by
no means reached with a conventional radioactive source. Especially in grazing incidence
geometry and with small probe layers, count rates favour nuclear resonant scattering with
synchrotron radiation. Furthermore, recently the method of using waveguides to enhance
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property value reference ‘
transition energy E, 14412.5 eV [Shv00]
wavelength Ao 0.860 A
recoil energy of free nucleus Er 1.96 meV
lifetime T 141.5 ns
halflife /2 98.1 ns
natural width r, 4.65 neV

2r, 0.194 mm/s
internal conversion coefficient a 8.18 [Bar80)]
nuclear angular moment I,° Y%=

I %~
maximum resonance cross section o, 2.57 Mbarn | [Bar80)]
electronic cross section Oel 6.0 kbarn |[SLAC]
transition multipole character M1(+E2)
mixing 0 0.0022
relative change of nuclear radius %R -0.940.05 1073 |[Gol68]
nuclear quadrupole moment Qq 0 barn

Qe 0.15 barn | [Mar01]
nuclear magnetic moment Ig +0.0904 pn

He -0.1549 UN
natural abundance Bnat 2.2 %

Table 3.2: Nuclear properties of 5" Fe. Unless stated otherwise, values are taken from [Fir96] or derived
from it.

the intensity of nuclear scattered signal was developed, decreasing the acquisition time of
nuclear time spectra [R6h04b] significantly.

Apart from the scientific motivation, other aspects pushed us to extend the nuclear
lighthouse effect to investigations of thin films in grazing incidence: First, small angle
scattering from the rotor material would be at a minimum, as no rotor material has to be
passed. Second, as the sample is a surface, it has to be at the end of a rotor cylinder which
would provide a less critical ”top” cooling approach, where only the end part of a massive
rotor would be cooled at the outside of the stator block, see figure 4.14. Finally and
most interesting from the physical point of view, grazing incidence investigations with the
nuclear lighthouse effect have to treat the two beam case. Although signs of the nuclear
lighthouse effect were first observed on a rotating disc [R6h97], no further investigations
of its angular properties and its time evolution has been done so far.

To demonstrate the possibility to obtain time spectra of the nuclear decay of a ro-
tating sample in the two beam case of grazing incidence, we used three different layer
systems, that were measured both with the nuclear lighthouse effect and in standard
grazing incidence geometry using a high resolution monochromator with standard timing.

3.4.1 °"Fe layer systems

The three different layer systems studied in grazing incidence geometry with the NLE
are sketched in figure 3.4. The different layers have been deposited with the sputtering
technique: solid targets of the material to be deposited onto a substrate are bombarded
with Ar™ ions. In collisions with that target material, atoms are ejected from its surface
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Figure 8.4: Tmm rotors for grazing incidence NLE measurements

and recondense in its surroundings, e.g. on the substrate to be covered. The substrate
used here is sapphire, as it is one of the few rotor materials that stand high rotational
frequencies and can be polished to yield very smooth surfaces. Target materials were
high purity tantalum, aluminium and enriched 5"Fe. The sputtering was performed in dc
mode. Sputtering is known to give smoother layer surfaces as compared to evaporation
techniques. On the other hand, this technique is less appropriate for epitaxial growth of
the layers.

The crystal structure of sapphire, Al,Os, is hexagonal-trigonal with ¢ = 4.8 A and
¢ = 13A. The c-axis is tilted by 30° with respect to the cylinder axis [BRUK]. The
rotor top surface was polished and finally had a mean quadratic surface roughness of 0.13
to 0.14 nm rms [Zeiss]. On top of this surface, an tantalum buffer layer was sputtered.
Sputtered tantalum layers generally are tetragonal S-tantalum if oxygen or nitrogen im-
purities are present, the crystallite size being sometimes extremely small, which has led to
the expression of X-ray amorphous tantalum [Sta92]. The sputtered layer here was amor-
phous [Kle04]. Tantalum is often used as a buffer or protective layer due to the following
properties: it forms passivating oxide layers that prevent oxidation of underneath layers.
Under special conditions, sputtered tantalum layers might smoothen with increasing layer
thickness which improves surface roughness. Self-diffusion is very small and they are often
used as diffusion barriers in layered structures. In particular, iron-tantalum interdiffusion
is not at all expected [Gra93].

For layer systems b) and c), the following iron layer grows polycrystalline in body
centred cubic structure, with @ = 2.87 A. The size of one crystallite is in the order of
several tens of nm. 200A and 50 A thick °"Fe-layers have been applied. In magnetic
samples, there will be multiple domains, their size is in general in the pm range [Kle04].
Domain walls in iron are in the order of 40 nm in width [Zab04]. In the case of rotor a),
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a 13 A thick iron layer is sandwiched inside a 100 A thick aluminium buffer. Aluminium
is expected to grow polycrystalline in the ccp structure. Iron and aluminium will not
have a sharp interface, due to inter-diffusion. This might have large consequences, as the
sputtered iron layer is very thin.

layer ) I5; O
tantalum [13.1-10"% 1.64-109{0.29°
iron 7.4-107% 3.39-1077(0.22°

aluminium| 2.6 - 1076 1.53-108|0.13°
sapphire | 3.9-107% 1.45.107%|0.16°

Table 3.3: The complex index of refraction and the critical angle of total reflection of the used layer
materials at 14.41keV.

The complex refractive index for an isotropic medium is given by n = 1 — § — if3.
0 is proportional to the electron density of the material and can be approximated with
d= %rene)? and [ is related to the linear absorption coefficient p via § = ﬁu)\ [Spi74].
The critical angle of total reflection ¢, for radiation incident on a vacuum-matter interface
in grazing geometry is given by ¢, = v/20. We consider X-rays of 14.41keV energy. Table
3.3 summarises the values of §, 5 and ¢, for the materials of the layer systems.

3.4.2 Waveguides

In the case of nuclear resonant scattering from thin films, count rate considerations play an
important role, the thinner the resonant layer gets. Scattered intensities can be enhanced
if the resonant layer is incorporated into a waveguide [Spi74, Fen93, R6h04b]. A waveguide
is a sandwich of a low electron density layer between two high electron density layers,
e.g. tantalum (check for instant table 3.3). Inside a waveguide, multiple reflections of
the incident beam lead to the formation of standing waves, as depicted in figure 3.5.
Anti-nodes form where the field amplitude of the incident and reflected wavefields add
up coherently. If the sample is placed at the depth of such a anti-node, the scattered
intensity from this region is enhanced.

The cover layer should be not too thick, as to allow a certain intensity of the incoming
beam to traverse this layer. The bottom layer can have quasi-infinite thickness. For
tantalum for example, 300 A are sufficient.

The coupling into a guided mode via the thin cover layer can be observed as a dip in
the reflectivity curve (76 - 26 scan”) of the X-rays incident at a specific angle ¢ below
the critical angle ¢.. At such an angle, the evanescent field of the incoming radiation
inside the waveguide excites a guided mode, characterised by a standing wave. The z-
component of the wavevector k of the incoming radiation (z-axis is normal to the layer
plane), k,; = m needs to match that of the guided mode. Then, a part of the
incident radiation is not reflected, but tunnels into the waveguide [Fen93]. The intensity

distribution of the guided mode in the waveguide structure can be calculated [R6h04b].

The layer systems employed here use a waveguide structure with a tantalum substrate
and cover layer. Tantalum has a very high electron density, needed for this purpose.
Especially layer system c) with the 13 A of 5"Fe embedded in a thick aluminium sandwich
showed the typical behaviour of a waveguide, see chapter 5.1. At proper chosen incident
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Figure 8.5: Creation of a standing wave in grazing incidence geometry. This method is used to increase
scattered intensity, especially in the waveguide [R6h01a, modified].

angle, a node of the standing wave sits at the depth of the small 5"Fe layer, allowing for
sufficient countrates for the experiment.

3.4.3 Magnetic and electric behaviour of the *"Fe thin films

The only magnetic layer in the simple layered systems shown in figure 3.4 is the 5"Fe
layer. Bulk bcc iron, also called a-iron, is ferromagnetic. The magnetic moment of
iron originates from the 3d valence electrons and is described by the itinerant electron
model. Below the Curie temperature of 1043 K, the spins of the iron atoms (S = 2) order
ferromagnetically due to exchange coupling. As common for 3d transition metals, the
orbital angular moments of the iron atoms are ”frozen”, i.e. L = 0 as opposed to L = 2
following Hund’s rules. The total angular momentum is thus given by the spin: J = S.
The ferromagnetic state can be expressed with the Hamiltonian describing Heisenberg
exchange coupling: H = —Zij JijS;i - S;. For iron and nickel, J;; > 0, resulting in
ferromagnetic order.

It is well known, that magnetic properties of thin films can vary significantly from bulk
properties. The reason for this lies in the combined effect of a multitude of influences.
The main effects are the crystal, shape and surface anisotropy.

The magnetisation state of a film is the state of minimal total energy £ = E,,,, +
Eey + Egi + Eme [Mil03]. E,,,, is the magnetostatic energy, principally the energy stored
in the stray fields. FE,; is the exchange energy, e.g. at domain walls, where regions of
differently aligned magnetic moments meet. If there is stress or deformation in the film,



3.4. Magnetic thin films o7

this gives rise to magnetoelastic energy F,,.. F,; is the anisotropy energy. If the internal
energy of a magnetic material depends on the direction of its magnetisation, it is called
magnetically anisotropic. Different effects contribute to it:

The crystal anisotropy considers a bulk crystal and describes, which direction in the
crystal is easy or hard to magnetise. This is also the axis along which the magnetic
moments prefer to align in the absence of an external field. In cubic iron, the easy axis
of magnetisation are the {100} directions, that are the edges of the cube. The axes
{110}, the surface diagonals, are hard. The {111} directions, the volume diagonals,
are the hardest to magnetise. The origin of crystal anisotropy is the spin-orbit coupling.
As said, in 3d transition metals, the orbital component is strongly suppressed by strong
crystal fields. As a consequence, crystal anisotropy is rather small in 3d transition metals.
In ferromagnets like iron, stray magnetic fields outside a macroscopic crystal would be
important, if the spins of the whole crystal would direct all into the same direction. To
reduce the stray field energy, magnetic domains form. Each domain has its spins oriented
in one of the easy axis directions. In thin magnetic films, the same stray fields are respon-
sible for the shape anisotropy. Thin films can be more easily magnetised in the plane than
perpendicular to the plane. Thus, the shape anisotropy lifts the degeneracy of the easy
axis along the cube edges in iron. If the plane normal is the z-direction, than the [001]
direction is harder than [100] and [010]. At surfaces and interfaces, the broken symmetry
leads to an additional anisotropy, the surface and interface anisotropy. The strength of
this anisotropy is reflected by a parameter, that can be positive or negative, resulting in
preferred perpendicular magnetisation or preferred in-plane magnetisation. The surface
anisotropy scales with the area A. However, one has to consider all anisotropy contribu-
tions together. With varying film thickness, especially the shape anisotropy contribution
varies. Therefore, for iron thin films, perpendicular magnetisation occurs only for very
thin films, typically below a few A. This depends of course strongly on the layer system
in which the iron film is embedded, defects and impurities. For the iron film thicknesses
of the three layers investigated here, out-of-plane magnetisation can be excluded.

Layer system a) with the thickest iron layer, 200 A, is expected to show in-plane
magnetisation. Due to the polycrystalline structure, many domains with various magnetic
orientations will form. This might not necessarily be the case of for example of epitaxial
grown iron layers. In principal, the same behaviour of ferromagnetic iron with many
domains is to be expected with rotor b) and its 50 A of iron. However, problems during
the sputtering of this layer occurred and a smaller layer thickness can not be ruled out.
If the layer thickness is much smaller, the growth of the iron layer might have caused
separated islands that did not start to join. In this case, superparamagnetism might be
a possible scenario, [Stii63].

Concerning the electric hyperfine interaction of the “Fe nuclei, the electric field gra-
dient at the °"Fe nucleus has to be investigated. Whereas inside cubic bulk bce iron, do
to the symmetric surroundings of any iron atom, no electric field gradient is present, °"Fe
nuclei at surfaces or interfaces will experience electric quadrupole splitting. With decreas-
ing layer thickness, the amount of ®"Fe atoms at the interfaces becomes more important.
In the case of aluminium iron interfaces, interdiffusion will lead to a rather thick inter-
face region, where electric field gradients will act on the 5"Fe nucleus. The electric field
gradients will vary in amplitude and direction. Furthermore, if the interdiffusion between
aluminium and iron is so strong that iron and aluminium atoms mix to ratios around 1:1.
Bulk disordered aluminium iron alloys at these mixing ratios become paramagnetic and,
correspondingly, the magnetic hyperfine fields drop to zero, [Pér87].






Chapter 4

Experimental aspects

4.1 Synchrotron radiation

One of the motivations of this thesis was to establish nuclear resonant scattering with
synchrotron radiation for the Mdssbauer isotope ®'Ni, or more general for Mdssbauer
isotopes of higher energy. Obvious benefits are not only the advantage of avoiding the
use of a short lived mother isotope like in the case of 5'Ni Mdssbauer spectroscopy, but
also collimation, polarisation and intensity of the synchrotron radiation. Therefore the
principal properties of this radiation should be briefly reviewed in the following.

4.1.1 History of synchrotron radiation

The theoretical fundaments needed for synchrotron radiation have been established as
early as the end of the 19th, beginning of the 20th century [Bro91, for a nice review].
Starting from the Maxwell’s equation in 1891 and the discovery of the electron by Thomson
in 1897, the classical theory of the radiation emitted by an accelerated charged particle was
established between 1898 and 1912. Though, no verifications of this theory for charged
particles on a circular trajectory have been reported until the mid 40’s, when the electron
synchrotron and other particle accelerators were invented and the radiation emitted by
an accelerated relativistic electron was a concern upon the maximum energy an electron
could reach with them [Iwad44]. In 1948, the first synchrotron radiation was observed
[E1d48] at General Electric in the U.S. and one year later, J. Schwinger re-examined
the theory of synchrotron radiation to final detail [Sch49]. Experimentally, its spectral
properties have been examined thoroughly in the 50’s [Tom56] and its value for solid state
spectroscopy was recognised. In 1961, the first synchrotron was build fully dedicated to
research with synchrotron radiation. However, its synchrotron radiation originated from
one single bunch of electrons that was accelerated (its energy E rises), accompanied with a
synchronous increase of the magnetic field keeping these electrons on the fixed radius of the
accelerating structure. Stable beam conditions for multiple bunches in a dedicated storage
ring were realised only in the mid 60’s and gave a big gain in flux. The first storage ring
designed exclusively for synchrotron radiation, and not dedicated for high energy physics,
was operational in 1976. Although the first "undulator” radiation was produced in 1951
with electrons from a linear accelerator passing through a periodic magnetic structure
[Mot51], it was only much later that their use in a storage ring gained huge interest.
The first time that a straight section of a storage ring has been equipped with such

99
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an insertion device was in 1978. Storage rings optimised for the use of undulators and
wigglers, called third-generation sources, followed. The European Synchrotron Radiation
Facility in Grenoble was the first of this kind in the hard X-ray regime and became
operational for users in 1994 [ESRFb|. The Advanced Photon Source [APS] in the United
States and Spring-8 in Japan followed [Spr-8].

4.1.2 An accelerated electron

A charged accelerated particle emits radiation. In the case of a relativistic electron, the
emitted radiation can be understood as that of an emitting dipole subjected to the Lorentz
transformation. It follows that the emitted intensity is strongly directed into a narrow
cone in the instantaneous direction of motion of the electron, see figure 4.1.

acceleration

acceleration

e -orbit

Figure 4.1: Angular emission pattern of an accelerated electron [Koc83, modified]
The opening angle in the laboratory system is approximately ¥ = 1/ with v = %
At the ESRF, electrons are accelerated to £F=6.04 GeV, thus resulting in a vertical opening
angle of about 80 prad. The horizontal opening depends on the trajectory the electron
takes over time. At a given instant in time, it is the same angle W.

The energy lost by a charged particle on a circular orbit of radius R is related to the
total radiated power given by
1 e2c( E\"
P = — 4.1
dme, R? <m02> (4.1)

with m being the particle’s mass. To maximise the radiated power, electrons or positrons
are used for the purpose of synchrotron radiation, and not the heavier protons. Electrons
can be easily produced by heating a cathode, while the production of positrons needs
a supplementary step. Though, the use of positrons is believed to be beneficial for the
lifetime of the beam current in the storage ring. For example, the APS works with
positrons [APS].

The emitted radiation is completely linearly polarised in the plane of the orbit, with
the electric field of the radiation being parallel to that plane. The radiation emitted
into directions above and below the orbit is elliptically polarised, getting more and more
circularly polarised with increasing angle between the orbital plane and the direction of
observation [Duk00].



4.1. Synchrotron radiation 61

4.1.3 Bending magnets, wigglers and undulators

Obviously, a static homogeneous perpendicular magnetic dipole field of a bending mag-
net accelerates a charged particle centripetally, thereby forcing it to follow a circular
orbit. Bending magnets were the first sources of synchrotron radiation and are still in use
nowadays, with for example 14 bending magnet beamlines at the ESRF. Anyhow, they are
needed to create the closed orbit of the electrons in the storage ring. A more sophisticated
method is the use of periodic magnetic structures. Here, the magnets force the electrons
on a sinusoidal trajectory around the straight forward direction. These structures are
inserted into straight sections between bending magnets and are the main synchrotron
radiation sources in third generation facilities. At the ESRF, 29 of these insertion device
beamlines operate. For a sketch of these devices, see figure 4.2. One distinguishes between
wigglers and undulators, depending on the angle of maximum deviation from the forward
direction, a.. If o is smaller than the instantaneous opening angle %, that is K = ay < 1,
the device is called a undulator. K is called the deflection parameter. For K > 1 the
device is a wiggler. The distinction between the two cases is not sharp.

bending magnet
photons

photons

photons.

photons -

photons

undulator

undulator period A,

Figure 4.2: Sources of synchrotron radiation: Bending magnet, wiggler and undulator [Duk00, modified]

In a bending magnet, the radiation is distributed over a wide fan, as the trajectory in
the bending magnet is a long arc and radiation is emitted form each position on this arc.
An observer at a fixed position in this fan is illuminated by one electron during the time,
when the cone of opening angle % passes over this position. The duration of the flash is
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then [Rao93]
2 R
At~ —— (4.2)
3v3¢
Frequency components up to w, = ﬁ R 3;7; can be expected. In fact, a broad range of

wavelengths is emitted with a maximum near the characteristic wavelength, defined as
the wavelength that splits the spectral radiated power in equal parts:

)\0227(0_47rR

o 3 (4.3)
At the ESRF, for a bending magnet with R = 25.2m and with £ = 6.04 GeV, this leads
to A, = 0.64A or E, = hw, = 19.4keV. The duration of the flash from one electron at
a fixed point is At = 3.4-10 2% s. The spectral flux distribution can be seen in figure
4.3. Two values describe the intensity of synchrotron radiation. The spectral flux or
brightness is defined as the number of photons into a given angle (or through a certain
surface), per second, in an energetic bandwidth of 0.1% around a specified energy, and
for a given electron beam current. The shorter term ”flux” is commonly used for it. The
brilliance is the brightness normalised to a source area of 1 mm?2. The source area is the
lateral size of the electron cloud in the bending magnet, wiggler or undulator. The smaller
the electron cloud is in this region, the more brilliant is the source. The source size plays
an important role for focusing or collimation of the photon beam with optical elements
in the beamline. The smaller the source is, the better it is for these purposes.
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Figure 4.3: Flux and brilliance of bending magnets in different synchrotrons normalised to 250 mA electron
beam current [Duk00]

The bending magnets gap or its strength cannot be varied, as it would change the
trajectory of the electron beam in the storage ring. On the contrary, for an undulator or
a wiggler, the overall straight trajectory of the electron does not change when the gap
¢ is modified. However, the spectral distribution of the radiation characteristics changes
upon variation of the gap. It is therefore possible to adapt these devices to the needs of
the experiment. The minimum gap of an insertion device at the ESRF is 11 mm, if the
magnetic array is outside the vacuum pipe of the electron beam, like at ID 18, or 6 mm,
if the device is incorporated into the vacuum system. The second important parameter
of an undulator or wiggler is the period A,, which is shown in figure 4.2. It can not
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be modified, unless one replaces the whole array by another one. This starts to become
possible now thanks to "revolver” undulators. These consist of two individual arrays, that
can be interchanged depending on the experimental needs.

In an insertion device, the electrons radiate during each of their turns. The resulting
brilliance depends on the deflection parameter K. The angles o and % depend on electron
beam parameters and the magnetic field properties of the device and K can be expressed
as [Rao93]:

e

K=ay= Ao B, (4.4)

2TmMeC

B, is the peak magnetic field between the upper and lower array of magnets of the
insertion device and depends on the gap ¢. If the deviations from the forward direction
characterised by a become bigger than the instantaneous opening angle %, the radiation
of each individual turn has to be summed incoherently over the number of turns 2/N; with
N being the number of periods of length \,. The insertion device is called a multipole
wiggler.

In the contrary case, a < %, the amplitudes of radiation of each turn superpose co-
herently with the radiation emitted by a different turn. The intensity of this radiation
increases with N2, as a consequence. Constructive superposition is possible only at cer-
tain frequencies of radiation, a fundamental frequency and higher harmonics. Thus, the
radiation is monochromatic in the energy region of a particular harmonic. The energy of
the k'™ odd harmonic is given by

2cy? 1

Ek(e) =k- Efund. =k )\o 1 + %KZ + ,-)/292

(4.5)

It depends on the observation angle # between observer and straight forward direction.
The angular distribution of the even harmonics is zero in the straight forward direction,
which are therefore irrelevant in experiments. An insertion device with these charac-
teristics is called an undulator. Obvious advantages are a flux increased by N? and
concentrated in a narrow energy range, as compared to a bending magnet.

K <1, N large K ~ 1, N large K > 1, N smaller
rd
3 5th
w 15% harmonic o " S
; = A >
N gap . bending magnet
variation times N
energy energy energy
undulator undulator/wiggler wiggler

Figure 4.4: Comparison of undulator, wiggler and bending magnet radiation as a function of energy
[Mar88, modified]

If the gap of an insertion device is decreased, the peak magnetic field inside the device
rises and K increases as a consequence. The energy of the first harmonic, as well as the
others, decreases, following equation 4.5.
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”booster”
synchrotron

Figure 4.5: Linear accelerator, booster synchrotron, storage ring and the beamlines at the ESRF

4.1.4 The ESRF storage ring

At the ESRF, the electrons are accelerated in two steps before they are stored in the
storage ring to supply finally the radiation. A ”triode gun” emits electrons with an energy
of 100 keV, that enter a linear accelerator pushing them to 200 MeV. After a transfer
line, the electrons enter the booster synchrotron. Here, after passing several turns, the
electrons are accelerated to the nominal energy of 6.04 GeV 4 0.1%, before they are
injected into the storage ring. In the 844.4m long storage ring, 3 radio frequency cavities
provide the electric field that accelerates the electrons permanently to compensate for their
radiation losses, which are about 6 MeV at the ESRF per electron and turn [Duk00]. The
radio frequency works at 352.24 MHz and thus allows 992 buckets of stable phase for the
electrons (g5 = 355.08 kHz, vgp = 352.24 MHz= 992 - 355.08 kHz).

The 992 buckets are spaced by 2.839 ns. If the filling procedure from the booster
is carefully done, single buckets can be filled to a high degree of accuracy, leaving the
neighbouring buckets empty. A filled bucket is called a bunch. The bunch length is only
50-120 ps. The purity is the charge ratio between filled and empty buckets and is better
than 10~7 [ESRFc] for the so-called timing modes, see figure 4.6, which are four bunch, 16-
bunch and hybrid mode. The transition from filled buckets to completely empty buckets
is much less sharp in 2-14 mode, where the intensity drops down continuously over approx.
5 to 10 buckets.

Inae = 16 mA Inae = 90mA Iaz = 200mA Tnae = 200 mA Inae =196 + 4mA
lifetime = 8 h lifetime = 10 h lifetime = 60 h lifetime = 55 h lifetime = 26 h
702 ns spacing 176 ns spacing 2.839 ns spacing 2.839ns & 0.94 us (3 different spacings)

Figure 4.6: Filling modes at the ESRF

In the chapters 4.1.2 and 4.1.3, we examined the radiation characteristics of a single
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electron. Fortunately, in a bucket, there is a cloud of electrons. Most of them do not travel
on the ideal orbit, but oscillate around it, deviating both in position and in angle. The
mean position deviations are o, and o,, horizontally and vertically. The angular spreads
are characterised by o} and o). An important figure for the quality of the electron beam
in a storage ring is the emittance ¢, which is the area of the ellipse occupied by the cloud
of electrons in the phase space of position and angle. The emittance is fixed by the design
of the storage ring’s bending magnets and focusing devices and stays constant over the
whole ring. At any position on the storage ring orbit it can be factorised as €, = o, - 0},
vertically and €, = oy, - 0}, horizontally [Kri83]. It is possible to build a storage ring that
has an electron beam of small divergence but a big size in one place, and in different
places a small size, but a bigger divergence. The ESRF is build in such a way, providing
in half of the straight section (odd IDs) small beam size o), with big divergence o}, and
in the other half (even IDs) small o} with big o5. Vertically, the differences between odd

and even IDs are small. Using the betatron function g, = g, the odd IDs are called
low-beta beamlines, the even ones high-beta beamlines.

energy horizontal size |vertical size rms-divergence
/ /
E.- AE.-| oy dy, Oy d, oy, o

v

6.04 GeV 0.1 % [395um 930 um 9.9 um 23.3 um|10.5 urad 3.9 purad

Table 4.1: ESRF high-beta insertion device’s electron beam properties. In the beamsize columns, the first
value is rms, the second FWHM, with dj , = 2vV2In2 0y, ,.

At the ESRF storage ring, ¢, = 3.9nm-rad and ¢, = 0.039 nm-rad. ID18, the beam-
line where all measurements concerning this thesis have been performed, is a high-beta
beamline. Table 4.1 gives a list of its electron beam properties.

4.2 The beamline ID18

ID18 is the ESRF beamline dedicated to nuclear resonant scattering. A second beamline,
ID22N, is used as well for nuclear resonant experiments during 16-bunch mode, the most
efficient timing mode operation for this kind of research. The timing modes allow the
discrimination between delayed photons emitted by the nucleus and the less interesting
prompt signal, as explained in chapter 2.

4.2.1 Flux at high energies

ID18 is an undulator beamline. The straight section is occupied by three undulators with
Ao = 32mm. Recently, one of the undulators became a ”revolver” undulator which allows
to change to a second magnet array structure with a period of 20 mm, delivering even
higher flux at the 14.413 keV transition of 5"Fe. The 32 mm undulators are much more
flexible and provide high flux in more than one harmonic, see figure 4.4: On the left the
approximate case of the 20 mm undulator, in the middle roughly the case of the 32 mm
undulator. The 32 mm undulator allows to cover reasonably all energies between 8 keV
and 80 keV, see figure 4.7 for details. Each of the undulators is about 1.6 m long. The
vacuum beam pipe is 10 mm high and thus allows a minimum gap of 11 mm between the
two magnet arrays of the undulators.
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Figure 4.7: Flux at ID18. The values correspond to the flux of three 32 mm undulators through a 2 mm - 1
mm large pinhole (horizontal- vertical) placed 32 m downstream of the middle undulator and considering
100 mA of beam current [Cha04].

In the framework of this thesis, spectroscopic work has been done with two resonances:
the 5'Ni resonance at 67.412 keV and the 5"Fe resonance at 14.413 keV. It is interesting to
compare the available flux and to understand the performance of the following monochro-
matisation process, i.e. to know the energetic and angular width AFE and oy of the
undulator radiation at each of these energies. The theory of the undulator radiation of a

single electron leads to, [Duk00]:
- 1 - he 1 he
AE,* = E— ¥ == =/ = 4.6
¢ N7 B NN, VEL (4.6)

Here, k is the £*" harmonic, N is the number of periods in an undulator of period length
Ao with L = N),. The 32 mm undulator has N = 51 periods. The divergence a;e_
of an undulator radiation is about ﬁ that of a dipole bending magnet [Duk00]. If
the electron beam has a certain energy spread and a certain divergence at the undulator
position, the values have to be corrected for this. This can be done with certain programs

for AEj [Cha04, using the program code SRW [Chu98a]] and in a simple way for o, =
\/(a‘;e_)2 + (07,,)? with o}, , for the electron beam from table 4.1.

A downstream bending magnet separates the electron beam and the synchrotron radi-
ation produced by the 3 undulators. The photons leave the vacuum system of the storage
ring towards the front end beam shutter while passing a 500 pm thick diamond window.
At 14.413keV, 86 % of the photons are transmitted, at 67.41 keV even 97 %.
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nuclei  energy |flux in 0.1%bw @ 100mA |AE®  o}° AF} oh oy ‘
5TFe  14.413 keV 4.16 -10™ 14 94 eV 7.26 urad| 290 eV 12.7 yrad 8.2 purad
6INi 67.41 keV 6.69 -10'2 14 78 eV 3.36 urad |1.6 keV 11.0 urad 5.1 urad

Table 4.2: ID18 photon beam parameters at the > Fe and ' Ni resonance energies. The beam divergences
are given as rms values.

4.2.2 Monochromatisation

After passing the front end beam shutter and entering the actual beam line, the radiation
contains photons of different energy: First, all the different energies corresponding to all
the harmonics of the undulator, and second, the broad bending magnet spectrum. How-
ever, the natural width of Mdssbauer transitions is in the order of a few to a hundred neV.
Due to detector limitations, it is necessary to get a much more monochromatic beam. This
is done with the high heat load monochromator, often called only the pre-monochromator,
since other monochromatisation steps might become still necessary afterwards. If the three
undulators are closed down to 11 mm (K = 1.86), the electron beam current is 200 mA
and a slit of 2mm-1 mm is in front of the monochromator, the power absorbed by the first
of these two crystals is about 500 W [San98|. This might lead to important distortions
on the crystal, if the crystals were not cooled to about 123 K, where silicon has almost
negligible temperature expansion.

The monochromatisation is done by Bragg reflections at two parallel silicon crystals,
thereby keeping the outgoing beam parallel to the incoming one. Bragg’s law says

2dsinfp = nA (4.7)

with fp being the Bragg angle between the incident beam and the crystal’s lattice planes.
d is the lattice plane spacing, A the wavelength of transmitted radiation and n the order of
reflection, in general equal to 1. As the incoming synchrotron radiation is less divergent in
the vertical plane than in the horizontal plane, the crystals reflect the beam in the vertical
plane (the crystal plane normal is in the vertical plane). In order to keep the vertical offset
constant despite a tuneable energy, the second crystal has to travel laterally, see figure
4.8.

Important for a monochromator is the energetic width of the transmitted radiation
as a function of the divergence Af, = 2-v2In2 oj of the incoming beam. The energy
resolution can easily be obtained differentiating equation 4.7:

157 =[50 = |5 + 120, cot b5 (48)

Silicon crystals can be produced with very high purity and values of % < 1078 can be
reached [Fre93]. Actually, in the case of our silicon crystals, this error can be neglected
in most cases.

For a perfect monochromatic, divergent beam, the intrinsic angular acceptance of a
Bragg reflection of a symmetrically cut perfect crystal is given by its Darwin width Af,,,.
The dynamical theory gives the following result for the Darwin width for o-polarised
radiation (like synchrotron radiation, the electric field is in the plane of the storage ring)
[Dar14, Toe00):

2 r.\? Y
sin(20p) 7V
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Figure 4.8: Bragg reflection with two asymmetrically cut crystals, as used in the high heat load monochro-
mator at ID18, not to scale.

re is the classical electron radius, V' the volume of the silicon unit cell, |Fy| the product
of form-factor and structure factor for the momentum transfer of the reflection. e is
the Debye-Waller factor. The Darwin width decreases with increasing Bragg angle up to
O ~ 80°, then it increases again towards a maximum at g = 90°. This is the reason why
in some cases back-scattering reflections are used - in this case though, equation 4.9 has to
be replaced, as it does not allow g = 90°. There are several programs to calculate Darwin
widths [San98, Stu94]. The Darwin width should not be smaller than the divergence of
the incoming beam, if all photons of the right energy should be transmitted despite their
angular spread. Table 4.3 (column « = 0) illustrates the problem of monochromatisation
at high energies, comparing Bragg reflections of a silicon crystal at the energies of the

61Nj and the °"Fe Mossbauer transition.

If the crystal is cut asymmetrically, that means the surface is tilted by an angle «
with respect to the reflecting lattice planes, the angular acceptance can be significantly
increased. The consequence is an increased beamsize A,,;. In particular, with the use of
the asymmetry parameter b:

sin(fp — )
po= SIBT Y
sin(fp + @)
1
AHas,in = AGsym_ (410)

Vb
Agas,out = Agsym\/l;
1
Aout = Amg
With two subsequent asymmetrically cut crystals, the effect of beamsize increase can
be compensated, and the beam divergence of the part that was transmitted by the two
reflections does not change neither. Only the angular acceptance is improved as compared
to a symmetric crystal.

The high heat load monochromator at ID18 is slightly asymmetric with @ = 1°.
The lateral displacement necessary to lead to the necessary fixed offset of 25 mm in-
creases with decreasing Bragg angle. Above 60keV, the lateral displacement with the
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energy | hkl| T 0| a=0° a=1°

[keV] [K] [o] Aesym Agas,in Aeas,out
14.413 [111| 80| 7.889|18.6 yrad |21.1 urad 16.4 prad
333| 80(24.315| 3.9 urad | 4.1 urad 3.8 purad
67.412 |1333| 80| 5.051|0.75 urad |0.92 yrad 0.62 prad

Table 4.3: Darwin width of the Bragg reflections used in the high heat load monochromator at ID18.

(111) reflection becomes bigger than the possible maximum value and one has to switch
to the (333) reflection. Comparing the angular acceptance of the (333) reflection at
67.41keV, Abys,i,=0.92 urad with the angular beam divergence of table 4.2, Af=2v/21n2-
5.1 prad=12 urad, we see that the misfit still remains for the slightly asymmetric high heat
load monochromator crystals. For ®’Fe, there is no problem.

A possibility to decrease the divergence of the beam is the use of compound refractive
lenses to collimate the beam. This will be explained in the next chapter.

4.2.3 Focussing and collimation with compound refractive lenses

Focussing of X-rays can be achieved with bent crystals [Spa80], curved mirrors [Kir48] or
the use of compound refractive lenses (CRL) [Sni96]. In the latter case, use is made of
the refractive index n, which is different between air and solid material, like in optics of
visible radiation, but with a much smaller variations of n in the case of hard X-rays. For
the refractive index, we have

n=1—-0+i0 (4.11)

0 expresses the refraction and S the absorption. In the X-ray region, the real part of
n is smaller than one. Focussing lenses are therefore of concave shape and not convex
like optical focussing lenses. Unfortunately, in the X-ray regime as opposed to the visible
range, ¢ is very small. Table 3.3 gives some values for § and § at 14.41keV. The two
parameters can be expressed as [El198]

7‘0)\2 NA
2 A

5~ g A2 (4.12)
AT

The cross section for photo-absorption o, scales with Z* to Z° for the photo-effect and

with Z for the Compton effect. Therefore, 3 scales with Z%x > 1 at the ®'Ni energy

whereas ¢ varies only with Z. It is therefore recommended to use low-Z material like

beryllium or aluminium.

The focal length of a one bi-concave lens is given by F' = 2—};, R being the radius of the
spherical lens. As d is very small, e.g. § = 1.19-10~7 for aluminium at 67.41keV, a stack
of a large number N of these single lenses have to be used in order to reach useful focal
distances, see figure 4.9. Then:

R

F=_—
20N

(4.13)
Two lenses for experiments at high X-ray energies used to be installed at ID18. The
first one has N = 140 spherical holes of R = 1 mm and a hole distance of d = 50 ym. The

material is AIMgs with § ~ 9-107°. The focal distance is thus F' = 40.3m. The second
lens is a pure aluminium parabolic lens with R = 0.5mm, an aperture of 2R, = 2mm
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Figure 4.9: X-ray focussing with compound refractive lenses

and N = 80 elements with d ~ 80 pum. For the aluminium lens at 67.41keV, we have
§ =1.19-1077 and thus F' = 26.3m. Both lenses absorb some of the 67.41 keV photons.
The transmittance of the pure aluminium lens is 83% [San98].

If a CRL is used at a distance f from the undulator, i.e. the focal spot of the lens is
at the source, the lens collimates and the beam divergence can be greatly reduced. Due
to the finite size of the source d, = 2v/21In2 o, and the effect of an effective aperture D.q
of a CRL, it is not possible to reduce the divergence to zero. The beam divergence after
the CRL can be expressed as [Len99]:

. dy\?  [1.02010)7
AHORL:\/<7> +< D.. ) (4.14)

If the CRL would be placed just before the monochromator, 29 m after the undulators, f
should be 29 m. The vertical electron beamsize at the source is d, = 23.3 um. If we neglect
the second term in the root of equation 4.14, the divergence of the photon beam would
reduce to 0.8 yrad. Using the 2 lenses available at ID18, we can calculate the effective
aperture [San98, CRL] and obtain D,; ~ 1.1 mm for the spherical 140-hole lens and
D.s =~ 0.87mm for the parabolic 80-element lens. This gives us for % approximately
0.02 prad, which justifies its disregard.

At ID18, the position of the CRL used to be 27.5m after the undulators, very close
to the focal length of the parabolic lens. Now, the angular acceptance of the high heat
load monochromator and the divergence of the incoming beam after the parabolic CRL
are nicely matched. Unfortunately, the heat generated by the complete spectrum of the
undulator radiation on the CRL was more than it could bear, first destroying a 2mm
thick aluminium absorber, then starting to burn holes into the first elements of the lens.
We could not continue to use the lenses. Improving the cooling scheme of the lens and
placing them further downstream after some additional absorber sheets has to be done in
future. The total radiated power of an undulator can be calculated as [Duk00]:

472 s oI K?
P = 3 reMccry . )\ON (4.15)
with N being the number of periods of the undulator. For the three undulators at ID18
with 11 mm gap (K =~ 1.864) and at a beam current of 200 mA, this gives 8.78 kW. Into
a virtual slit of 5x5mm? at 27.5m, corresponding to the beam pipe size before the CRL,
this is slightly reduced to 5kW [San98]. Most of this power is contained in the lower
harmonics of the undulator radiation.
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4.2.4 High resolution monochromatisation

As seen in the preceding chapter, it is principally possible to use the whole divergence
of the incoming beam with the Si (333) reflection of the high heat load monochroma-
tor, if a proper CRL is used. For further monochromatisation to the meV range, one
should examine two possibilities, one based on standard Bragg reflections and a second
on Bragg-back-reflections. These considerations will show the difficulties to realise this
high monochromatisation and emphasise, that the nuclear lighthouse effect and SR-PAC,
which both do not demand this additional setup, are so far the only possible methods at
these energies to perform nuclear resonant spectroscopy.

To give a rough idea for the problems using standard Bragg reflections, we present
the following monochromatisation scheme: A CRL with F' = 29m before the high heat
load monochromator reduces the divergence of the photon beam to A#¢, = 0.8 urad.
The beamsize at the entrance of the CRL is ~ 29 m- tan(2v/21In2 - 5.1 yrad) = 0.35 mm.
The radiation passes the Si 333 high heat load monochromator without problem, as the
angular acceptance of the asymmetric cut crystal is 0.92 yrad. The divergence of the
beam after the CRL does not lead to a large increase in beamsize while travelling to the

place of the high resolution monochromator at 43 m. The beamsize is now 0.36 mm.

Op = 7.785°
67.41 keV + 41 meV a=5.5°
I7, = 94% AB;, = 1prad
ABuyt = 0.175 prad
AE = 400 meV

©p = 15.97° 67.41keV

a=14° AO = 0.8 urad

AO;, = 0.177 prad dy, =0.35mm

AB,y,: = 0.0122 prad from Si 333

AFE =41 meV pre-monochromator
AE =T7eV

Figure 4.10: Further monochromatisation for 8' Ni NFS

As shown in figure 4.10, a combination of a channel cut Si (10 10 8) monochromator be-
tween two Si (800) crystals would reduce the energetic width of the synchrotron radiation
from around 620 meV after the Si (33 3) pre-monochromator (using the collimating CRL)
down to 41 meV. The transmitted intensity should be 94% [San98, XInpro sub-program].
Important is the stability, that is necessary to reach only a mere 41 meV bandwidth, con-
sidering that this is not sufficient for nuclear inelastic scattering anyhow. The angular
precision of rotation stages is in the order of 10nrad. This would be just enough in this
case. But between the two Si (10108) reflections of the channel cut crystal, the lattice
planes have to be parallel to better than 12nrad! This seems to be a severe problem even
for best single crystals, especially as this accuracy needs to exist on almost 10 cm of lateral
dimensions. Less demanding seems the temperature stability, if temperature fluctuations
would not tilt different lattice planes with respect to each other. We remember equation
4.8, neglect the angular part of it, and use the linear expansion coefficient § = é%. This
leads to

1 AFE

AT = 5 (4.16)
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If the energy of the monochromatic radiation should not shift by more than %, which
is half the energetic width of our proposed setup, the temperature needs to be stable at
around 0.1 K, and this over the whole crystal dimensions. It is of course questionable, if
temperature variations in this limit, but at different crystal positions, will not destroy the

necessary parallelism. Anyhow, it is evident that this approach faces severe problems.

The second approach that we will elucidate, is Bragg-back-scattering. As we saw
in the previous paragraphs, the angular acceptance of higher indexed traditional Bragg
reflections decreases too much when the X-ray energy increases and/or the energetic
bandwidth should become small. Even asymmetrically cut crystals can not completely
help out of this situation. Maybe Bragg-back-reflections can. We remember equation 4.9
for non-backscattering reflections and introduce asymmetry:

g — 1 2 el TN
_\/WSin%B XH XH = TV

Fre ™ (4.17)

where g is the electric susceptibility for this reflection. In the case of 5 = 90° back
scattering, dynamic theory yields the following expression for the angular acceptance

[Wil03]:
A0 = 2+/|x#] (4.18)

The electric susceptibility is very small, xz < 107% [Wil03]. As in Bragg-back-scattering,
the angular acceptance is proportional to the square root of yx and not linear to it, the
angular acceptance is much increased.

Silicon, though produced with highest quality, is not a suitable crystal for use in Bragg-
back-scattering as will be explained now. With #5 = 90°, the Bragg condition of equation
4.7 reduces to

If the angle is fixed to exact backscattering and a certain energy is demanded, the only
variable parameter is dp;. An appropriate lattice plane will seldom be found to satisfy
this equation, even when temperature adjustments of the crystal are executed to fine-tune
dpr- In a cubic crystal, several hkl planes have the same lattice spacing d. It is therefore
beneficial to use non-cubic crystals, e.g. hexagonal sapphire Al;O3. It is much more
probable to find a certain reflection in an acceptable temperature region.

A possible Bragg-back-reflection at 67.41keV is the (163154) reflection of Al,O3 at
100 K [Wil04a]. This reflection has an angular acceptance of 2.5 urad, which can therefore
take the whole beam passing the Si (333) high heat load monochromator. The energy
resolution is 0.03meV, which is already too narrow for present experiments of nuclear
inelastic scattering, giving only minimal countrates, and much too narrow for SR-PAC,
which demands a constant countrate covering all phonon energies. For nuclear forward
scattering or the nuclear lighthouse effect, we have to compare the 30 eV to the splitting
of the nuclear levels. The largest splitting observed so far with $'Ni Mossbauer spec-
troscopy was magnetic hyperfine splitting caused by a magnetic hyperfine field of 80T
in the spinel CuggNig;CryO4 [Oka95]. The energies of the possible transitions between
the sub-levels, see figure 2.8, cover the range of AE, = 2(|ue| + |py|)Bry = 6.2 peV, in
this example. If now the monochromator drifts slightly, the different possible transitions
will no more be excited equally. In the case of ' Ni-metal, the splitting is about 10 times
smaller, and this back-reflection would not be too narrow.
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The three big problems of this Bragg-back-reflection are the low reflectivity of the
reflection of only 4.5%, the need of large perfect sapphire crystals, as the extinction depth
is 3.9cm and the required temperature stability [Wil04a]. For this reflection, % =
—0.048 % As the width is only 0.03 meV, this demands a temperature control of at least

0.2mK, and this over a crystal which should extend over more than 4 cm.

Thus, also this approach does not promise practical solutions in the near future. A
completely other approach might be the development of new detectors, that can cope
even higher prompt countrates and would thus not demand such a degree of monochro-
matisation. Unfortunately, there is no such a detector known yet. Finally, the nuclear
lighthouse effect may be employed to separate the prompt background from the delayed
nuclear signal.

4.2.5 1ID18 layout for the nuclear lighthouse effect and SR-PAC

The layout of ID18, as far as it concerns the measurements on *'Ni and *’Fe with the
nuclear lighthouse effect, is sketched in figure 4.11. For the lighthouse experiments, of key
importance is a large distance between the spinning sample in the lighthouse tower and the
detector. This was achieved by putting the lighthouse into the second optics hutch (OH2)
and the beamstop as well as the detectors in the third experimental hutch (EH3). The
setups for the SR-PAC measurements and the grazing incidence measurements without the
lighthouse are not shown explicitly, but they can be easily described. For the SR-PAC
measurements and the grazing incidence measurements without lighthouse, the sample
and the detectors were in the EH1, with EH2 and EH3 unused. Only for the measurements
with "Fe in grazing incidence, that were performed for comparison, a high resolution
monochromator was used in OH2. In the other cases, the high heat load - monochromator
is the only monochromator.

beamline element distance to source | distance to lighthouse
front end CRL 23.9m 18.7m
aluminium CRL 27.1m 15.5m

high heat load monochromator 31m

slit 3 38.67m 3.91m

slit 4 42.14m 0.44m
lighthouse 42.58 m

shutter between EH2 and EH3 54.77 m 12.19m
detector (slit 5) 56.23 m 13.65 m

Table 4.4: Distances at ID18 beamline

Important distances are given in table 4.4. Especially the lighthouse-to-detector dis-
tance d is important. It is needed for the data analysis of lighthouse experiments, when
no time discrimination is used. Then, at a rotational frequency v, the offset  between
the deviated delayed nuclear signal to the direct beam at the distance between lighthouse
and detector gives the time ¢ between excitation of the 5'Ni nuclear level and its decay

with the emission of a photon via
x

t =
2rd v

(4.20)
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Figure 4.11: ID18 layout for nuclear lighthouse effect measurements. The distance between lighthouse
tower and detector is mazimised, as to achieve a large displacement of the deviated nuclear signal with
respect to the direct beam. Unfortunately, the dimensions of the beam pipes and the beam shutters between
the hutches limit this offset. EHI and FEH2 are not used. Different is the setup for traditional grazing
incidence nuclear resonance experiments: One of the high resolution monochromators of OH2 has been
used, the sample and detector were in EH1. The SR-PAC setup needed no high resolution monochromator
and had sample and detector in FH]I.
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The other shown distances are important when focussing with a compound refractive lens
(CRL) or for completeness. The term source signifies the undulators, comparable to a
light source in optics. They span over a range of 5 meters. As a good approximation, the
centre of the middle undulator is taken as the source point.

To limit absorption and reduce small angle scattering from air, a maximum of the
beam path in the beamline is in vacuum. This is done with the help of evacuated beam
pipes, having a pressure of approximately 10”2 mbar. As a matter of fact, the stator/rotor
system cannot be in a vacuum section, as it relies on gas driven acceleration and bearing.
Also the detector stays outside the vacuum. Beam exit and entry windows are needed:
two windows upstream and downstream of the lighthouse tower, and one large window at
the end of the beampipes in EH3, before the detector. These windows can be tailored to
one’s needs. Additional windows in the beamline are a beryllium window at the entrance
of OH2 and further a 500 gm thick diamond window in the front end, to separate the
storage ring vacuum from the beamline. To get the vacuum sections very close to the
lighthouse with its gas atmosphere, special beam pipe ends were manufactured, see figure
4.12 for details. The pipe end material is a combination of stainless steal and PEEK
(Poly Ether Ether Ketone, a semicrystalline polymer), in order to limit the heat exchange
from the part inside the covers to the outside world.

bellow for adjustment

to compensate bellow forces %7

chamber of slit 4
(bender chamber)

~
to EH1 < M HH' < ‘ <— from OH1

window E

beam pipe end T

with window stator

lighthouse tower

Figure 4.12: Beam pipe ends upstream and downstream of the lighthouse tower. The windows can either
be 50 pm thick silicon wavers or 20 pm thick Kapton® foils. Whereas the single crystalline wavers produce
less SAXS, they are very brittle and do not stand repeated pressure changes do to pumping and flooding
of the beam pipes. Therefore, the Kapton® windows are preferred. The lighthouse tower itself stands on
a combination of a tilt stage, a xyz-stage and a special foot.

In order to reduce parasitic off-axis radiation, consisting of SAXS from beamline ele-
ments upstream of the lighthouse, e.g. windows, absorbers or CRL-lens material, the slit
systems ”slits 3”7 and ”slits 4”7 have been installed. Each system has two perpendicular
sets of slit blades. Their aim is to cut the outer "halo” of the beam without generat-
ing themselves SAXS. Obviously, in-vacuum slits need to be used, as additional windows
would compromise the effect of these slits. The slit blades have been fabricated from
tungsten monocrystals. As SAXS is scattering on electron density variations, monocrys-



76 Chapter 4. Experimental aspects

talline material limits these variations to a minimum. The use of two special dedicated
slit systems is motivated by the idea that the 4" slit will reduce scattering caused by the
3rd glit, if the 3" slit blades cut parts of the central beam and not only the halo. The last
slit blades should not be orientated in the vertical and the horizontal, but slightly tilted,
e.g. 10° as in the case of our setup. As a rectangular slit creates a diffraction pattern, this
intensity pattern will be tilted by 10°, too. Instead of giving rise to radiation in the same
direction as the delayed nuclear lighthouse signal (horizontal direction), it will be tilted
by 10° with respect to this, see figure 4.13. The thickness of the tungsten monocrystals
in the beam direction is 2mm. At 67.41 keV, their transmission is 2.8:1075. The cutting
edge has been polished.

vacuum chamber

—-—.
—-—

axis of deviated | 23 - )
lighthouse signal N N e -

slit b beam

system * 4 direction

Figure 4.13: The last slit before the lighthouse is tilted by 10°. The benefit of this tilt can easily be seen
in the figure. The observer looks upstream and the lighthouse is hidden behind the slit system.

Of course, the considerations concerning the slit system are much less important, if
time discrimination of the detector signal is used, thereby blocking out the prompt SAXS
intensity anyhow. Nonetheless, detector load is much reduced especially at small angular
offsets from the direct beam. This will in most cases allow to access earlier times of the
time spectra of the nuclear decay. Therefore, reducing the "SAXS-halo” of the beam
should not be neglected in any case, i.e. even when using time discrimination of the
detector signal.

4.3 Spinning of the sample

The main characteristic of the nuclear lighthouse effect is the fast rotating sample. To
achieve highest rotational frequencies, use is made of stator/rotor systems designed for
magic angle spinning - NMR [Dot81, Sam02]. The sample is fixed to a cylindrical rotor;
either inside it or on its surface. The rotor is gas driven and gas stabilised in a stator
block.

4.3.1 Stators and rotors

Three different stator/rotor systems are commercially available from Bruker [BRUK], of
which two are available at ID18. They differ by the diameter of the rotor: stator/rotor sys-
tems exist in diameters of 2.5 mm, 4 mm and 7mm. The maximum rotational frequencies
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possible with such rotors depends on the strain the material can stand, when subjected
to huge centripetal forces during rotation. The centripetal force of a pointlike mass is
F, = 2r mv?r. Therefore, the fastest spinning system is the 2.5 mm system, but it is not
available with a cooling gas connection. Further, there do not exist sapphire rotors for
this system yet, ZrO; is the only option. This would have compromised intense testing
at the °"Fe resonance in transmission, due to a huge absorption at the 5"Fe transition
energy. The 4 mm system and the 7mm system allow for central cooling, see figure 4.17,
and provide a wider choice of rotor materials. For the purpose of the 'Ni experiments,
the 4mm system has been chosen. It is evident, that cooling is required to increase the
Lamb-Maossbauer factor, see figure 2.3. As the lifetime of the excited 5'Ni level is small,
high rotational frequencies are needed. The 7mm system on the other side permits to
perform measurements in grazing incidence geometry with °’Fe. Here, rotational frequen-
cies can be lower, as the lifetime is much larger. The large surface area of the 7mm rotors
is necessary, as the incident angles are very small in grazing incidence (here below 0.4°).
The projection of the surface perpendicular to the beam is much smaller than the vertical
beamsize, even for a 7mm system.

4mm system with central cooling sample chamber

sample
chamber 4 mm system

for top cooling

7mm system
for grazing incidence

Figure 4.14: The three different experimental configurations. The interior of the stator can be seen, as a
cover piece is removed.

In the framework of this thesis, three different configurations have been used. They
are depicted in figure 4.14. For the grazing incidence measurements with 5"Fe, the 7mm
stator and a special 7mm sapphire rotor with several layer systems on a polished flat
surface have been used, as shown to the right. The 5'Ni measurements have been done
in the geometry as depicted on the left. The sample is in the centre of the rotor and the
cooling gas flow has to act there, too. The setup shown in the middle of figure 4.14 was
conceived as an alternative to the central cooling 4 mm system. It avoids cooling of the
central part, as the sample is placed in an easy accessible region outside the stator block.
This is referred to as top cooling. Cooling is treated in detail in chapter 4.4.
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4.3.2 Stability issues
Rotation axis and layer surface normal in grazing incidence geometry

A severe condition that the stator/rotor system has to fulfil for grazing incidence mea-
surements with the lighthouse on layer systems concerns the geometric stability of the
layer surface during rotation. This can be expressed by a stationary layer surface normal
during rotation. Two influences can compromise this: First a tilt of the rotor surface
with respect to the rotor axis, caused by imprecise machining or caused by the surface
polishing procedure. Second, a precession of the rotor in the stator during operation.
Both influences can not be distinguished during the experiment. It is possible to treat
the consequences with the same formalism, analysing the beam after the reflection on a
surface that has its surface normal precessing around the fixed stator axis. The angle
between the fixed stator axis and the surface normal is €, the incident angle is # and the
distance to the detector is d. A screen at the detector positions maps the reflected beam
over time. If € = 0, there is neither a tilted rotor surface nor a precession. The reflected
beam hits the detector always in the same point. If € > 0, the beam describes an ellipse
on the screen. The size of the ellipse is given by its vertical extend A, and its horizontal
extent Ay, see figure 4.15.

detector plane

surface fixed stator axis

laser beam

Figure 4.15: Beam imprint at the detector position for inclined rotor surfaces or precession of the rotor
in the stator. 7 is the surface normal of the layer.

A, and Ay, depend on the angle ¢, the incident angle 6§ and on the distance d. Tedious
calculations lead to the following expressions:

1
A, = ngCOSQE 4sin9—c0s9(tan9—\/tan29+8tan26>]-

: \/8 tane — 2 tan? 0 + 2 tan 0y/tan? 0 + 8 tan? (4.21)
A, = 2d-sin(2e¢) cos(26) (4.22)

As € is expected to be below 0.5°, and 6§ does not exceed 1° in the grazing incidence
geometry, we can approximate the trigonometric functions to first order. This results to:

1
Ay =dde Ay =243 (39 VT 8€2> : \/862 — 202+ 2007 + 8 (4.23)
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In order to obtain a good separation of the direct beam and the nuclear lighthouse signal,
as explained in chapter 4.2.5, the distance d needs to be big for nuclear lighthouse effect
measurements. In particular, the setup as installed at ID18 has the detector at the
distance d =13.65m. If the rotor turns at 8000 Hz and a time resolution in the order of
1ns is desired, the lateral detector opening should be Az =0.7mm, as a consequence of
equation 4.20. In order not to spoil this time resolution, the horizontal extend of the
ellipse should be less than half of this, i.e. A, < 0.35mm. At larger incident angles
f, this limitation is more severe, see equation 4.21. An upper limit for # concerning
the measurements presented in this thesis is 0.3°. This situation together with equation
4.21 implies € to be smaller than 0.07°. However, with e =0.07°, the vertical extend of the
ellipse A, is 6.7 cm. Either a large detector is necessary, or some nuclear scattered photons
will be lost. Although the time resolution is satisfactory with ¢ = 0.07°, due to limited
detector sizes, a factor of 10 times smaller tolerance is desirable. The error of a tilted rotor
surface with respect to the rotor axis can be measured outside the stator. The rotor is to
be put into a well machined 90° groove. The reflection of a laser beam at almost normal
incidence on the surface is captured on a distant screen. The rotor is turned repeatedly
over a small amount in the groove. The laser reflection describes a circle on the distant
screen of diameter D = d - sin 2¢. Here, € is only due to the surface tilt, and the influence
from a possible precession in the stator during operation is excluded.

The rotors obtained from Zeiss after a first polishing presented errors of 0.33(3)°,
0.36(3)°, 0.46(3)°and 0.66(3)°and had to be repolished. In a second attempt, the angular
error was much smaller and measured with the rotation in a fixed groove to be smaller than
0.03°. The machined error could not be determined more precisely due to the experimental
error of 0.03°. During the lighthouse effect measurements in grazing incidence, the ellipse
of one of the rotors as shown in figure 4.15 has been taken on a photographic paper at the
detector position. The ellipse size was measured as A, = 12mm and A, = 1.2mm. The
vertical size is much increased by the normal beamsize at the detector position. Using
only A, for the calculation of €, one obtains ¢ = 0.012°. This is the sum of machining
error and rotor precession and thus an upper limit for the rotor precession in the stator
for the 7mm system.

Precessing sample in transmission geometry

Also for the 4mm stator/rotor system, a precession of the rotor is possible. However,
reflectivity measurements as obtained with the 7mm rotor failed due to the lack of a
polished surface with the standard 4 mm rotor. The top part of the special 4 mm rotor
(figure 4.14, central panel) could be illuminated by a laser beam. Due to the small
curvature of the top part, the reflection travels into all direction of the plane perpendicular
to the rotor axis and shows up as a line on a distant screen. At standard operation
temperature and at room temperature, no thickness increase of this line could be observed.
At very low frequency, especially around 2kHz, a thickness increase by approximately a
factor of two was visible. At low temperatures however, no reflections have been visualised.
It is possible that operation at temperatures below 150 K lead to a large precession of the
rotor, see chapter 6.4.4. The resulting consequences are explained in that chapter, too.
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4.3.3 The lighthouse tower

The stator/rotor system is integrated in the lighthouse tower. This tower has been spe-
cially designed to direct all gas flows towards the stator and to allow for the two different
cooling schemes, top cooling and centre cooling. It further allows for a close approach of
the beam pipe ends to the stator. A rigid, but easily removable housing covers the stator
in order to prevent heat exchange via convection with the rather humid air of the hutch.
The base of the lighthouse tower is evacuated in order to provide a thermal insulation for
the transport of the cooling gas to the stator. The details of the lighthouse tower can be
seen in figure 4.16.
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Figure 4.16: The top part of the lighthouse tower. The gas flows inside the main tower parts are indicated
by dotted lines.

The rotational frequency is measured via an optical encoder that uses the reflection of
a half circumference black and half circumference white paint at the bottom of the rotor.
A glass fibre optic system illuminates this area and measures the reflected light. The read
out electronics is outside the cooled area, working at room temperature. The accuracy
of this equipment is better than 1Hz. Three electrical feedthroughs with 7 connections
each allow the use of several PT 100 resistive thermometers. When the two covers are
installed the top part of the lighthouse, the only exhaust is an exhaust pipe, 10 mm large
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in diameter. It might be useful to heat it in future to prevent condensation and icing at
the outside of the tube and, after long runs, deposits of ice even at the exit of the tube.

The column of the lighthouse tower is a standard X95 bar. It is hollow to take the
gas conduits and can be evacuated to minimise heat losses of the cooling gas and in
order to prevent condensation of humid air on the X95 outside. All three gas conduits,
for bearing, acceleration and cooling, pass through a copper block, thereby decreasing
slightly the temperature of the acceleration gas and the bearing gas. This leads to smaller
temperature gradients at the rotor and thus a smaller risk of problems due to stress in
the rotor. The X95 system further permits attachment of multiple experimental devices
if needed. At the lower end of the X95, a huge hollow aluminium cube provides the
connection of the feedthroughs for the various gases to the outside of the tower and the
connection of a vacuum pump. A baseplate enables the assembly of the lighthouse tower
onto a combined tilt and xyz-stage. These stages serve to align the sample in the beam
and to tilt it, in order to perform grazing incidence measurements. Unfortunately, the
centre of rotation is not at the sample’s place, and thus a corrective translation has to be
performed at each angular adjustment.

4.4 Cooling

4.4.1 Cooling method

When addressing Mdssbauer isotopes with high transition energies with NFS or the NLE,
it is essential to work at low sample temperatures. Only then, the Lamb-Mdssbauer factor
is significantly different from zero, see for example figure 2.3 for the case of 5*Ni. As the
stator /rotor system relies on gas flows, it is not possible to insert the lighthouse into a
cryostat. The only cooling option is to cool the sample with the gas flows themselves,
either using cooled bearing and drive gas flows, or applying an additional cooling gas
flow. The first choice is limited, as cooling and operation are not independent: Increasing
the bearing or acceleration gas flows in order to change the rotational speed of the rotor
would drastically change the sample’s temperature. A further problem would be the
Joule-Thomson effect when the bearing and acceleration gas flows leave the tiny drills of
the stator block and expand. The temperature could drop so far, that liquid droplets are
created, having disastrous consequences on the bearing and the rotor itself. Finally, the
sample chamber is not in the immediate vicinity of the bearing and acceleration gas flows,
but in the central or the top part of the rotor. As a consequence, we choose to work with
an additional cooling gas independent from the bearing and acceleration gas flows to cool
the sample.

The independent cooling gas flow emerges from a pressurised liquid nitrogen vessel of
2001 volume. The maximum pressure available is 16 bar. This vessel delivers a sufficient
flow of nitrogen gas at room temperature both to the pneumatic control unit for the
bearing and the acceleration gas, and for the additional cooling gas. It is important that
the gas is completely free of humidity or oil droplets, as these impurities would either
freeze and block the gas conduits, or impact on the rotor and cause instability. Highest
purity can be obtained when using evaporated nitrogen from a liquid nitrogen reservoir.
Using gas from a pressurised bottle is therefore not recommended.

After passing a pressure reducer and a regulation valve, the cooling gas, still at room
temperature, enters a heat exchanger. This heat exchanger consists of a 12 turn copper



82 Chapter 4. Experimental aspects

tube spiral that is immersed into a second liquid nitrogen Dewar. Before leaving the
Dewar vessel, the gas directing pipe is isolated by a flexible metal hose that is permanently
evacuated. This hose is connected to the lighthouse tower X95 structure, thus allowing a
complete insulation between the Dewar and the top of the lighthouse tower. The Dewar
vessel can be refilled during cooling operation thanks to a special filling access. In case
of problems, the 12 turn spiral can be bypassed and the cooling gas helps heating of the
lighthouse tower up to room temperature.

Inside the lighthouse tower, cooling gas, bearing gas and acceleration gas are directed
through a copper block. This reduces slightly the temperature of the acceleration and
bearing gas flows and prevents the rotor from huge temperature gradients. After this
copper block, the cooling gas passes a second copper block with an integrated heater for
fine regulation of the gas temperature. Fortunately, already the regulation of the flow of
the gas, i.e. its quantity, is sufficient enough to control the temperature with the precision
of about 0.5 K as measured with a PT 100 resistor in the gas conduit at 3 cm before hitting
the sample. After about one hour of continuous operation with constant frequency and
cooling gas flow, the temperature drift at that place is below 0.1 K per minute.

The sample temperature might differ from that measured by the PT 100 due to the
influence of the neighbouring bearing gas outlets, see figure 4.17. Fortunately, the mass
flow of the cooling gas is by far larger than that of the bearing gas and the acceleration
gas. The bearing gas therefore has to exit the stator towards the top and the bottom and
not towards the centre. We nevertheless admit that the final uncertainty might reach 5 K.

4.4.2 Stator modifications

After repeated cooling of the stator/rotor system during operation, problems with the sta-
bility of the rotational frequencies and even the destruction of a rotor occurred. Although
based on limited experience, we believe that the first operation at low temperatures of
the stator/rotor system after receiving it from Bruker is free of problems even at high
rotational frequencies. The problems appeared only later. We therefore investigated in
detail the stator system which is depicted in figure 4.17.

There are several reasons that might lead to the stop of a rotor in the stator during
cooling operation. First, droplets might form according to the Joule-Thomson effect at
the exit of the tiny drills. This should be a much bigger issue if the bearing and cooling
gases are at temperatures close to the dewpoint of nitrogen. In our case, the temperatures
seem to be too high for that, but as the gas is at an elevated pressure, this phase transition
is already at higher temperatures. It would be interesting to test the operation of the
rotor system with helium gas, with its much lower temperature of liquefaction. Second,
a different thermal expansion of the stator materials (ZrO;, for the bearing parts, BN
for the main part, Vespel® for the acceleration part) might cause leaks that form at the
interfaces, that are only glued by the factory. The different expansion with respect to the
rotor’s own material and its diameter might change the gap between rotor and stator as
much, that it exceeds the tolerances needed for operation. This might be consistent with
the observation, that we had only sapphire rotors broken or stopped at low temperature,
but no ZrO, rotors, that are of the same material as the bearing disks. On the other
hand, sapphire is much more brittle at low temperatures than ZrO,. Whereas the ZrO,
rotor might just temporarily slow down during the encounter of a temporary problem, the
sapphire rotor could explode immediately on touching any stator part. A third reason
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Figure 4.17: The 7mm stator block seen in a cut. All gas flow conduits are illustrated. The configuration
as delivered by Bruker [BRUK] has been improved with indium sealings.

are possible leaks that originate from cracks in the glue after repeated cycling. This
problem seems very important to us and furthermore could be improved by us with some
modifications. A very critical glue connection is the one at the lower part of the bearing
gas conduits. It concerns the interfaces between the BN main stator body, a Vespel® ring,
and the CuBe bottom plate, see figure 4.17. While removing the four screws assembling
the whole stator, the Vespel® ring did not stick to the BN main body anymore, thus
fortifying the concern about this interface and the glue. The glue rests have been removed
with a scalpel and were replaced by several indium foils, cut especially to cover also the
BN to ZrO, interface. The connecting hole in the Vespel® ring at the lower right side of
figure 4.17 between the BN main body and the CuBe part has been tightened with two
indium foils. A micro-tube has been incorporated to prevent obstruction of the conduit
by an eventual surplus of indium. The tube has the length of the vertical conduit, but
the end parts have been half cut away. When reassembling the stator, the original brass
rods (the screws) have been replaced with Invar rods. Invar exhibits almost zero thermal
expansion over a wide temperature range.

To strengthen further the interface between the BN main body, the top ZrO, bearing
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spring washers

Invar casing

Invar rods

Figure 4.18: An Invar casing with Invar rods and spring washers replaces the brass screws (compare with
figure 4.16). It consists of a top and a bottom plate that fit exactly to the stator surface and thereby hold
it tightly. The nuts at the end of the Invar rods act on spring washers, that generate an almost constant
pressure on the stator parts independent of the temperature.

gas disk and the top Vespel® compound that assures the drive gas delivery, an Invar
casing has been applied. This Invar casing tightly holds the top and the bottom part of
the stator and allows the use of spring washers to maintain a constant pressure on the
assembly during thermal cycling. The connection between the two plates of that casing is
provided by four main Invar rods that replace the original brass rods and eight additional
Invar support rods. The nuts have been tightened equally to 6 mN/m. The lower Invar
plates further presses an indium foil onto the screw in the CuBe plate, that regulates the
axial bearing. This had only been sealed with paint before.

A picture of the Invar casing is shown in figure 4.18, as installed in the lighthouse
tower, see chapter 4.3.3. It allows the beam to access both a sample in the centre of a
4 mm rotor or at the top of a 4 mm rotor, if top cooling is desired. The top cooling option
is explained in chapter 4.4.4. The success of the modifications has been shown during
four consecutive days of beamtime by executing repeated cooling cycles down to 180 K
and 115K for several hours repeatedly. The 4 mm standard ZrO, rotors with the sample
in the central chamber have been used.

4.4.3 Gas flows and cooling

Without cooling and in automatic mode of the pneumatic control unit, certain drive gas
and bearing gas pressures are chosen by the control unit. The quantity of gas thereby
provoked is not measured and taken into account. To have a better understanding of this
control system and to elucidate cooling operation parameters, we measured the gas flow
characteristics of the stator/rotor system. The gas flow measurements have been done at
the exit of the pneumatic control unit with the help of standard variable area flow meters
[PKP]. Simultaneously, the pressure display of the pneumatic control unit has been read.
The measurements are shown in figure 4.19.

As seen in figure 4.19, the bearing gas flow stays below 71/min even at high speed. In
manual mode, this might be raised to 91/min via increasing the bearing gas pressure to
about 3600 mbar. During long term cooling operation of several hours, it was repeatedly
recognised, that this gas flow decreases slowly down to 61/min, where we used to intervene
before further problems could occur. By some means, the gas flow seems to be blocked
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Figure 4.19: Gas pressures (left) and gas flows (right) at room temperature operation in automatic mode
of the pneumatic control unit. The bearing and drive gas flows have to be compared to the cooling gas
flow, which is much higher, reaching up to 501/min.

more and more. Raising the temperature and cooling again usually helps. However, one
does not need to heat up to room temperature to achieve this positive behaviour.

The cooling gas flow varies between 201/min and 501/min, depending on the desired
temperature. It is much more important than the bearing gas flow and prevents thereby
the bearing gas from entering the central hollow part of the stator and around the sample.
The lowest temperatures reached for at least 5 hours of continuous operation has been
90 K, as measured in the gas conduit 3cm before the sample. The ZrOs rotor turned
at 10kHz, but fluctuating in speed by +50Hz. The cooling gas flow was 501/min. The
pneumatic control unit ran in automatic frequency mode, thereby stabilising the frequency
on its own. This is not always recommended, especially for the sapphire rotors, as sudden
drops in speed at very low temperatures due to stator problems lead to exaggerated
response of the acceleration pressure, making things even much worse. Sapphire rotors
repeatedly exploded in the old unmodified stator. Frequency variations while cooling
are less important at lower speeds. At 8 kHz, typical speed variations are £3 Hz. Due
to the copper block heat exchanger inside the evacuated lighthouse tower, that conduits
both the cooling and the drive and bearing gas flows, the temperature difference between
cooling gas and the other two gas flows is reduced. With the cooling gas having 90 K
at 3cm before reaching the sample, the bearing gas is about 70 K warmer, the drive gas
about 110 K warmer, with the rotor turning at 10 kHz. These are the highest temperature
differences, as cooling, bearing and drive gas flows are close to their maximum. At lower
speed or lower temperatures, these differences are much reduced.

After frequent temperature changes of the rotor during operation, the turbine cap of
the standard rotor repeatedly loosened. This is avoided by gluing of the cap to the rotor
after the filling of the sample.

4.4.4 Top cooling

To operate the lighthouse at low temperatures, a second cooling scheme has been devel-
oped. The first motivation was to avoid the repeated rotor breakdowns with the standard
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Figure 4.20: The gas redirection screws conceived for top-cooling. On the left the screw providing a wide
fan of cool gas for the cooling of the 7mm rotor. On the right, the gas redirection screw is shown that
delivers a narrow cooling gas flow in combination with the / mm special sapphire rotors and its top sample
chamber.

4 mm system and central cooling while using a standard sapphire rotor. The second mo-
tivation was to allow for cooling when investigating layer systems on the top of a 7mm
rotor. In this second cooling scheme the sample is placed outside the stator body at the
end of a special rotor. The sample is cooled from the top and thus, large temperature
gradients in the region of the bearing gas flow are avoided. To see the cooling gas flow
inside the lighthouse tower, see figure 4.16. The special rotors as placed in the stator are
depicted in figure 4.14. Two types of a gas redirection screw have been machined, that
perform the last part of the cooling gas conduit. They are screwed into the top Vespel®
part of the lighthouse tower. The two special rotors accommodate the sample just below
this screw. One screw provides a large fan, the other a narrow cooling gas flow, see figure
4.20.

First results with the 4 mm system seem to indicate a lateral force on the top of the
rotor, leading to contact of the spinning rotor with the stator. Three of these sapphire
rotors broke. The direction of the cooling might need to be better adjusted. The 7mm
system has not been used yet with cooling. Further testing of this cooling scheme has to
be performed in the future.

4.5 Detectors

4.5.1 Photon detection for nuclear resonant scattering

In nuclear forward scattering experiments, including grazing incidence geometry, detectors
have to satisfy several criteria. Even when employing high resolution monochromators,
the incoming flux is in the order of 107 to 10'° photons per second. Dilute samples or
low Lamb-Mossbauer factors on the other hand might limit the nuclear delayed signal
to countrates below 1 photon per second. This demands a huge dynamic range for the
detector and a very fast recovery time after the strong ” prompt” pulse of non-interacting
photons. After the prompt pulse, the detector must soon be ready to count the weak
delayed signal. As the nuclear signal might be very low, the detector needs to have a
very low noise, possibly below 0.01 counts per seconds. The lifetime of the excited state
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of typical Mdssbauer isotopes varies between 100 and 1ns, see table 8.2, but the time
evolution of their decay can show beats on the ns time scale. The detector needs to
have an excellent time resolution, around 1ns seems desirable. Finally, a high quantum
efficiency is highly appreciated.

A detector that meets many of these criteria is the avalanche photo diode (APD)
[Bar00, Bar97]. Although first experiments used a slow Ge diode detector [Ger85] or plas-
tic scintillator coincidence detectors [Met90], APDs became soon the standard detector in
nuclear resonant scattering [Kis92, Bar94, concerning pioneering work]|. They are based
on silicon diodes. The APDs used in our experiments were 120 ym thick and 10x 10 mm?
large silicon diodes. The cross section of a diode is shown in figure 4.21. An incident
photon will most likely be absorbed in the large depleted region of the diode (100 pum
thick). The absorption process will be principally via the photo effect; at photon energies
above ~40keV also via the Compton effect. The ejected primary electron will create a
huge number of electron hole pairs in its immediate vicinity, about one pair per 3.6eV.
The drift velocity of an electron in the silicon material is about 100 yum per ns. This is
the limiting factor for the time resolution. In the gain region close to the p-n-junction,
the electric field is maximal and leads to an acceleration of the electrons and the creation
of a huge avalanche of secondary electrons. Typical voltages applied to the diodes are
between 270 and 450 V.
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Figure 4.21: Layout of a EGE&G reach through APD detector seen in a cut [Bar97]. The large depleted
region absorbs X-rays that create thereby electron hole pairs. The depleted region defines the active
thickness which is around 100pum thick. The electrons drift towards the p-n-junction region. Close to
that junction, the electric field and the acceleration of the electron are mazximal. This is the gain region
where avalanches of electrons form.

Immediately after the discovery of the nuclear lighthouse effect, it was believed that
detector restrictions known from standard nuclear forward scattering could be drastically
released. The direct beam is blocked by a beamstop and the time information is mapped
on an angular scale. In fact, demonstration experiments using 5"Fe as the nuclear scat-
terers worked with simple detectors like wire proportional counters [R6h00b], an image
plate [R6h01b] or with lateral scans with avalanche photo diodes without the use of time
discriminating electronics [R6h00c].

Naturally, demonstration experiments use favourable experimental conditions, here es-
pecially the use of ®"Fe as nuclear scatterer and highly enriched samples. Both the delayed
nuclear signal and the undesired, but unavoidable SAXS background, are of comparable
strength. The discrimination can be done with successive measurements of the angular
intensity variation, once at resonance, once slightly detuned, and subtraction [R6h00c].
This is no longer possible in the case of dilute samples and especially for nuclear scat-
terers with less favourable nuclear parameters, where delayed count rates can drop by
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several orders of magnitude. Fast detectors need to be employed to use the time stamp of
the detected photon in order to discriminate between the prompt SAXS and the delayed
nuclear signal. Finally, APDs, although much less efficient at higher energies like the 6'Ni
transition energy, need to be employed.

4.5.2 Avalanche photo diode array

The quantum efficiency of single, thin APD detectors is very poor at energies above 10
to 20 keV, see figure 4.22. Increasing the thickness of the depleted region of a silicon
diode to values much higher than 100 to 200 yum would increase the typical drift time of
electrons in the material and thereby deteriorate the time resolution to an unacceptable
amount. In a first step, the silicon diodes can be inclined, thereby increasing the width
as seen by the X-ray while impinging on an angle on it. A second approach is to stack
individual thin APDs in a row, an array. If the following electronics is properly adjusted,
the total time resolution of the stack approaches the time resolution of an individual APD.
A limiting factor is the cost of the APDs and the electronics, or the complexity of the
electronics if several APDs are controlled together by the same electronics.
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Figure 4.22: Detector efficiency of stacked standard EGEG silicon diodes with an individual active thick-
ness of 100 um for photon energies between 10 and 80keV.

Results presented in this work have been obtained with single APDs (especially nuclear
fluorescence signals of 5!Ni and 5"Fe), a stack of 4 inclined APDs (grazing incidence
measurements with 5"Fe) and in particular with an 24 APD array. This array has been
build by the University of Hamburg [Ges04]. 24 individual EG&G silicon diodes, each 10 x
10 mm? large and 100 um thick, are used, each connected to an individual pre-amplifier,
see figure 4.23.

Four groups of six detectors have been selected for their almost identical behaviour
of break-down voltage and can therefore be connected to the same high voltage power
supply. The applied high voltage ranged between 275 and 310 V. The pre-amplified signal
outputs of twelve of the detectors are grouped to an analogue sum. Accordingly, two of
these sum signals have been directed to the fast electronics, as explained in chapter 4.5.3,
which is placed outside the hutch in the control cabin. Using the analogue sum of the
pre-amplified signals caused the time resolution to be around 2ns. The time resolution
of an individual APD is twice as good. It is therefore foreseen to convert each individual
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array of 24 tilted APDs with individual pre-amplifiers

24 signal cables
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Figure 4.23: Photograph of the 24 APD array. They are inclined to an angle of 37° between the silicon
diodes and the beam direction.

pre-amplifier signal to a digital pulse and align these digital signals of individual APDs
in time with a digital delay [Ges04] before creating a logical OR afterwards. This process
nevertheless demands a bunch clock signal in the hutch itself and further modifications to
the standard fast electronics setup of ID18. The time resolution should be close to 1ns.

4.5.3 APD signal electronics

The pre-amplified APD detector signal is fed in general towards two counters and a multi-
channel analyser, that acquires the time spectra. The APD signal should be counted in the
"prompt” counter, no matter when a photon was detected. If it was detected a reasonable
time after the prompt synchrotron radiation flash, it should be counted as a ”delayed”
photon. To determine, at what time after the prompt flash this ”delayed” photon was
detected, the delayed signal needs to be further transformed to be analysed by the multi
channel analyser. The necessary steps are sketched in figure 4.24.
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Figure 4.24: Fast electronics at ID18 to deliver counter signals and information for the multi-channel
analyser. Constant fraction discriminator CFD, time to amplitude converter TAC, analogue to digital
converter ADC and multi channel analyser MCA.

Upon absorption of an incident photon in the APD, the resistivity of the APD drops
and a voltage variation is passed via a capacitor into the pre-amplifier. This amplifier is in
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the direct vicinity of the silicon diode, as to reduce noise. After the 3 amplification stages
of the pre-amplifier, the signal is sufficiently strong to be transferred to a rack outside
the experimental hutch. A constant fraction discriminator, CFD, eliminates peaks below
a certain threshold (noise or low energy X-rays) and delivers a NIM signal relatively
independent of the incoming signal’s pulse height (constant fraction). The output is split
to be a) counted as a photon event in the "prompt” counter (it does not only count
prompt photons, but all photons actually) and b) to be directed to a second CFD. The
second CFD is gated by a modified bunch clock signal, that vetoes counting during the
arrival of the prompt photon pulse in the detector. If the gate does not block the output
of the second CFD, the photon arrived outside the prompt flash and is counted as a
delayed photon. It therefore originates likely from the decay of an excited nuclear level
or backscattering from the distant experimental hutch walls. The latter can be avoided
by proper shielding in the vicinity of the detector, thereby reducing the flight time of
backscattered photons. If a photon is detected as delayed, the output of the second CFD
further starts a time-to-amplitude converter, TAC. The next signal from the bunchclock
modifier delivers the stop pulse. The amplitude of the TAC signal is converted into a
digital signal via the analogue to digital converter, ADC, and is fed accordingly into the
multi-channel analyser. The delayed photon contributes thus as one event in the time-
spectrum. The time axis is inverted due to the cabling of the start and stop signals of the
TAC. This cabling choice is deliberate because it avoids to reset the TAC for all bunches
that do not show a delayed photon.

4.5.4 Position sensitive APD detectors or scanning detectors

It should be stressed, that the described 24 APD array detector as described in chapter
4.5.2 needs to be scanned over the angular range off the direct beam that is expected
to show a measurable nuclearly scattered signal. To increase efficiency, the individual
APDs are stacked in beam direction, and not lateral to it. The lateral dimensions are
finite, 10 mm x6 mm due to the 37° inclination, housings reduce this further. Due to the
finite angular acceptance of the detector, most of the nuclear scattered photons from the
lighthouse will pass undetected.

Let us first consider a more general detector that is scanned: Without time discrimi-
nating detector electronics, the slit size in front of the detector defines the time resolution
and each detector position z corresponds to a time ¢ according to x = 2ndv - t, with d
being the distance between sample and detector and v the rotational frequency of the
rotor. x = 0 is the position of the direct beam. If no slit is used but the detector signal is
analysed with time discriminating electronics together with a MCA, the time resolution
is given by the detector and its electronics. Then, a large detector is better, provided it
still bears the overall incoming flux, especially the SAXS background.

To improve the detection, one could imagine a lateral set of APDs with sufficient indi-
vidual efficiency. As the nuclear lighthouse effect scatters the delayed photons at different
times into different directions, compromises can be done between position resolution and
electronic time resolution. No trade-off can be done with the electronic suppression of the
prompt SAXS background.

Fast, position sensitive or segmented detectors with high efficiency at photon energies
above 40keV are a huge challenge. There is nonetheless work in progress on position
sensitive APD arrays for use at rather low photon energies, [Bar00, Bar03]. For nuclear
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lighthouse effect measurements with °"Fe, such a detector would need to span over at
least 40 to 50 mm of lateral dimensions, to cover a wide range of angles and thus times.
A standard thickness of 100 um would be sufficient. An array of 50 APD, each covering
1mm horizontally and for example 2mm in the vertical direction, could be achieved
reasonably. For nuclear lighthouse effect measurements with 'Ni, the thickness of the
individual elements should be at least in the mm range. This could be achieved by using
the silicon diode sheets stacked like a pile of paper, and the beam impinging from the pile’s
side. A standard 10x 10 mm? diode would be 1 cm thick in this geometry. Unfortunately,
to cover about 3cm at least (due to the short lifetime of %'Ni, the angular range to
be covered is less), one would need to pile more than 200 of these silicon diodes. A
more practical solution could consist of thirty diodes inclined to 6°. Each diode covers
10 mm- sin 6°=1mm in the horizontal direction and would have an effective thickness of
100 um/sin 6°=1mm in the beam direction.

A further advantage of a fast segmented detector, that spans the whole angular range of
interest at once (i.e. without scanning), is its independence from beam intensity variations.
Especially the drift of the monochromator leads to fast changes of the intensity of resonant
photons, as angular acceptances of Bragg reflections at high energies are particular small.
Alternatively, the performance of the monochromator could be checked with a fluorescence
signal from an additional 6'Ni sample. This is explained in chapter 4.6.

4.6 Beamstop and in-vacuum flux monitor

Among the advantages of the lighthouse effect is the point, that the direct beam does
not reach the detector. Thereby, detector overload can be avoided without the use of
sophisticated high resolution monochromators. The use of a beamstop does not seem
to be necessary at first sight, as one might just not put the detector in the direct beam.
However, at small lateral offsets from the direct beam, that beam might create fluorescence
radiation in the detector housing and generate undesired background radiation. Further,
an in-vacuum beamstop can avoid SAXS scattering that would be generated if the full
beam leaves the vacuum pipes via a window. For the design of the beamstop, some
points are important, especially at high photon energies or if no time discrimination of
the detector signal is performed.

A first point is the position, where to put the beamstop. It needs to be far away
from the lighthouse, as to allow wide separation of direct beam and deviated photons
that have been nuclearly scattered at early times. The drift tube between lighthouse
and detector needs to be evacuated, as to reduce further SAXS or absorption in air to
a minimum. Unfortunately, for technical and practical reasons, this detector is in air,
thereby requiring a large exit window at the end of the evacuated drift pipe. A large
Kapton® window, 200 um thick, has been used in our case. The detector is placed behind
that window. If the direct beam is blocked after the window, a huge amount of additional
SAXS would be produced by the window and scatter also towards the close detector.
This can be nicely reduced in integrating the detector into the vacuum system, such as to
block the direct beam just before the Kapton® window. A ”4-way-cross” vacuum vessel
together with a motorised arm has been installed, the beamstop being attached at the
end of the arm. Fine positioning of the beamstop can be achieved with an ion chamber
temporarily positioned after the Kapton® window.

Apart from absorbing the primary radiation, interaction of photons with material leads
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in many cases to excited electronic levels. The ground state is often reached again via
the emission of photons of the different K-level emission lines. Resonant processes lead
to an increased extinction length for these energies, so care has to be taken to absorb
this fluorescence radiation further on. Due to the low energy of the K-level fluorescence
radiation, detectors are in general much more efficient for them. Usually, sandwiches of
different absorber materials are used.
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Figure 4.25: Drawing of the beamstop that cuts the direct beam. An enriched %' Ni foil is incorporated to
monitor the energy of the monochromatised beam via detection of the nuclear fluorescence radiation with
an in-vacuum APD.

A final point is the integration of a foil of the investigated Mdssbauer isotope in front of
the beamstop, but shielded to the side. This is depicted in figure 4.25. An in-vacuum APD
close to this foil will be able to detect nuclear fluorescence radiation. The intensity of this
radiation serves as monitor signal for the energy of the monochromator. If it drifts, this
will be seen easily. Especially when the principal ”lighthouse” detector is scanning over a
wide range of angles, needing a certain time at each position, resonant flux variations can
be monitored and be used to calibrate the countrate of the principal detector. The in-
vacuum detector needs to be fast of course, as to distinguish between prompt electronic
scattering and the delayed nuclear fluorescence signal. Therefore, an APD has been
chosen. APDs should work under good vacuum. Unfortunately, without the installation
of further powerful pumps, we could not reach 10~% mbar or better. Intermediate pressures
(1072 to 10~ mbar) are critical for the APD, as electric discharge arcs can occur close to
the high voltage of the APD. Air at intermediate pressures is less isolating. For efficient
pumping, the APD should have a quite open case and especially the diode packaging
should not be vacuum tight. With an open casing, noise of the APD tends to increase,
so care has to be taken. The APD needs to be fixed to the beamstop and the motorised
arm.

The beamstop conceived for our measurements uses a 1 mm hafnium, 2 mm tungsten,
250 pm silver and 100 ym iron sandwich as primary beamstop for the direct beam. A
small 1 mm hafnium, 250 pm silver sandwich as lateral beamstop absorbs the fluorescence
radiation from the integrated ®'Ni-foil.



Chapter 5

’Fe -layer measurements in grazing
incidence

This chapter presents the first angle-resolved measurements with the nuclear lighthouse
effect in grazing incidence geometry. This geometry was motivated by the fact, that
no rotor material had to be crossed by the beam, avoiding small angle X-ray scattering
(SAXS) from the rotor material itself. Furthermore, the conceived rotors for this geometry
have their layer system outside the stator block, allowing for a different cooling scheme,
top-cooling. Finally, SAXS turned out to be still important, now caused by the surface
roughness of the layers. Therefore, 16-bunch mode became necessary for the success
of the measurements even for ®"Fe and its favourable nuclear properties, i.e. relatively
high countrates as compared to similar systems with other Mdssbauer isotope. Due to
beam-time limitations, no measurements with the cooling scheme have been performed.

It should be stressed that the primary aim of the measurements presented here has
not been to obtain insight in the physical properties of the investigated samples, but
to show the feasibility of the grazing incidence geometry with the nuclear lighthouse ef-
fect. To understand in detail the structural and magnetic properties of the investigated
layers, different additional methods would have been needed. Possible methods for the
investigations of thin layers are such diverse techniques as the magneto-optical Kerr ef-
fect (MOKE), Auger electron spectroscopy, Conversion electron Mdssbauer spectroscopy
(CEMS), Low energy electron diffraction (LEED) or atomic force microscopy (AFM), to
cite a few. This is outside the scope of this thesis. For a nice overview of these techniques,
see for example [Gra93, Bla94].

In order to validate the approach with the nuclear lighthouse effect, measurements
with the standard grazing incidence geometry of nuclear resonant scattering have been
performed on the same layer systems for comparison. The time spectra of both setups
agree to a very high degree, as presented in the following.

The standard method without the lighthouse turned out to be more comfortable. As
the detector can be in the same hutch, thus avoiding the passage through three beam
shutters, the electronic and nuclear reflectivity curves of the layer systems are obtained
much easier and especially over a much wider angular range. With the lighthouse, the
0-20 scans were limited by the vertical opening or stroke of the shutters between the
hutches. Further, in the standard grazing incidence geometry, almost all of the 176 ns
time gap between the bunches can be used, whereas with the lighthouse, the angle scans
are limited by the horizontal opening of the shutters and the beampipe.

93
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5.1 13 A thin °"Fe layer in an aluminium and tantalum sandwich

Rotor a) of figure 3.4 consists of a very thin 5"Fe layer, around 13 A nominal thickness.
It is embedded in the centre of a buffer or sandwich layer of nominal 100 A aluminium.
This layer system is connected via an approximately 300 A thick tantalum layer to the
sapphire substrate, which is the rotor itself. The whole is covered by 30 A of tantalum.

5.1.1 Electronic and nuclear reflectivity curves

Electronic and nuclear reflectivity curves of rotor a), figure 3.4, have first been taken
during the nuclear lighthouse measurements in 16 bunch-mode. With this experimental
arrangement unfortunately, three shutters, the detector and the tilt stage of the rotor need
to be moved simultaneously to allow for the passage of the reflected beam to the detector,
being in the last hutch. The motors are in different hutches and use different control pro-
grams (spec sessions). The last shutter has even been displaced manually with screws on
the shutter casing, to allow for a larger range of displacements. Even then, the reflectivity
curves have been limited to the range between 0 and 0.28°, roughly. Furthermore, the
rotor was not held tightly during the scan, but could move within the tolerances given by
the stator. It did not turn, as not to average over all surface orientations during rotation,
due to a tilted rotor surface or the precession of the rotor. Of no surprise, much better
measurements have been done later when using the standard grazing incidence setup. All
equipment was in EH1 alone. We therefore solely use reflectivity curves obtained in this
setup. This is also valid for rotors b) and c).

As the rotor surface is only 7mm wide in diameter and inclined to gracing incidence,
the beamsize at the rotor position is much larger than the projected rotor surface as seen
by the beam. With increasing tilt angle 6, a larger part of the incoming beam can be
reflected by the layer system on the rotor surface. Therefore, the measured reflectivity
curves are to be scaled with a factor ﬁ when compared to theoretical calculations. The
measured electronic and nuclear reflectivity curves without proper ﬁ scaling can be seen
in figure 5.1.
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Electronic and nuclear reflectivity curves depend strongly on the composition of the
layer system. With the CoNuss module KGIN for grazing incidence [R6h99a, p.465],
electronic as well as nuclear reflectivity curves can be simulated and compared with the
experimental data. It is favourable to start with the electronic reflectivity curve, as it
offers more features. The electronic reflectivity curve as measured is scaled by Sir119 and
normalised to obtain the value of about 1 at angle # = 0. Relatively good agreement for
the electronic reflectivity curve is obtained with the simulation shown in figure 5.2.
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Figure 5.2: The electronic reflectivity curve and the theoretical curve assuming an increased aluminium
layer thickness.

It appears that the positions of the minima reproduce nicely with a model, that as-
sumes an increased aluminium layer thickness, in which the 13 A 57Fe layer is embedded,
although none of the simulations reproduce the depth of the minima and the overall slopes.
The reason for different minima and slopes might be due to surface roughness or detector
saturation, but is not of big importance in our case. The best fit was observed with 30 A
Ta, 50 A Al 13A 5Fe, 90 A Al and 284 A Ta on sapphire. The total aluminium layer
thickness is 140 A, but could be decomposed differently around the 5"Fe layer, e.g. 70 A
and 70 A. However, the nuclear reflectivity curve fits best with a 50 A and 90 A repartition.
This is shown in figure 5.3.
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Figure 5.3: The nuclear reflectivity curve and the theoretical curve assuming an increased, and asymmet-
ric, aluminium layer thickness: 50 A Al, 13 A 57Fe, 90 A Al
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5.1.2 Nuclear response

Time spectra of the layer system were measured at the incident angle of § = 0.27° both
with the standard grazing incidence technique and with the nuclear lighthouse effect.
These two measurements are compared in the lower part of figure 5.4. It can be clearly
seen that the two measurements agree perfectly in the range up to 70ns. At later times,
the deviated beam is cut by the beam shutter between EH2 and EH3 or the vacuum pipe
itself. With the standard nuclear grazing incidence setup, this is of course not a problem
and the measurement continues up to 165 ns. At 176 ns, the next bunch arrives. Using the
standard grazing incidence setup, the time spectrum at an additional angle of § = 0.187°
was obtained, too. This time spectrum is shown in the upper part of figure 5.4.
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Figure 5.4: The time spectra of the layer system at the incident angles of 8 = 0.187° in the upper
graph and 8 = 0.27° in the lower graph. In the lower graph, the open circles correspond to lighthouse
measurements. Five channels have been summed up. It has been scaled to fit to the underlying curve

of full circles, which corresponds to measurements in the standard grazing incidence setup, where eight
channels have been summed up.

The agreement between the lighthouse effect measurement on the rotating layer system
and the measurement using the standard setup with the rotor at rest is remarkable, as
seen in the lower part of figure 5.4.
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5.1.3 Fitting with NFS theory

In a first approach to analyse the measured data of this layer system a), it will be treated
like nuclear forward scattering: Due to the small thickness of the ®’Fe layer (13 A), the
delayed temporal response can be described in the kinematical approximation of NFS.
In that case, the amplitude of the resonantly scattered radiation is proportional to the
nuclear scattering amplitude f(w) [R6h02al.

We will first consider the time spectrum at the incident angle of § = 0.27°. The
structure with maxima and minima in NFS time spectra can be due to thickness effects
(dynamical beats) or hyperfine interactions (quantum beats). This has been explained in
chapter 2.4. In figure 5.4, only one minimum is visible. It is not immediately evident,
whether the time spectrum shows dynamical or quantum beats. If we assume the absence
of hyperfine interactions and consider only dynamical beats due to the thickness of the
sample, then the beats are described by a Bessel function. The formula for the time
spectra of dynamical beats can be reduced to:

2
D) =, et . (y/#0 nd) (5.1)

t

with o = 256- 10*18 cm? the maximum resonant cross section, d being the sample thickness,
n = 8.3-10% —L; the density of the Mdssbauer element and /3 the enrichment in the 57Fe
isotope. ¢ should allow for an additional speedup. It cannot be smaller than 1. This
function has been used to fit the data, see the dotted line in figure 5.5. In order to have
the minimum of D(¢) in coincidence with the minimum of the measured time spectrum, d
has been fixed to 1.75 pm. ¢y is 1. Only smaller values, not being physical, would improve
the fit in rising the curve at later times. The only free parameter left is I,. As seen, the
measured data can not be explained by a simple dynamical beat when using NF'S theory.
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Figure 5.5: The time spectrum at 8 = 0.27°with two fits assuming nuclear forward scattering theory. It
is seen that the data corresponds to quantum beats, Q(t), and not to dynamical beats, D(t).

Alternatively, the beat structure could represent quantum beats, originating from the
interference of split nuclear levels under the influence of hyperfine interactions. As the



98 Chapter 5. °"Fe-layer measurements in grazing incidence

57Fe layer is very thin (=~ 13 A) and probably contaminated with aluminium atoms due to
interdiffusion, electric quadrupole splitting seems more probable than magnetic hyperfine
splitting. The electric quadrupole interaction in 5“Fe splits the excited state into two
sublevels. Then, for a thin sample, the time spectra can be explained by the formula:

Q) =1,-e 7 - (1+cos(Q - 1)) (5.2)

Q) characterises the frequency of the beat structure and is proportional to ﬁeq, the electric
quadrupole splitting. ¢y allows for an additional speed-up. These two parameters have
been fitted to match @Q(¢) to the data. The result is seen in figure 5.5.

The obtained value for €2 is 0.044 nis, co = 3.88. The speedup of 2.88 = 3.88 — 1 can
be explained as an influence of the thickness. In fact, a combination of dynamical and
quantum beats can be formulated with [Biir92]:

2
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Given the right parameters, this function H(t) looks completely similar to Q(¢) in figure
5.5. The reason for this agreement can be understood when approximating the Bessel
function at early times by an exponential decay. The necessary parameters are d =
1.07 pm and Q = 0.038 =. With AE - At = i and z; = €, the value for Q = 0.038 -
translates to an electric quadrupole splitting of AE = 25neV= 5.38T,=0.52 ==,

There has been no attempt to fit this spectra with NFS theory and a magnetic hyper-
fine interaction at this point. However, it will be considered with the theory of grazing
incidence in chapter 5.1.4.

5.1.4 Fitting with the grazing incidence extension to CONUSS

As the °"Fe layer thickness increases or the incident angle varies in such a way, that the
incident beam stays longer in the layer, the kinematical approximation used in chapter
5.1.3 might no longer be valid. The correct formalism of nuclear grazing incidence reflec-
tion has to be employed. This formalism has been implemented in the extension KGIN
[R6h99a, p.465] of the software package CONUSS [Stu94| and is used in the following.
The time spectra of the nuclear response in grazing incidence geometry are simulated as
a function of layer thicknesses, layer roughness, incident angle and of course the hyperfine
interactions. The result can be scaled automatically to a given data set.

At the two angles § = 0.27° and # = 0.187°, simulations with various electric quadrupole
splittings and magnetic hyperfine fields have been performed. The results are shown in
figure 5.6.

All four simulations at each of the two angles fail when excluding hyperfine interactions.
A thickness effect can be excluded for the 13 A of 57Fe for each of the two incident angles.
The first thickness beat without hyperfine interactions would be located at ¢ = 300 ns for
f = 0.27°and at ¢ = 100ns for # = 0.187ns. However, it is not clear weather magnetic
or electric hyperfine interactions cause the minima in the two time spectra. It is possible
to fit the time spectra with either a randomly orientated electric field gradient, or with
randomly orientated magnetic hyperfine fields B, or with an out-of-plane By, field or
finally with randomly orientated in-plane Bj¢ fields. To distinguish between these cases,
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Figure 5.6: The time spectra of the layer system at the incident angles of 6 = 0.187° in the upper graph
and 6 = 0.27° in the lower graph. For each angle, four simulations have been performed, assuming a) a
randomly orientated electric field gradient, b) randomly orientated magnetic hyperfine fields By, c) an

out-of-plane Bpy field and

d) randomly orientated in-plane By fields.

0 = 0.187° 0 =0.27°
simulation strength dFl\gEé\ﬁ t‘i):;n value dFl\gEé\ﬁ t‘i)(ﬁn
random Efg: AFEqf, 0.6 == 048 == |0.45 =7 0.32 ==
random By, 26T 026T (1.9 T 0
in-plane By, ¢ 23T 0 1.7 T 01T
out-of-plane By, 34T 27T |245T 1.7T

Table 5.1: Parameters for the hyperfine interactions used to fit the time spectra of figure 5.6.

a better statistic and an extension of the spectra to later times would be needed. The
parameters used in the simulations are given in table 5.1.

For the simulations, not a unique sharp value for the hyperfine interaction has been
used. Instead, the value in the column ”strength” refers to the central peak value of a
distribution. The distribution was assumed to be Gaussian and has a FWHM given in
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per cent of the peak value. This width is stated in the column ”distribution”. In the first
row, "Efg” stands for "electric field gradient”. The strength of the electric quadrupole
interaction is given by the splitting of the two sublevels of the excited state, in =*. The
splitting is a function of the product of the nuclear quadrupole moment of the 5"Fe nuclei

with the local electric field gradient V,,, see chapter 2.2.2.

It seems surprising, that the hyperfine interaction parameters differ between the two
examined angles: The hyperfine properties of the sample do not change when tilting the
sample. Most probably, the reason for the different measured values originates from the
fact, that at the two angles, different depth and positions in the sample are probed.

Comparing the value of 0.6 =* for the electric quadrupole splitting at 6 = 0.27° with
the value obtained in chapter 5.1.3: 0.52 =%, we see a pretty nice agreement.

5.2 medium thick (=~ 75A) *’Fe layer

Rotor b) of figure 3.4 carries a more basic layer system. It contains a 5" Fe layer sandwiched
between the tantalum support and the tantalum cover layers. The 5"Fe layer thickness is
approximately 75 A as determined by analysis of the electronic reflectivity curve. Due to
problems during the production of the layer system, no nominal values are available to
compare to this result.

5.2.1 Electronic and nuclear reflectivity curves
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Figure 5.7: The experimental electronic and nuclear reflectivity curves. The puzzling nuclear reflectivity
might be spoilt by a insufficient gating of the prompt signal.

Figure 5.7 shows the raw data of the electronic and nuclear reflectivity curves as
obtained in a standard setup without the lighthouse. They have not been scaled by
Sir119' Surprisingly, both electronic and nuclear reflectivity curves follow the same overall
slope. This was not the case with the waveguide structure of the thin °“Fe layer in the
aluminium sandwich, see figure 5.1. A possible explication for the nuclear reflectivity

curve might be an improper gating of the prompt signal, e.g. by an unnoticed shift of the
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time gating module or its control software, or by an increased prompt signal extending
slightly to later times then. However, the time spectrum of nuclear resonant scattering
obtained with these settings is in nice agreement with the time spectrum obtained using
the nuclear lighthouse effect with the rotating layer system, as will be seen in chapter
5.2.2.

The electronic reflectivity curve could be fitted assuming a sophisticated model includ-
ing an oxidised top tantalum cover layer and varying interface roughnesses. The 5"Fe layer
thickness was determined to be 75 A thick. The cover layer of tantalum has been divided
into a 32 A thick Ta,Os layer and only 6 A of unoxidised tantalum remaining below the
oxidised layer. Their density was evaluated as 12 —£5. The tantalum layer between the
sapphire substrate and the ®’Fe layer is found to be larger than 300 A. Tts actual thick-
ness is not important for the fitting of the nuclear time spectra, but a thickness of 500 A
or larger is necessary to reduce oscillations at higher angles of the electronic reflectivity
curve. The surface and interface roughnesses vary between 5 and 10 A. The best fit to

the electronic reflectivity curve obtained with these values is shown in figure 5.8
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Figure 5.8: The electronic reflectivity curve and the best theoretical model that considers an ozidised
tantalum cover layer, increased interface roughnesses and leading to a 57 Fe layer thickness of 75 A. The
inset shows the corresponding nuclear reflectivity curve and the measured one.

The nuclear reflectivity curve obtained with the same values is shown in the inset,
showing a maximum at the minimum of the electronic curve. This behaviour is not
reflected in the measured curve. However, as the interest of the measurements was to
compare the grazing incidence measurements with the NLE and standard measurements
without rotating sample, we will not focus on this detail and proceed instead with the
time spectra measured with this layer system.

5.2.2 Nuclear response

The time response in nuclear resonant scattering at grazing incidence reflection of the
layer system on rotor b) is shown in figure 5.9. It compares the measurements using the
NLE with those using the standard setup without rotation of the sample. The incident
angle was = 0.25°in both cases.
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Figure 5.9: The hollow circles correspond to lighthouse measurements. That curve has been scaled to fit
to the curve of blue dots, which was measured with the standard grazing incidence setup. In both cases,
five channels have been summed up. The incident angle was 6 = 0.25°.

Again, a perfect agreement between the lighthouse data and the standard method
can be observed at times below 70ns. At 95ns, the lighthouse data drops to zero as
the deviated beam is cut by the beam shutter at the end of the second experimental
hutch. Between 70 and 95ns, the lighthouse data lies below the data as obtained with
the standard setup. This drop can be explained with the beam pipe in EH3 starting to
cut the deviated beam.

5.2.3 Fitting of the nuclear response

The experimental time spectra have been compared to simulations using the grazing
incidence extension to CONUss. With the iron layer thickness of 75 A as obtained from
the electronic reflectivity curve and assuming an isotopic enrichment in 5"Fe of 98%, a
first thickness minimum or dip is observed in the simulations already at times earlier than
40ns. The only possibility to avoid a dip before the experimentally measured one at 40 ns
was to reduce the abundance of the >Fe isotope in the iron layer. As an alternative,
the layer thickness might be decreased, but then the electronic reflectivity curve would
change, too.

Finally, the time spectra at 8 = 0.25°could be fitted with an isotopic enrichment of 28%
and an electric field gradient resulting in an electric quadrupole splitting of 0.62 . The
electric field gradient has thereby to follow a Gaussian distribution around the maximum
value with a FWHM of 10 % with respect to its peak value. This simulation is shown in
figure 5.10 as fit a).

However, with these hyperfine interactions, the simulation of the time spectrum changes
when changing the incident angle 6 to 0.15°. In fact, the minimum at 40 ns shifts to later
times. This has not been observed in reality, as measured with the standard grazing
incidence geometry and presented in figure 5.11. The measurements at the two angles do
not differ significantly. The first minimum thus needs to be a hyperfine interaction caused
minimum.



5.2. medium thick (= 75 A) 5"Fe layer 103

fit b): natural abundance
and complicated

100 electric quadrupole splitting

10 |

counts

fit a): 28 % abundance
and electric quadrupole splitting

0 20 40 60 80 100 120 140 160

time [ns]

Figure 5.10: Two possibilities to fit the time spectrum of the layer system with the medium thick °7 Fe
layer.
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Figure 5.11: Almost identical time spectra at the two angles 8 = 0.15°and 6 = 0.25°. This would imply a
very thin iron layer or a very small abundance of the 5" Fe isotope like in an unenriched iron layer.

An alternative explanation could be that the iron sputtering target was not enriched
iron, but natural iron. Then, the first dynamical thickness minimum is at much later
times. In this case, it was possible to simulate the time spectrum with an interplay of two
nuclear sites with different electric field gradients. This is equivalent to a distribution of
electric field gradients with two different maxima. Fit b) in figure 5.10 was obtained in
this way. The electric quadrupole splitting of site 1 is 1.4 =# with a Gaussian distribution

around this value with 2.2 2% FWHM. The splitting of the second site is 0.27 =# with a
Gaussian distribution around this value with a FWHM of 0.24 7%,

Normally, an iron layer of a thickness of 75 A would be expected to order ferromag-
netically. The magnetic hyperfine field at the °Fe nucleus of ferromagnetic iron is known
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to be around 33 T. This is not at all observed in the time spectra presented here. As the
nuclear reflectivity curve and the isotopic enrichment needed for a reasonable simulation
of the time spectra are puzzling, no further analysis of this layer system has been per-
formed. The main intend was to compare the NLE measurement with the standard one.
This agreement is excellent, as seen in figure 5.9.

5.3 thick (~ 178 A) °"Fe layer

Rotor c) of figure 3.4 consists of a ®’Fe layer sandwiched between the tantalum support and
the tantalum cover layers. The 57Fe layer thickness is approximately 178 A as determined
by analysis of the electronic reflectivity curve.

5.3.1 Electronic and nuclear reflectivity curves
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Figure 5.12: The experimental electronic and nuclear reflectivity curves of rotor c).

The electronic and nuclear reflectivity curves of this layer system are shown in figure

5.12 without the proper —— scaling.

sin 0

The properly scaled electronic reflectivity curve was used to analyse the thicknesses
of the layer system constituents. The electronic reflectivity curve could be fitted assum-
ing a sophisticated model including an oxidised top tantalum cover layer and varying
interface roughnesses. The 5"Fe layer thickness was determined to be 178 A thick. The
cover layer of tantalum has been divided into a 24 A thick Ta,O5 layer and only 3 A of
unoxidised tantalum remaining below the oxidised layer. Similar to layer system b), the
tantalum layer between the sapphire substrate and the 5"Fe layer is definitely larger than
the targeted thickness of 300 A. Its actual thickness is not important for the fitting of the
nuclear time spectra, but a thickness of 500 A or larger is necessary to reduce oscillations
at higher angles of the electronic reflectivity curve. The surface and interface roughnesses
vary between 6 and 20 A. The best fit to the electronic reflectivity curve obtained with
these values is shown in figure 5.13.
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Figure 5.13: The electronic reflectivity curves as measured compared with the best model layer system.

5.3.2 Nuclear response

The nuclear response of the layer system on rotor ¢) of figure 3.4 was investigated thor-
oughly in different variations with the nuclear lighthouse effect. As the SAXS background
was too high to use the nuclear lighthouse effect without additional timing to prevent the
counting of small angle scattered photons, an electric veto and a multi channel analyser
have been used. The same situation was already presented in chapter 6.4. The electrical
gate signal vetoes the detector signal during the first 5 to 10 ns after the excitation of the
nuclei by the SR flash. Still, the detector position can provide the time information using
the formula ¢ = 5. No further electronically obtained time information is needed to
acquire a time spectrum of the investigated sample. The time spectrum obtained in this
way from rotor c) at the incident angle of 0.245° is shown as tiny squares in figure 5.14.
Only the detector position is used to generate the time axis. The step size of the detector
displacement was 0.5 mm. The rotor turned at 6 kHz and the detector-to-sample distance
d is 13.65m. The detector displacement corresponds thus to a change in time of 0.97 ns.
However, it is possible to connect the detector signal not only to a counter, but also to a
time-to-amplitude converter and further to a multi channel analyser (MCA). During the
lateral displacements of the detector, the MCA keeps acquiring a proper time spectrum.
This time spectrum is shown as open circles in figure 5.14. Here, 5 channels have been
added. The MCA uses 10 channel to cover 1ns. The agreement between the two data
collection methods is perfect.

As the layout for the NLE measurements was principally intended to access the short
lived 5!Ni isotope, measurements with the long lived " Fe isotope run into problems when
the setup stays unchanged: the larger deviation angles of the delayed photons exceed
50 mm, which is the lateral opening of the beam shutters between the hutches. The devi-
ation angle o can be decreased when turning the sample at lower frequencies. However,
photons scattered into small angles «a, corresponding to early decay times, are getting
even closer to the direct beam and are either blocked already by the beamstop or fall in
the region where SAXS is the most important. Thus, counts at early decay times are
sacrificed for the benefit of photons scattered at later times. The time resolution gets
worse with decreasing rotational frequency, if the slit size in front of the detector is kept
constant. Identical time resolutions are obtained when the slit is scaled with the rotational
frequency.
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Figure 5.14: Hollow circles represent the time spectrum as obtained with the time-to-amplitude converter
and the MCA. 5 channels have been summed. The tiny squares represent the delayed countrate as a
function of the offset x. Here, only an electrical veto is used to prevent counting SAXS scattered pho-
tons and no further time information is obtained electronically. The detector position provides the time

information via the offset and equation t = 5-"—.
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Figure 5.15: The time spectrum of rotor ¢) obtained at two different rotational frequencies with the nuclear
lighthouse effect.

With the layer system on rotor c), the time spectra at two different rotational fre-
quencies have been acquired and are compared. For comparison, it is important to scale
the detector size, i.e. the detector horizontal slit size, in accordance with the rotational
frequency. The result is shown in figure 5.15. The horizontal axis in this figure is the
time and not the offset. On the time scale, the two measurements give the same curve in
the area that is covered by both measurements. Only the lower frequency shows data at
later times. The 6 kHz data reaches closer to ¢t = 0.
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In figure 5.16, three trials are shown to simulate the measured time spectrum obtained
with the NLE. The 3kHz and the 6 kHz measurements are combined for this purpose. All
simulations assume a magnetic hyperfine field at the 5"Fe nuclei of 32 to 34 T. It is nicely
visible that the beat frequency of these fits correspond rather well with the actual mea-
sured ones. However, the amplitude of the beating are either too big (simulations a) and
¢)) or dynamical beats change the phase of the beats at inappropriate times (simulation b)).
The difference among the fits is the assumed distribution of the directions of the magnetic hy-
perfine field. Simulations a) and b) assume a uniform magnetic hyperfine field in the direction of
the wavevector k of the incoming synchrotron radiation. As the sample turns and no permanent
magnet around the rotor was used, this direction is not possible even when having only a single
domain. Further details of the fit are an abundance of 15 % (simulation a)) or of 80 % (simula-
tion b)) in the 5"Fe isotope in the iron layer. The magnet field follows a Gaussian distribution
around its peak value with a FWHM of 3.4 T in simulation a) and 0.3 T in simulation b). The
simulation ¢) assumes an out-of-plane magnetisation of the sample. The abundance is 25 % and
the distribution of the magnetic hyperfine field is 5.8 T FWHM. An out-of-plane magnetisation
might occur within extremely thin iron films but certainly not for a film thickness of 178 A. Bet-
ter fits without assuming complex hyperfine field distribution could not be obtained, especially
not for the case of a random in-plane distribution of hyperfine field directions. This case would
be expected for thin magnetic films with a domain structure. In this case of a random in-plane
orientation, more than one beat frequency should be visible, as sketched in figure 2.14. The
same is true for a random orientation in all directions. In the measured data, there is only one
major beat frequency. The distance between the minima is always close to 14.8 ns. Much more
effort would be needed to obtain better a better simulation. However, this is not in the aim of
this thesis.

In the lower right part of figure 5.16, the time spectrum as obtained with the NLE is compared
to the time spectrum as obtained with the standard grazing incidence technique. The agreement
is not as nice as in the previous cases of rotor a) and c). However, strong similarities are visible
at early times and for the frequency of the beating. The reason for the small discrepancy might
originate from the domain structure of the layer system. When using the NLE, the sample
rotates in the beam and many domain distribution participate in an averaging process. In the
setup with the rotor at rest, a specific domain distribution is selected, that leads to a slightly
different time spectrum.
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Figure 5.16: The time spectrum of rotor c) obtained with the NLE is compared to various simulations
and to a measurement with the standard grazing incidence setup.



Chapter 6

Nuclear lighthouse effect with 9'INi

The development of coherent nuclear resonant scattering with synchrotron radiation for the
Mossbauer isotope 'Ni was the main task of this thesis. Before, only at DESY in Hamburg,
the nuclear level of ®'Ni at 67.41 keV was excited with synchrotron radiation and fluorescence
radiation from the following decay was detected [Wil02, Ger02]. In this chapter, the results of
the first hyperfine spectroscopic measurements on ®'Ni with synchrotron radiation are presented,
using the nuclear lighthouse effect. This was the first time, that the nuclear resonant beamline
ID18 at the ESRF was operated at photon energies above 30 keV. Therefore, this chapter starts
with flux measurements at the energy of the ®'Ni resonance, before presenting the results of
nuclear resonant scattering with ! Ni.

6.1 Flux at ID18 at the °'Ni resonance energy

Different detectors have been employed to measure the flux available at the ®! Ni resonance energy
at ID18: an argon filled ionisation chamber, a silicon pin diode and dosimetric films. Whereas
the ionisation chamber and the pin diode measure the absorbed energy via the current created
from electron ion or electron hole pairs, the dosimetric film measures the energy deposited via
a chemical reaction. For a monochromatic beam, all obtained values are proportional to the
number of incoming photons.

In an ionisation chamber, an electron is produced by photo absorption or the Compton
effect. That electron ionises gas atoms ad looses its ionisation energy while slowing down in
the ionisation chamber. The created current depends on the absorption coefficient of X-rays
in the gas and on parameters of the following ionisation process caused by the electrons. We
measured ionisation chamber currents obtained at ID18 with the undulators and the high heat
load monochromator adjusted to 67.41 keV and with different absorber foils far in front of the
ionisation chamber. With this set of measures, we could determine the different distributions
of each energy transmitted by the high heat load monochromator in the (111), (333), (444)
and (555) reflections. The 67.41keV radiation is best transmitted with the Si (3 3 3) reflection,
as the Si (111) reflection is out of reach due to geometrical limitations of the monochromator
mechanics and the Si (444) or (555) reflections have an even smaller angular acceptances for
the divergent incident beam than the Si (333) reflection. The highest flux with the 32 mm
undulators is obtained if the 17*® harmonic is used, since in this case, the undulator gap is
just slightly above 11 mm, which is the lower limit. Also, 17 is not a multiple of 3 (the Si
(33 3) reflection is used), which means that no other undulator harmonic matches with an other
monochromator reflection. For example, it would be less favourable to use the 15" harmonic via
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the Si (333) reflection. Then, the 5" harmonic of the undulator radiation would be perfectly
transmitted via the Si (111) reflection at the same time.

Currents as presented in table 6.1 have been measured with a 30 cm long argon filled ion-
isation chamber using one undulator at a storage ring current of 180 mA through a slit of
0.05x0.05 mm? slit placed closely after the monochromator.

absorber transmission ionisation
element and |at 22.5keV at 67.4keV at 89.9keV at 112.3keV| chamber
thickness | vialll  via333  via444 via 555 |current [pA]

no absorber 1 1 1 1 9035

500 pm Pb 0 0.111 0.012 0.082 23.5

(above K-edge)
2mm Cu 0 0.124 0.35 0.53 35.3
5mm Al 3.8:1072 0.722 0.78 0.81 413
150 um Ta 1-107° 0.0565 0.24 0.45 19
(above K-edge)

400 pm Sn 1.1-1072 0.249 0.53 0.70 196
75pum Au | 2.9-107% 0.627 0.38 0.57 170
50pum Au | 4.4-1073 0.732 0.52 0.69 230

250 ym Ag | 3.2-1072 0.334 0.60 0.75 334

150 pm Ag 0.126 0.518 0.74 0.84 1144

100 um Ag 0.25 0.645 0.82 0.89 2366

Table 6.1: Ionisation chamber currents for flur measurements

For each absorber, the angle of the first high heat load monochromator crystal was scanned
to insure a parallel crystal alignment of the monochromator during the ion chamber reading.
With the aluminium, the thin gold, the tin and the thickest gold absorbers, it was possible to
distinguish between a broad Gaussian coming from the Si (111) reflection and a much more
narrow contribution form the narrow higher reflections. We finally obtain the result that a
non-absorbed radiation would lead to 8700(200) pA originating from the radiation passing via
the Si 111 reflection, 230(20) pA passing via the (333) reflection and 20(15) pA via the (444)
reflection. The contribution form the Si (555) reflection is less than 5 pA. With the tantalum,
lead and copper absorber, which transmit almost only the higher energies of the Si (333), (444)
and (555) reflections and blocks the lower energy of the Si (11 1) reflection, measurements with
a 0.5-0.5 mm? slit have been done, too. The flux is a factor of 78(2) times higher. We thus have
18(2) nA caused by the 67.41 keV radiation over the Si (33 3) reflection into a 0.5:0.5 mm? slit.
The program ”absorb” [SLAC] calculates an absorption of 1.81% for the 67.41 keV radiation in
the 30 cm of the argon filled ionisation chamber. The slowing down of a photo-effect created
electron of 67.4keV leads to 2767 ion pairs, as one ion pair needs 24.4eV to be created for the
argon gas. We can thus calculate the flux of incoming photons of

18 nA
e-2767-0.0181

Unfortunately, the program ”absorb” considers each Compton or Rayleigh scattered photon as
absorbed, although only a fraction or none of the photon’s energy is absorbed in the argon gas.
With the xoP-package [San98], we can calculate the cross sections for photo-effect, Compton
and Rayleigh scattering at 67.41keV in the argon gas. We get 12.7, 8.9 and 2.8 barns per
atom, respectively. The total cross section for Compton scattering o, can be split into two cross
sections, which describe the fractions of energy kept by the scattered photon o and the fraction
of energy taken by the recoil electron and thus absorbed in the material ¢ [Leo94]

Iy = =2.2(3) - 10°%

(6.1)

. =05+l

(6.2)
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Formulas to calculate o and ¢ are presented in [Leo94]. At 67.41keV, the ratio between total
Compton cross section and the part describing the energy absorbed by the electrons is ;’—g = 9.74.
As the absorption is very small (only 1.18% as calculated by ”"absorb”), we can consider a linear
approximation for the exponential absorption and get for the absorption leading to detectable
electrons equivalent of 67.41keV the following value:

Ophoto T+ Tc + Orayl.

e = : iy = 4.3(5) - 1091 (6.3)
Ophoto T 9.740¢

If we consider the whole beam, which is about 2-1 mm horizontal times vertical, we have to
multiply the last value by a factor of 4 to 5. With 3 undulators and scaling to a storage
ring flux of 100 mA, we finally get a flux of 3.2(5)-10'" at 67.4keV passing over the Si (333)
monochromator. We can do the same reasoning for the other energies. With no absorbers, at
the same time, we get 4.5 times more flux coming over the Si (11 1) reflection at 27.47keV, and
about 8 times less flux coming over the Si (444) reflection at 89.9 keV and about very roughly
60 times less flux coming over the Si (55 5) reflection. This ratio could be verified with a lithium
doped germanium Ge(Li) detector and a very small slit, see figure 6.1.
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Figure 6.1: Energy spectrum of the transmitted radiation when using the 17" harmonic at 67.41keV via
the Si (88 3) monochromator, measured with a Ge(Li) detector.

The silicon pin diode is equivalent to a gas-filled ionisation chamber, only it is in a solid
state. Here, one electron hole pair needs 3.6eV to be produced. The measurements with a
300 pm thick silicon pin diode have been performed with 3 undulators and 190 mA storage ring
current. Two different absorbers have been employed, see table 6.2.

absorber transmission current
at 22.5keV at 67.4keV at 89.9keV at 112.3keV | [pA]
470 ym Pb| 2.10°15 0.143 - 0.02 : 0.11 3.8-10°
above K-edge
Imm Cu| 3.10710 0.359 0.60 0.72 9.9-105
300 pm Si 0.80 0.981 0.986 0.988

Table 6.2: Relevant transmission for pin diode measurements

To analyse these flux measurements, one result of the measurements with the argon filled
ionisation chamber is used, namely that the flux over the Si (111) reflection is about 4.5 times
bigger and the flux via the Si (444) or (555) reflections 8 or 60 times smaller than the flux of
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interest passing over the Si (33 3) reflection. Actually, the only critical value here is the ratio of
8 with respect to the (444) reflection of the 89.9 keV photons. The other two energies can be
completely neglected here. Again, one has to consider only partly absorbed photons, if they were
scattered by the Compton effect, like explained for the case of the argon ionisation chamber. In
detail this is done when calculating:

I,

I, = (6'4)

o _Ei . (1 _ 7Siy__Ophototoi
Zi:1,3,4,5 ri Ty gpeve- (1-T; )aphoto+ac+amyl,

with r; = {4.5,1, %, %} and T; the transmitted intensity in the concerned reflection of energy
E; through the lead or the copper absorber. (1 — TZ-S’) is the calculated absorption for 300 ym of
silicon, including photo effect, Compton scattering and Rayleigh scattering. I, is the measured

pin diode current and e the electron charge.

We calculate a flux of 1.08-10'" and 1.18-10'"" photons per second, considering the copper
and the lead case, respectively. If we normalise this result to 100 mA storage ring current, we
get an average value of 5.9(6)-10'0 at 67.41keV into a 2-1 mm? large slit.

The third type of measurement has been performed with dosimetric films. We used again
the 470 pm thick lead absorber and the 1 mm thick copper absorber. After the lead absorber, a
dose of 1200 % has been measured and after the copper absorber 3600 %, [Bra03]. If this dose
would be only due to 67.41 keV photons, neglecting especially the 89.9 keV photons coming over
the Si (444) reflection, one would have the following correspondence: 1 % £1.2.1077 %
Considering the absorption as stated in table 6.2, normalising to 100 mA storage ring current
and averaging over the two measurements, we obtain a flux of 4.5(5)-10*° %. As the beamsize
is roughly 1 mm? FWHM, this transforms then to 4.5(10)-10' photons per second at 67.4keV
into a 2:1 mm? large slit and with 100 mA storage ring current. The increased error is the result

of this rough extrapolation to the increased slit size.

Averaging over all three measurements (ionisation chamber, pin diode and dosimetric film), it
seems that the value of 4.5(10)-10'° photons per second is fairly well. The energetic width of these
photons is determined by the intrinsic Darwin width of the high heat load monochromator of
0.92 yrad and the beam divergence of the undulator radiation of 12 urad FWHM. With equation
4.8, it follows that the energetic width after the high heat load monochromator is 9.1eV. Within
the width of the 6'Ni resonance, there should thus be 824neVy s . 1010% = 422 photons per

9.1eV
second. To obtain the number of photons in this energy range coming from the undulator, one

has to multiply the result of 422 photons per second with several factors: With % =13
for the ratio between incoming angular divergence and crystal Darwin width; with 1/0.96 for
the reflectivity of the two Si (33 3) reflections [KPNR] and with 1/0.95 for different absorbers,
namely 500 pym of diamond before the ”Front End” and 200 ym of Beryllium in OH2. The result
of this calculation is 6-10% photons per second coming from the undulator in the energetic width
of the %INi resonance. The value calculated for the undulator radiation is 7-10%, see table 8.2.

This is an impressive agreement.

For lighthouse experiments without timing, the small angle X-ray scattering (SAXS) has
to be suppressed as much as possible. Especially the flux at 22.47keV and 89.9keV should be
blocked. Different absorbers are possible. If the ZrOs rotor is used, the rotor material itself cuts
all low energy photons. If the sapphire rotor is used, an additional absorber becomes necessary.
We used the aluminium in the walls of a compound refractive lens or a copper absorber, if the
lens was not used. Copper is easily available in the desired thicknesses. Better absorbers would
be thin lead or tungsten sheets, as they would also block the 89.9 keV radiation. The tungsten
foil might be more convenient, it is much stiffer. To compare the different absorbers, see figure
6.2.
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Figure 6.2: Effect of different absorbers to the flux at 22.47keV, 67.412keV and 89.9keV.

6.2 The energy of the first excited nuclear level of 'Ni

To determine the energy of the excited level of °'Ni, one can compare the high heat load
monochromator angles for the ®'Ni resonance with the absorption curve at the tantalum K-
edge, see figure 6.3. Alternatively, one can compare the Bragg angles of our high heat load
monochromator for the 'Ni and for the ®"Fe resonance. Unfortunately, for this approach, the
precise knowledge of the lattice spacing d of the silicon crystal at 80 K is necessary. This is
the temperature of the second crystal of the high heat load monochromator. Our results can
not compete with the precision of the literature value, as we did not measure the different
angles immediately one after the other. If both the resonance and the K-edge were measured
simultaneously without a delay that allows silicon crystal temperature changes, we could present
a more reliable value.
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Figure 6.3: Energy of the ' Ni resonance and Ta K -edge

The more reliable crystal of the high heat load monochromator is by far the downstream
crystal, as it is much less perturbed by the power of the incoming beam. This is the crystal we
consider here. We find the 6! Ni-resonance at Af = Oxcage — Oni = 0.0016(3)° below the tantalum
K-edge. Later, when comparing 5'Ni and 5"Fe resonance positions, dynamical corrections to
the Bragg angle given by the kinematic Bragg equation need to be considered. Here, as both
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energies are close, these corrections can be omitted. With

hc he
Ey=—r—— d Ey cgge = ———— 6.5
N odsinfy Keds® = 0 750 O oage (6.5)
we can derive the following expression:
inf E
Byt = Bt eage 8 = (6.6)

SIN(Ok cage — Af)  cos A — sin Af cot Ok cqge

With equation 6.6 and E,[%, . = 67416 eV [Fir96, vol. 2 page F-37], we obtain Ey; = 67437(4) eV.
As sin A is very small here, the exact angle 6x ... does not influence the result to a sensible
extent. In fact, an angular uncertainty of 0.1° only leads to an energy error of 0.5 eV. The biggest
problem here is the time delay between the two measurements, which can lead to temperature
changes and thus a variation of the crystal lattice spacing and angle. These should nevertheless
be small, as the beam current does not vary significantly on moderate time scales. The two
curves here have been measured in a 1 hour 15 minutes interval. Principally, it is possible to

measure both values simultaneously.

The second possibility is to compare the Bragg angles of the °“Fe resonance and the 6'Ni
resonance. This is not very reliable, as we need to know either the lattice spacing or the correct
angle of the ®"Fe resonance. A better option is to compare the Bragg angles of the ' Ni resonance
with different reflection, like Si (33 3) with Si (444) and Si (555). This has not been done so
far. The two resonances have been used repeatedly one after the other in the same filling mode
of the synchrotron. The heat load is therefore not too different, although the undulator gap
is slightly different. The ®"Fe resonance has been addressed with photons transmitted via the
Si (111) reflection, the 5'Ni resonance via the Si (333) reflection. Averaging over several of
these changes gives a difference between the crystal angle of Af = 2.8423(5)°. Dynamical theory
predicts the angular deviation from the kinematic Bragg angle and the experiment, see equation
4.9. In particular Afysym = AbOsym(1+ %) for the asymmetric cut second monochromator crystal.
For the Si (111) reflection at the 5"Fe resonance this is Abysym = 8.8°-10~%. For the Si (333)
reflection at the 6'Ni resonance this is Abgsym = 5.8°-1075. We thus correct Af to 2.8415(5)°.
We modify equation 6.6 to consider the different reflections (111) and (33 3):

3EFe _ 3EFe
cos A —sinAbcot Ore o5 AG — sin AB cot (arcsin

Ni

— (6.7)
2d111 Ere )

We need to know the exact lattice spacing di11; at 80 K. At 300 K, the lattice constant of silicon
is given as 5.43102088(16) A [Moh00]. We multiply this value with 0.99974 to obtain the lattice
constant at 80K [Wil03] and obtain dy;;=3.1348(1) A. This value changes only by 0.0004 A
between 70 and 100 K, as the expansion coefficient of silicon is very small in this region [Wil03].
The biggest error comes thus from the error of Af. We finally get Ey; = 67463(15) eV.

The literature value of 67412(3) eV [Fir96] was obtained observing the decay of ®!Cu with
a Ge(Li) detector [Mey78]. Three other authors report similar values, although with slightly
bigger errors [Bha99]. We believe the discrepancy of our values originate mainly from the
different conditions at the second crystal of the high heat load monochromator, as concerning
heat load or problems of mechanical stability. Remember that the values for Af have been
obtained comparing angles measured at different times. M. Gerken, who succeeded to excite the
6INi level with synchrotron radiation for the first time, presents a similar figure like our figure
6.3, but state the energy difference between the K-edge and the 5'Ni resonance to be only 3eV
[Ger02]. In a future beamtime, the energy question could be addressed in more detail.
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6.3 The lifetime of the 67.41 keV level of 5 Ni

For the determination of the lifetime of the 67.41 keV level, the temporal evolution of the inco-
herent scattering of individual ®'Ni nuclei (nuclear fluorescence) was measured. The coherence
is destroyed, when phonons intervene and an energy transfer (phonon creation or annihilation)
takes place during the nuclear transition. The decay of individual excited nuclei follows an
exponential behaviour and the re-emitted photons proceed into 47 as opposed to the forward
direction in the case of NFS and the NLE. Some precautions have to be taken when realising the
setup shown in the inset of figure 6.4. The 5'Ni metal foil was kept at room temperature to ob-
tain a negligibly low Lamb-Mossbauer factor. The Debye model for the Lamb-Mossbauer factor
with a Debye temperature of 390 K yields fi = 0.003 at room temperature. With higher Lamb-
Mossbauer factor, coherent effects like a propagating delayed wavefield through the sample due
to NFS [Ber94a] would influence the time behaviour of the fluorescence radiation. Moreover,
by covering a large solid angle with the detector, effects from the angular correlation between
incident and scattered photons affecting the temporal evolution are averaged out, as opposed to
the technique of SR-PAC, see chapter 7.

To excite the 67.41keV level of ®'Ni, the 17th harmonic of the three 32 mm undulators
at ID18 was used. The high-heat-load monochromator was set to the (333) reflection. An
appropriated absorber, here 0.5 mm of copper, reduced the number of photons passing via the
(111) reflection. The delayed, incoherent inelastic nuclear fluorescence radiation from a 16 times
folded ®'Ni foil of 20 um thickness was measured at room temperature with one standard APD
detector. Fast electronics was used to select the delayed signal coming from the decay of the
excited level of 1 Ni.
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Figure 6.4: Time evolution of the fluorescence radiation of the 67.41keV ' Ni level. The setup consists
of the two Si high heat load monochromator crystals M on the (88 3) reflection, an absorber A to reduce
photon intensity transmitted via the Si (111) reflection, the S Ni foil and a fast detector D with time
discriminating electronics K. An electronic gate blocks data acquisition during the first 7ns, i.e. especially
the prompt photons, that are shown on the left, when deactivating the gate temporarily.

This type of measurement was repeated several times within two years. Averaging over the
set of results leads to the following lifetime of the excited level of 6!Ni: 7 = 7.4(1) ns and ¢ =
5.13(7) ns. The error is about 5 times bigger as the statistical error of the single measuremefnts.
Nuclear data sheets like [Fir96] and [Bha99] present a half-life of 5.34(16) ns. They base this
value on four sources: t = 5.27(23) ns [Roo75], 7 = 7.3(3) ns [Shi69], 7 = 7.5(3) ns [Mey78] and

t1 = 5.41ns [Azi71]. The previous measurements using synchrotron radiation to excite the ' Ni
2
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resonance suggest a lifetime of 7.16(20) ns [Ger02] and 7.6(4) ns [Wil02]. The last measurement
suffered from impurity bunches in the storage ring and needs thus to be considered with care.
Nevertheless, all values are in principle in agreement with our measurements, considering their
relatively large errors. We achieved a more precise result, which will be used in the treatment
of the NLE.

6.4 Nuclear lighthouse effect in transmission with 5'Ni

6.4.1 Brief experimental review

The experiments were performed in the 16-bunch filling mode at the nuclear resonance beamline
ID18 at the ESRF. Although the NLE does principally not depend on the type of filling mode
[R6h00c], additional time discrimination was preferable in the case of !Ni: The nuclear signal
of 6INi is quite small as compared to the electronic scattering background mainly caused by
small angle X-ray scattering (SAXS). As the latter is scattering on a ”"prompt” timescale of
10~ 155, 16-bunch mode together with a fast detector permits a time discrimination between the
two processes. The reason for the small ratio of the nuclear signal to the electronic scattering is
the low Lamb-Mossbauer factor fr, for high-energy nuclear transitions, see figure 2.3. However,
evidence of the NLE without timing mode is presented in chapter 6.4.5.

Figure 6.5: The undulator radiation U is monochromatised coarsely (JE=9eV) by two Si (333) re-
flections M and shaped by a slit system S. The rotor R containing ' Ni is spinning at v = 8kHz. The
non-interacting prompt direct beam (intensity P) hits the beamstop B. The prompt small angle X-ray
scattering SAXS is in competition with the delayed nuclear lighthouse effect signal NLE, thus demand-
ing fast detection with an array of avalanche photo diodes D and time discriminating electronics K. The
detector scans over a range of angles. Only for the nuclear delayed signal, angles are resolved proportional
to the interaction time.

The setup of the experiment is shown in figure 6.5 together with an illustration of the
photon intensities from three different processes. The huge peak P to the left corresponds to
non-interacting undeviated photons and thus defines the time ¢ = 0. Compton scattering and
SAXS contribute to deviated photons, but their interaction time with the electrons of the sample
and the rotor walls is on a prompt timescale of around 10~!%s. This part is sketched by a dotted
line following an angular dependence of a~* according to Porod’s law for SAXS from randomly
oriented particles, see chapter 2.7. The third category are the photons that are scattered via
excitation of the 67.41 keV nuclear level in 5'Ni. They are both delayed and deviated to the
side according to the time spent in the foil before de-excitation. In favourable cases such as at
the 5"Fe resonance in transmission geometry, both SAXS and NRS signals are of comparable
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strength. The discrimination can be done with successive measurements of the angular intensity
variation, once at resonance, once slightly detuned, and subtraction [R6h00c]. In the case of 91 Ni
this is not possible and fast detectors are employed to use the time information to discriminate
between SAXS and the nuclear signal. Without discriminating detector electronics, the slit size
in front of the detector defines the time resolution and each detector position z = da corresponds
to a time ¢ according to z = 2ndv - ¢, with d being the distance between sample and detector
and v the rotational frequency of the rotor. x = 0 is the position of the direct beam. If instead
time discrimination is applied, the time resolution is given by the detector and its electronics.
Then, a large detector is best if it can bear the overall incoming flux. With small detectors as
in our setup, that do not cover the whole angular region of interest, one needs to scan uniformly
over the whole angular region, see also chapter 4.5.4.

The sample consisted of two isotopically enriched 5'Ni foils (85% enrichment), each 20 ym
thick. Each foil was rolled to a tube that fitted tightly into a hollow ZrOs rotor of 3 mm inner
diameter, see figure 3.3. The ZrOs rotor absorbs 70% of the 67.41 keV photons and gives rise to
some SAXS. Undulator radiation having 1/3 of that energy (22.47 keV) is transmitted by the Si
(111) reflection of the monochromator, but it is completely absorbed by the ZrO; rotor walls.
Therefore, it does not contribute to the SAXS background. Single crystalline sapphire rotors
that absorb less and give less SAXS broke repeatedly and have not been employed in 16-bunch
mode operation presented. However, some results are presented in 6.4.5.

We used the stack of 24 silicon avalanche photo diodes, each 100 ym thick and 10 x 10 mm?
large, and inclined to an angle of 37° between the silicon surface and the beam direction, see
chapter 4.5.2. A detector slit limited the sensitive area to 6 x 4 mm?, horizontal x vertical. At
67.41 keV, the calculated efficiency of the total assembly is 20%. The electronic time resolution
was 2ns. The detector array was scanned repeatedly over a lateral displacement x ranging from
0 (behind the beamstop) to 50 mm. With v = 8 kHz and d = 13.9 m, the corresponding times
are 0 to 72ns. Between two scans, the monochromator energy was checked using a setup as
depicted in the inset of figure 6.4. The time discrimination in order to block the prompt signal
of the SAXS background is done with an electronic gate that opens 7ns after the arriving SR
pulse. A multi-channel analyser (MCA) records the time spectrum (10 channels per ns; 400
channels are displayed in figure 6.7). The detector is 6 mm wide laterally, corresponding to a
temporal width of 8.6 ns. This defines the time window where photon counting is possible at
each detector position. The precise time information within this window is obtained with the
timing electronics and the MCA. The time resolution is thus given by the detector with its
electronics and not by the detector slit size.

6.4.2 NLE time/angle spectra of °'Ni and background evaluation

Three time spectra have been acquired during the experiment. At the 6'Ni resonance energy
time spectra have been acquired at temperatures of 180 K and 115 K. These raw spectra are
presented in figure 6.6 at the left and in the middle. To estimate the influence of electronic noise
and cosmic background radiation, a third time spectrum has been acquired under the same
experimental conditions, but with an empty ZrOs rotor. It turned at 8 kHz as in the other two
cases to deliver the same SAXS background. The presence of the ®'Ni sample is negligible for
the size of the SAXS background, as compared to the SAXS of the rotor itself. The background
measurement was done with the stator/rotor system operating at room temperature. It is shown
on the right side of figure 6.6.

The countrates at late times in all three spectra are solely due to electronic noise and cosmic
background radiation. The height of this background level scales with the time needed to acquire
the spectra. In the background time spectrum, a slightly increased countrate in the region
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Figure 6.6: The raw data of the ' Ni NLE measurements in 16-bunch mode and with timing electronics
in order to suppress the SAXS background. Time spectra of nuclear resonant scattering by %' Ni have
been obtained at 115 and 180 K. To evaluate electronic noise and background radiation, a time spectrum
without the %' Ni-foil in the ZrO, rotor was acquired.

between 7 and 22 ns is observed. The reason for this might be sporadic electronic overshooting
after the detection of a prompt photon, that triggers an additional counting event in this time
region. However, this additional ”overshooting” background is rather small and can be easily
subtracted from the time spectra at 115 and 180 K. Therefore, the time spectra of the background
measurement is smoothed over 30 MCA channels, and the surplus of counts in the region between
7 and 22 ns with respect to the average countrate at times above 22ns is calculated. Properly
scaled to the acquisition time of each spectrum, this surplus is subtracted from the time spectra
at 115 K and 180 K.

6.4.3 Results at 180 K
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Figure 6.7: The nuclear lighthouse effect with ' Ni at 180 K. The detector signal was gated off during the
first Tns to discriminate the prompt SAXS background (~10kHz summed over the angular range covered
by the detector). The SAXS is seen at early times when removing the gate temporary for a short instant.
The NLE data could be fitted by the theory of nuclear forward scattering using the program Motif [Shv99].
The beat structure originates from the interference of the 12 transitions between the hyperfine-split ground
and 67.41keV excited states in the presence of a magnetic hyperfine field By, see figure 2.8.

The measurement at 180K is presented in figure 6.7. The overall time the detector was
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in place to acquire delayed photons for a particular data point in figure 6.7 was 45 minutes.
The average beam current in the storage ring was 70 mA. We detected 2770 photons being
scattered by the 6'Ni nuclei, after subtracting the background solely due to cosmic radiation or
electronic noise. This corresponds to a countrate of 1s~!, if a large detector would cover the
whole interesting angular range at once. The rate of incoming photons in the energetic width
of the resonance is 300s~! at the stated electron beam current, obtained by rescaling the result
of chapter 6.1.

The data was fitted using the program Motif [Shv99] and a magnetic hyperfine field of 6.7(2) T
was obtained together with and an additional line broadening of 0.45 natural line widths I',. As
input parameters, we use py=—0.75 un and p,=0.48 un for the nuclear magnetic moments of
6INi [Fir96] and fi, = 0.025 according to the Debye model with a Debye temperature of 390 K
[Bir64]. The lifetime of the excited level was taken to be 7.4 ns, as determined by the detection
of the incoherently emitted photon, see chapter 6.3. The thickness was taken to be 80 um. Both
thickness and hyperfine field were kept fixed without assuming any distribution.

The magnetic hyperfine field at this temperature as measured with NMR is 7.2 T [Str63].
This slight discrepancy might be due to a small relative movement between the two sides of the
cylindrical foils as seen by the beam, see chapter 6.4.4. This lateral movement can be due to a
precession of the rotor and might cause a Doppler shift acting on the transition energies [Qua02].
An inhomogeneous line broadening was also observed in the NMR measurements [Str63] and
attributed to impurities and strain.

6.4.4 Results at 115K

Thanks to the improved stator and the applied Invar corset, a NLE measurement at 115 K could
be performed. The result at 115 K is presented in figure 6.8, together with the measurement at
180 K.
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Figure 6.8: Comparison of the NLE results at 180 K shown by full circles with the measurement at 115 K
shown as hollow diamonds.

At first glance, it is very surprising that the time spectrum changes significantly. Metallic
nickel is not expected to show a phase transition in the temperature range covered. On the
contrary, the magnetic hyperfine field is known to change only slightly in this region, as the Curie



120 Chapter 6. Nuclear lighthouse effect with %' Ni

temperature is at 632.7 K [Sha80]. In fact, NMR measurements of the magnetic hyperfine field
are available and presented in figure 7.6. They show only 2% of change in the magnetic hyperfine
field between 180 and 115 K. However, the Lamb-Mossbauer factor of nickel changes from 0.0246
to 0.066 when decreasing the temperature from 180 to 115 K. This change is significant. Using
the fit result for the magnetic hyperfine field as obtained with motif, but increased by 2 % and
changing the Lamb-Mossbauer factor, we simulated the time spectrum to be expected at 115 K.
This simulation together with the fit at 180 K is shown on the left side of figure 6.9. In this
comparison, no background is considered and the time resolution of the detector is considered
to be ideal. The simulation at 115K scaled and background corrected as done with the 180 K
fit is shown on the right side, together with the actual measurement.
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Figure 6.9: On the left side, the time spectrum of metallic ' Ni at 115 K is simulated using the parameters
obtained for the fit at 180 K. Only the Lamb-Mdssbauer factor and the magnetic hyperfine field have been
adjusted to the expected value at 115K. On the right side, this simulation is compared to the actual
measurement.

It is evident, that this fit does not reproduce the obtained data. Even when allowing the
magnetic hyperfine field, the Lamb-Mossbauer factor and the sample thickness to vary without
restrictions, no reasonable fit for this data set could be obtained. This significant discrepancy
might be explained with the influence of a precession and nutation of the rotor on the sample
geometry. Figure 6.10 illustrates this influence.

The rotor used in this experiment was filled with two foils that both covered completely the
inside wall of the rotor, see figure 6.10, top left. The thickness of one foil was 20 yum. NFS on
this rotor at rest would show the time spectrum of a 80 um thick sample. The same is true for an
ideally turning rotor, that means a rotation without precession and nutation. If on the contrary
the rotor is subject to a precession and nutation, the two parts of the foil illuminated by the
beam are in a relative moment of one with respect to the other. Two foils of individual thickness
of 40 pm have to be considered with a relative motion and thus a Doppler shift of the transition
energies of one illuminated part with respect to the other. For the measurements at 180 K, this
behaviour might be less important and stays thus unperceived because of two reasons, one is that
the higher temperature allowed for better operation of the stator/rotor system, the other one
is the much smaller Lamb-Mossbauer factor. Multiple nuclear scattering is therefore negligible.
At 115K, the operation of the stator/rotor system might create perturbations on the rotor,
i.e. droplets of liquid nitrogen that tip the rotor, causing permanent or damped precession and
nutation. Further, the Lamb-Mossbauer factor is much higher and multiple nuclear scattering
can play a stronger role.

The problem caused by this sample geometry can be completely overcome in using only a
1/3 filled rotor, as depicted in the lower row of figure 6.10. In this case, the beam illuminates
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Figure 6.10: The interplay of the sample geometry with the precession of the rotor. In the top row, a
fully filled rotor is used. If the rotor turns perfectly, the beam crosses the sample twice and no relative
movement between the two sample parts illuminated is observed. If the rotor precesses, there is a relative
movement between the two irradiated parts. A rotor filled only on 1/3 of the circumference avoids the
problem.

only once the sample, if the transverse beamsize is less than 1/6 of the rotor inner circumference.
Now, a precession or notation of the rotor does not change the time spectrum, as NFS and the
NLE are not sensitive to a Doppler shift without an incorporated reference sample.

A positive result of the 115 K measurement is the increase in the delayed countrate by a
factor of 1.4 as compared to the 180 K measurement. This is not surprising, due to the increase
of the Lamb-Moéssbauer factor. In fact, the simulation at 115 K and the fit at 180 K as shown on
the left side of figure 6.10 can be analysed and their integral in the range between 7 and 40 ns
can be calculated. The increase in delayed countrate calculated this way is a factor of 1.6, not
too far away from the value obtained in the experiment.

6.4.5 Measurements without timing electronics for the lighthouse signal

To conclude this chapter on the results of the NLE measurements with 6'Ni, the question
whether this type of experiment could be performed also in non-timing filling modes of the
synchrotron should be raised. The use of the timing mode to obtain the results as presented
above is not satisfying, knowing that the NLE principally does not depend on the timing mode.
Prior measurements on the %'Ni resonance with the NLE without the use of timing electronics
have been performed in fact and showed some positive results. These will be sketched briefly
now.

The synchrotron was filled in 2. J3-filling mode. This allowed at least to verify the energy of the
incoming photons and to adjust the high heat-load monochromator if necessary. Therefore, the
same incoherent scattering setup as depicted in the inset of figure 6.4 was used. Unfortunately,
in 2-%3-filling mode, the end of the Y3 bunch trains is not at all sharp, instead the intensity drops
slowly to zero over the last 10 to 12 buckets. To measure the delayed photons from the decaying
individual nuclei, the end of the bunch-train had to be completely gone, thereby limiting the
obtained countrates of the 5'Ni decay. With the electronic gate opening roughly 25 ns after the
end of the bunch trains, the 'Ni resonance energy scan as depicted in panel a) of figure 6.11
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was obtained.

To optimise the ratio of photons lying energetically within the bandwidth of the resonance to
overall photons, the spherical compound refractive lens as depicted in figure 4.9 was used. How-
ever, even the intensity of one undulator was enough to damage the lens during this experiment.
The two other undulators have been left open therefore.

The measurements were performed on the same sample as reported on in chapter 6.4.3, i.e.
2 foils of 20 ym thickness covering each the full circumference. However, the rotor material
was single-crystalline sapphire and not ZrOj. Otherwise, SAXS and absorption are much too
high to perform measurements without timing electronics. The detector was a lithium doped
germanium detector with the efficiency for 67.41 keV photons being close to 100 %. The sensitive
area of the detector was limited with a slit system to 2 mm horizontal opening and 1 mm vertical
opening. The rotor turned at 7.5 kHz. With this slit size and rotor speed, the time resolution
of the NLE time/angle scans is 3ns at the detector distance of 13.9m. The temperature of the
6INi sample was 145 K.
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Figure 6.11: NLE measurements on the %' Ni resonance in 2 -Y3-filling mode. The ' Ni resonance energy
was checked with an inelastic scattering setup, panel a). At this energy and with the 5 Ni sample turning
at 7.5kHz at 145 K, the deviated photons have been measured and compared to same scan off resonance
energy, panel b). The difference is shown in panel ¢) and compared to the fit of chapter 6.4.3. Att = 20ns
or the offset x = 13 mm, the same energy scan as shown in a) has been repeated, see panel d). Further,
at the same horizontal offset x, the vertical scan e) was obtained.

With these experimental conditions, NLE angle scans have been performed, both on and
off resonance energy. The corresponding offset at the detector position ranged between 0 mm
(behind the beamstop) to 40 mm, equivalent to 61 ns. The step size was 0.5 mm and the ac-
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quisition time per data point was 20s. To drop off the resonance energy for the off-resonance
scans, the monochromator angle was changed by 0.0005 dg or 7eV. As seen in figure 6.11, panel
c), a significant difference between the two scans at 20ns (or an offset z = 13 mm) is clearly
seen. The on-resonance scan was performed twice. The off-resonance scan consists of the SAXS
background and follows a smooth decay that could be fitted by Isaxs = ay - =445 gy 7T,

The difference between the on and off-resonance scans is shown in figure 6.11, panel c),
together with the fit obtained in chapter 6.4.3 during timing mode experiments. The fit was
rescaled and the background adjusted. Although the quality is rather poor, the overall behaviour
is matched.

Nevertheless, to proof definitely that the difference is due to resonantly scattered photons
from the %INi sample, two further test have been performed. In both cases the detector offset
from the direct beam was chosen as z = 13 mm as measured from the centre of the detector slit,
corresponding to ¢ = 20 ns. This is the region of high contrast between on and off-resonance scan
in panel b) of figure 6.11. At this point, the photon energy was varied with the high heat-load
monochromator and the countrate obtained as a function of the monochromator angle, see panel
d). As expected, the behaviour is identical to the inelastic version of this energy scan seen in
panel a), giving clear proof that the surplus of data obtained at x = 13 mm or ¢ = 20 ns consist
of resonantly scattered photons.

Further, still at the horizontal offset of 13 mm from the direct beam, the vertical detector
position was scanned over +2.5 mm. In leaving the horizontal plane, the NLE photons have to
disappear, as the rotor turns around a vertical axis. This is clearly seen in panel e) of figure 6.11.
This measurement has been performed on resonance and results in a distinct peak at the vertical
offset z = 0 (large squares). If the experiment is repeated off-resonance, this peak disappears of
course (small squares). The acquisition time per data point was 50s.

It is of interest to compare the countrates in both experiments. In the experiment with the
APD-stack in timing mode, a countrate of 1 Hz was derived, if the detector could cover the whole
angular range of interest simultaneously, i.e. the times between 7 and 40ns. With the lithium
doped germanium detector, the same problem exists, the different angles cannot be measured
at the same time. The sum of the delayed counts between 7 and 40 ns in panel c) of figure 6.11
is 32 000. The detector spent 2200 seconds to acquire photons in this range, e.g. 50 seconds per
point and 44 data points in this range (covering 22 mm). As the horizontal detector opening was
2 mm, just ﬁ of the time range under consideration was covered at once. The effective time is
thus 200 seconds only, as a large position sensitive detector with the same characteristics could
have been covering all this at once in principle. 32 000 counts in 200 seconds leads to a countrate
of 160 Hz.

Still, the countrate obtained in 16-bunch mode has to be adjusted by the following factors:
x5 for the ratio of detector efficiencies, namely 100 % for the lithium doped germanium detector
and only 20 % for the APD stack. x2.2 for the ratio of storage ring beam current (=70 mA in 16-
bunch mode and ~170 mA in 2/3 filling mode). x10 as the increase in spectral flux passing via
the Si (33 3) monochromator when using the compound refractive lens. x4.4 for the change in
rotor material absorption (92 % transmission for 1 mm of sapphire, only 21 % transmission for the
ZrOg rotor). x % as all three undulators have been used in the 16-bunch mode experiment. The
product of these factors is roughly 160. This agreement is amazing. However, the temperature

in the non-timing measurement was 145 K instead of 180 K.






Chapter 7

SR-PAC with °'Ni

Synchrotron radiation based perturbed angular correlation (SR-PAC) is the scattering analogue
of time-differential perturbed angular correlation (TD-PAC), well established in nuclear solid
state physics [But96].

The idea of performing TD-PAC measurements with synchrotron radiation instead of using
a radioactive source and without involving a three level nuclear energy scheme was evoked a long
time ago by Trammel and Hannon [Tra78]. The first experimental observation of the resulting
"single nucleus quantum beats” was in 1995, [Bar96], using the >"Fe isotope. However, further
investigations with this method have not been reported until recently, when it was revitalised
and named SR-PAC, [Ser03, Ser04, Set03].

SR-PAC is an incoherent single nucleus resonant scattering process that reveals hyperfine
interactions without depending on the size of the Lamb-Mossbauer factor. It is therefore per-
fectly suited for the investigations of high transition energy Mossbauer isotopes with SR, where
the Lamb-Mossbauer factor is vanishing at room temperature and rather small even at very low
temperatures. This is demonstrated here for the 67.41 keV transition of 6'Ni.

7.1 Nuclear levels important for TD-PAC and SR-PAC

In TD-PAC, an intermediate nuclear level is populated by a gamma decay of a higher nuclear
level that itself is populated by the decay of a radioactive mother isotope. This first gamma decay
is detected by a first detector. The following decay of the intermediate level into the ground state
is detected by a second detector. If the intermediate level is split by hyperfine interactions, the
interference of indistinguishable paths of the y-y cascade via the split intermediate level leads
to modulations in the detected intensity of detector 2 when the time between the two gamma
emissions is used as time axis. These modulations reveal the strength or type of the hyperfine
interactions. Typical isotopes used in TD-PAC are "''Cd with its mother isotope !''In, further
10RK (with 190Pd), 11°Ce (using °La) and ! Ta (with '8'Hf).

In SR-PAC measurements, the intermediate state is populated from the ground state with
the help of a SR pulse. No higher excited state is involved. The direction and timing of the
first detector is replaced by the direction of the incident photon and its time. The direction of
the emitted photon as a function of time is recorded by a detector. If the intermediate state (in
fact, this 7intermediate” state is the only excited state) is split due to hyperfine interactions,
the interference between the decay of the sublevels leads to the same kind of modulations as in
the TD-PAC case. Figure 7.1 illustrates both methods.

125
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Figure 7.1: A combined picture of involved nuclear levels and detection scheme for TD-PAC (left) and
SR-PAC (right).

It is important to block X-ray fluorescence radiation originating from the possible internal
conversion process in the decay of the excited nuclear level. In this process, the directional
information is not at all easily accessible. The decay detected only with X-ray fluorescence is
solely exponential and shows no angular or time differential modulations. As the energy of the
X-ray fluorescence is always lower than the nuclear level, suitable absorbers can be found in
most cases.

7.2 Theory of synchrotron radiation based perturbed angular
correlation

We will limit our theoretical considerations to the case of a vanishing Lamb-Mossbauer factor.
This is the case where SR-PAC is particularly valuable, as the alternative method of nuclear
forward scattering can not be applied then. With a vanishing Lamb-Mossbauer factor, the time
behaviour of the incoherent inelastic decay of the nuclei is not perturbed by the propagation
of the delayed wavefield through the sample in the forward direction [Ber94b, Bar96], thereby
insuring that the excitation of each nucleus happens at the arrival of the SR pulse only. With
an appreciable Lamb-Mossbauer factor, the propagation of the delayed wavefield in the sample
in the forward direction will excite nuclei in the downstream part of the sample also at much
later times.

7.2.1 Differential angular probability of scattering

The basic principle of perturbed angular correlation measurements is the fact, that particles
with an oriented spin emit radiation with an angular distribution or anisotropy. The orientation
of the spins can be achieved by detecting the radiation of the first step in a -7y cascade (TD-
PAC). Due to angular momentum conservation, the remaining sub-ensemble remains aligned or
anisotropic, as the first detected ~y-ray itself has a certain angular momentum. Alternatively,
the orientation of the spins can be achieved after the excitation of a level with SR from a defined
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direction (SR-PAC). In both cases, the hyperfine interactions can change the spin orientation
and affect thereby the emission pattern as well. A comprehensive treatment of perturbed angular
correlations can be found in [Fra68, Ste75]. Here, the special case of SR-PAC with a Méssbauer
isotope showing a M1 transition, like the 'Ni isotope, in the presence of an external magnetic
field Eem will be treated. The presence of éemt is valuable, as it selects a subset of possible
nuclear transitions between the ground state and the excited state, if the direction of éem with
respect to the incoming synchrotron radiation is properly chosen. This simplifies the modulations
on the exponential decay.

If a randomly orientated system of spins decays or the detector can cover the full solid angle
of 47, the decay will follow a simple exponential:
t
I(t)y =I,e ™ (7.1)
However, if the decay originates from an aligned set of spins and the detection does not cover
the full solid angle, a more detailed analysis including the angular emission probability W has
to be considered:

() = [e 7 - / AW (k51R2.021) 40 (7.2)
AQ dQ

In the last equation 7.2, the function W (k.51 ,k».52,t) depends on the direction and polarisation

of the two involved photons. The most general expression for the differential angular emission

probability dW for a y-y-cascade and a TD-PAC measurement is [Ste75]:

AW (Fv,1 i 2t) = 922092 Z Bjy Do(sio8,) - G (1) - DY) (siy-8:) - Ay, (7.3)

a,q’ qq

B/*\’ o is an angular distribution coefficient that concerns the decay of the excited to the inter-
mediate level in TD-PAC, or alternatively the excitation of the only excited level in SR-PAC. It
depends on the polarisation of the involved radiation and the kind of the transition. It is most
conveniently expressed in a co-ordinate system S; (or S;, with SR-PAC) reflecting properties
of the incoming radiation, e.g. E1||Z'

D((If\q) (S1—Sns) is a rotation matrix as introduced by Wigner that changes from the co-ordinate
system Si, or S;,, to a co-ordinate system Sj; which reflects the direction or symmetry of the
hyperfine interactions acting on the nucleus.

Gq/g\(t) describes the evolution of the excited state under the influence of the hyperfine interac-
tions, e.g. its precession in a magnetic field. It can be treated as a rotation matrix
D((i/A‘j)(Shf—)Sg) is again a co-ordinate transformation allowing to use the co-ordinate system So,
or S,u:, adapted to describe the outgoing photon.

A5 WY describes the transition from the excited state to the ground state, similar to the angular
distribution coefficient By . e

The sum in equation 7.3 runs over the indices A and A from 0,1,2,... and over the indices ¢ from
—X to X\ and similar for ¢/, ¢, q’.

Equation 7.3 can be reduced to concern only SR-PAC, following [Ser05]. In particular, the
incoming radiation is linearly polarised in the plane of the storage ring, i.e. the o-polarisation.
The detector is not sensitive to the polarisation of the scattered radiation. Further, one can
limit the treatment to M1 transitions, like is the case for 6!Ni, 5"Fe and many other isotopes.
Any admixture of E2 components is excluded. The incoming SR is very collimated and dff;" =
These assumptions lead to L = 1 and certain restrictions in the indices of the sum:

AW (Fourt) = %22 37 B}y - Dy (8081) - G5 (1) D (Suy80) - 45 (7.4)

2, A=0,2
q’:O,:l:Q
a4
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Figure 7.2: The angles and co-ordinate systems used to present the SR-PAC theory.
The transition amplitudes B ;, and A5 = Ay, _, are given by [Ser05]
By, = A (7.5)
* A+2)!
Biiy = i —EAJ:Q%; Ay (7.6)
L L X\ L L X\
Ay = (DTt RL+ 1)+ 1)(21 + 1 7.7
A ( ) ( +_ ) \//( 4_ )( e +_ ) 1 __]7 0 1; __]é ‘[g ( )
where Wigner 3j-symbols and 6j-symbols are employed, see [Var88] for example.
The summation over ¢’ can be executed, using a co-ordinate transformation for DY (Sin—Shy)

aq
that is split into two rotations [Ser05]. The first transformation rotates into a co-ordinate system

with the z-axis vertical. The second one rotates from this new intermediate co-ordinate system to
the co-ordinate system of the hyperfine interaction Sy . Then, the summation over ¢’ simplifies
to:

3" By DO (si584/) = pads - DY) (80-84)) (7.8)
ql

where py = 1 and —2 for A = 0 and 2, respectively. This leads to:

AW (Fourt) = et N pyAVA - GO (1) - D) (80-847) - DY) (815Soue) (7.9)

X\, 1=0,2
q,9

The factors Gi‘%\(t) which describe the hyperfine interactions are diagonal in their indices
for many experimental conditions. This is true in particular for magnetic dipole and axially
symmetric electric quadrupole interactions [Ste75] and even for powder samples regardless of
axial symmetry [But96]. Using this restriction, one obtains

A
AW (fouet) = et 57 pu 434y 7 GI(8) - DS (80-58ns) - DLy (815 -80ur) (7.10)
A=0,2 qg=—A

We introduce the anisotropy coefficient Ayy = Ay A) and can execute the first sum easily:
2

o onu
AW (Fouet) = — L1 - 245 Y GH(1) - D) (S0-8ns) - Dl (Sny-+S0ue) (7.11)

™

q=-—
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where the fact was used that Agy = 1, G} (t) = Goo(t) = 1 and that D(()E]\)(a,ﬁ,'y) = Py(cos f)

and thus D(()?])(Soashf) D(()%)(Shfasout) = 1. Py(z) are the Legendre polynomials. To evaluate
equation 7.11 further, more details have to be known about the hyperfine interaction. The
two cases of isotropic hyperfine interactions and of an external magnetic field will be treated
separately.

7.2.2 Isotropic hyperfine interactions

It can be shown [Win83], that in the case of isotropic hyperfine interactions (electric or magnetic)
and averaging over all intermediate co-ordinate systems, equation 7.11 further reduces to

A€y,
AW (Fpurrt) = ?t [1 — 2459 Gaa(t) Py(cos )] (7.12)

where 6 is the angle between the incoming SR and the detector direction. The Legendre polyno-
mial is P (cosf) = +(1 + 3 cos26). For axially symmetric hyperfine interactions, Gy (t) is given
by [But96]

1 I, I, k (B — Epp )t
Grr(t) = —_ 7.13
(1) 2k +1 * Z (m’ -m m—m’) cos h (7.13)

m#£m/
As transitions with Am = 0,+£1 are allowed, this leads to two different possible frequencies in
equation 7.12; see figure 2.8. As the lifetime of ®'Ni is quite short as compared to the frequencies

appearing in equation 7.13, this interplay of two different frequencies is not very convenient.

However, investigations of relaxation effects in glasses that show only electric quadrupole
interactions can be studied with great success using this approach and 5“Fe as the nuclear probe
[Ser03, Ser04, Ser05]. The influence of relaxation modifies the functions Gyy.

7.2.3 External magnetic field Em

In applying an external field perpendicular to the wavevector Ein of the incident SR, transitions
with Am = 0 are not allowed. Unfortunately, the case of isotropic hyperfine interactions of the
preceding chapter 7.2.2 can not be applied.

The perturbation factors for a static magnetic hyperfine interaction which is axially sym-
metric around the direction of an external magnetic field is given by [Ste75] as:

G (1) = 75" = DY) (quit, 0,0) (7.14)

Thereby, the direction of the external field defines the z-axis of the co-ordinate system Sj ;. The
Larmor frequency wp is given by wp = —24%By,¢, if Boyy < Bpy. In equation 7.11, this leads
to the following sum over ¢ [Ste75]:

2
3" D (80-817) DS (qwst0.0) D\g) (Sn5-580ut) = DSy (So-8(-wnt)+S0ut) = Pa(cosn(t))  (7.15)
q=-2

where cos7(t) is given by:

cos 1)(t) = cos By cos Oyyy + sin Oy sin Oy - c0S(Pour — ho — wpt) (7.16)

The result of equation 7.15 together with equation 7.11 leads to:

QOU
AW (Kout,t) = % [1 —2Ag9 - Pa(cosn(t))] (7.17)
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7.2.4 Special orientations of the external magnetic field Bﬁm

If the magnetic field is parallel to the vertical axis zy or parallel to l;out, then either 8y = 0 or
Oout = 0 and the second term containing the sine-functions is zero. Thus, no time dependence
remains and cosn(t) = cos #, with 6 being the angle between the vertical zp-axis and Eout. This
arrangement is depicted in on the right side of figure 7.3. It is not suited to measure the magnetic
hyperfine field Bjy. The measured intensity is given via

onut

AW (kour,t) = I [1—2A9 - 1(1 + 3cos6)] = const. (7.18)

and accordingly
t
I(t) =1,e 7 - const. (7.19)
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Figure 7.3: The experimental arrangement when applying an external field. To the left and in the middle,
Byt L zo and Byt L kout. To the right, Begt||z0.

If the magnetic field B,y is set perpendicular to the vertical axis zy and perpendicular to
Eout, then 8y = 04, = 90°and n(t) simplifies to

n(t) = dout — ¢po —wpt = ® —wpt (7.20)

where @ is the angle between zg and Eout. This situation is depicted on the left side and in the
middle of figure 7.3. The Legendre polynomial with this conditions can be calculated to be

Py(cosn(t)) = 1(1 + 3cos(2® — 2wp t)) (7.21)
and 40
AW (Fpurrt) = ;“t [1— 2495 - 1(1 + 3cos(20 — 2wp t))] (7.22)

If the detector size is sufficiently small, we can consider dW to be constant over the spatial
range of the detector and the integral in equation 7.2 can be evaluated immediately.

AQ
I(t) = I,e 7 - 2oout

- [1— 249 - 1(1 + 3cos(2® — 2wp t))] (7.23)

This equation can be rewritten as

t

I(t) xe 7 [1 — K cos(2® — 2wp t)] (7.24)

with K = Z{Aj; being the experimentally observable contrast. The last equation is exact only

for an infinitesimal small detector.

In fact, an optimum distance and size for the detector has to be found to maximise countrate
without loosing the contrast of the modulations. The modulations average to zero, if the whole
solid angle of 47 is detected.
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7.3 Measurements
For 5'Ni, the transition takes place between a ground state of angular momentum I, = % and
the excited state with I, = % The resulting anisotropy coefficient is Agy = % = 0.14. Equation
7.24 reduces thus to .

I(t) xe 7 [1— o= cos(2® — 2wp )] (7.25)

To verify this behaviour and to obtain an alternative measure for the magnetic hyperfine field
of 6INi, different experimental arrangements have been realised, using the ID18 beamline at the
ESRF in 16-bunch mode.

A 20 times fold 85 % enriched ®'Ni-foil of 20 um thickness was irradiated at an incidence
angle of around 10°. Its temperature was 300 K. The Lamb-Mossbauer factor of 5'Ni at this
temperature using the Debye model and a Debye temperature of Op =390 K is fr,, = 0.003, see
chapter 2.1.2. NFS is completely negligible in this case and will not perturb the time evolution
of the decay. At elevated temperatures like room temperature, SR-PAC is thus the only nuclear
resonant scattering method that can be applied for 6'Ni.

The monochromatisation of the SR was performed using the high heat load monochromator
in the Si (333) reflection. A copper sheet of 1 mm thickness blocked the radiation transmitted
via the Si (111) reflection of the high heat load monochromator, for details see chapter 6.3
and figure 6.2. A standard 10x10 mm? large APD detector was used together with fast timing
electronics that prevented counting during the first 7 ns after the prompt signal. The detector
was placed at a distance of approximately 15 mm from the sample as a compromise between a
reduction of solid angle and a high countrate. A sheet of 1 mm aluminium protected the detector
from X-ray fluorescence radiation consisting of the 7.5keV and 8.3keV K, and Kpg electronic
emission lines of 5'Ni. This X-ray fluorescence radiation follows the decay of the excited nuclear
level if the decay channel of electronic conversion is taken, i.e. a K-level electron is ejected. The
probability for this process is Q_La = 0.12. Thus, 88 % of the excited ®'Ni nuclei emit 67.41 keV
photons. However, see figure 4.22, the detector efficiency at 8keV (= 77%) is much higher
than at 67.41keV (=~ 1%) and the detection of the X-ray fluorescence radiation would reduce
significantly the observed contrast. The aluminium sheet transmits only 1.7-107* % of photons
having the energy of 8 keV and 94 % of photons at 67.41 keV.

The results for three different geometric arrangements are shown in figure 7.4. The left
column shows the total counts as a function of time, the right column shows the part cos(2® —
wpt) describing the modulation. In the top timespectrum, the geometry shown in the left panel
of figure 7.3 is realised with the magnetic field applied in the horizontal plane and perpendicular
to the incoming beam. Under this condition, Am = 0 transitions can not be excited. Only one
frequency is measured in the time evolution of the spectrum. In the middle timespectrum, the
setup shown in the middle panel of figure 7.3 is realised with the magnetic field parallel to Em
and the detector in the plane perpendicular to the magnetic field at the sample. Transitions
with Am = 0 do not emit radiation into this plane with this external magnetic field. Again, one
frequency is visible in the time spectrum. In the bottom timespectrum, the external magnetic
field was applied vertically as seen on the right side of figure 7.3. In accordance with equation
7.19, no modulations on top of the exponential decay are visible in this case.

The typical counting time per spectrum was about three hours. In each spectrum, 30 MCA
channels have been added, leading to one data point per 3 seconds. The bottom time spectrum of
figure 7.4 was fitted to an exponential decay plus a background andtwithout the oscillatory term.

The other spectra have then be fitted with the function I(t) = e = (1 — K cos(2® — 2wpt) + ¢
with 7, K, ®, wp and c as free parameters. The fits covered the time range from 15 to 160 ns.

The results for the contrast ranged between K =0.121 and K = 0.129, significantly lower
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Figure 7.4: SR-PAC measurements with 6! Ni and an external magnetic field applied in various directions.
The detector is placed perpendicular to both the incoming beam and the magnetic field.

as the optimum case of K = 311 = 0.226. This is understandable, as the finite detector size,
10x 10 mm?, together with the rather small distance to the sample, 15 mm, causes an averaging
over several angles. The results for 7 have been in perfect agreement with the value 7.4(1) ns as
obtained in chapter 6.3.

The external magnetic field has been only a small alignment field of some tens of mT. We can
neglect it in the calculation of wg. The obtained fit parameters for wp ranged between 65 and
67 MHz with the average value being wp = 66(1) MHz . The period of the cosine modulation
as seen in the timespectra is related to wp via Tegp = 27 /wWezp = 7/wp = 47.6 ns. The relation
between the Larmor-frequency measured with SR-PAC and the magnetic hyperfine field is given
by

By = ws _ Rwsle Ly g, = M

gellN [he pnIe
The values for the nuclear parameters can be found in table 3.1. One obtains Bj,;="7.18(11) T.
This result is in fair agreement with the value of Bj,y =6.87(2) T obtained at room temperature
as the average of two solid state NMR measurements [Str63, Rie77]. When comparing the
frequencies as measured by NMR. with those obtained with SR-PAC, one has to be careful that
NMR measurements reveal the splitting of the ground state, and SR-PAC measurements the
splitting of the excited state. Evidently, the Landé g-factor is different for the excited and the
ground state.

(7.26)

In figure 7.5, different angles ® have been arranged with the experimental setup as shown on
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Figure 7.5: SR-PAC measurements with 61 Ni and an external magnetic field in the horizontal direction
perpendicular to k;,. The detector is in the plane spanned by k;, and the vertical axis, see figure 7.3.
Equation 7.25 applies.

the left of figure 7.3, i.e. in all cases, the magnetic field was in the horizontal plane perpendicular
to the incoming SR. The detector was in the plane perpendicular to the magnetic field. In the
top timespectrum, the detector was below the sample, i.e. ® = 180°. The other two time
spectra have been measured at the same time with two detectors forming a 90°angle. Thereby,
one detector was placed at ® = 180° —45° = 135° below the vertical axis, the other one at
® = 180°+45° =215°. The spectra could be fitted with ®; = 155° and ®p;; = 229°. As the
difference is only 74°, probably the whole detector set was placed too far below the sample.
Also, it seems to be shifted to higher angles. These alignment problems can explain the small
deviations of ® ;.

7.4 Discussion

The results presented in figures 7.4 and 7.5 are clearly in accord with the formulas of SR-PAC
for magnetically ordered samples presented in chapter 7.2. The magnetic hyperfine field of 6'Ni
could be measured with this method at room temperature, where the Lamb-Mdossbauer factor
is vanishing and nuclear forward scattering is not feasible.

However, the magnetic hyperfine fields Bj,; as obtained with the NLE at 180 K and with the
method of SR-PAC at 300K differ by more than the temperature dependence of spontaneous
magnetisation or hyperfine splitting predict, and the SR-PAC value at 300 K is even larger than
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Figure 7.6: Comparison of NLE and SR-PAC data with literature values. Black diamonds [Rie77] and
open circles [Str63] are NMR measurements.

the NLE value at 115 K, contrary to common sense. A comparison of the results presented here
obtained with the NLE and with SR-PAC together with literature values is given in figure 7.6.

The fact that one measurement (SR-PAC) lies above and the other measurement (NLE)
below the line of literature values following the typical temperature variation given by equation
3.2 could indicate remaining problems with the precision of the measurements presented here.
In both cases, SR-PAC and NLE, the sample was build from the same foil, so impurities or stress
effects would likely act similar at both temperatures, having both our data above or below the
curve given by [Str63] and [Rie77]. If however the literature values of the nuclear magnetic
moments y, of the ground state and p, of the excited state are slightly wrong, this will change
the different obtained values, too. The NMR values lead to the magnetic hyperfine field using
Bys = hwpl./pg and require knowledge of y1y. The SR-PAC measurements lead to a value for
the magnetic hyperfine field via B,y = hwpl./p. and require knowledge of y.. The adopted
literature values are 11,=-0.75002(4) pn [Fir96, Bha99] and ;,=0.480(6) un [Fir96], based on
Méssbauer effect measurements [Lov71, Gor71l]. In the analysis of the NLE time-spectrum,
both values intervene. An increase of p. to ., = 0.503 uy would achieve coincidence between
the SR-PAC measurements presented here and the NMR values. However, this is outside the
error of the Mdssbauer effect measurements by [Lov71] and [Gor71]. Furthermore, this value for
te used in the fit of the NLE times spectrum shown in figure 6.7 would decrease the obtained
value for the magnetic hyperfine field instead of raising it. Thus, p, would need to take the
value of -0.64 u, definitely wrong and affecting the NMR result, loosing the desired coincidence
between the SR-PAC and NMR results. To assume an error in ji, or pg4 is thus not helpful.

Nevertheless, the discrepancies between the literature value of By and the results presented
here are still small, i.e. less than 10%.



Chapter 8

Nuclear resonant scattering with
high energy Mossbauer transitions

8.1 Experimental milestones

So far, a variety of Mdossbauer isotopes has been addressed with synchrotron radiation. Table
8.1 summarises them together with the used method.

nuclei [ Eo [eV] 7 [ns]] NFS  NBS NLE [ N-Fluo NIS SR-PAC
"™ITa [ 6214 6800 [Chu95]

169Tm | 8410 5.8 [Stu91]

83Ky 9403 212 [Joh95] [Bar95] [Zha02]

5TFe 14413 141.1| [Has91] [Ger85] [R6h00c] |[Ber94a] [Set95, Stu95] [Bar96, Ser04]
51Eu | 21541  14.0| [Leu96] [Koy96] [Leu97, Bar04a]

199m | 22496  10.7 | [Bar04b] [R6h01c] | [Kit00]

'19Gn | 23880 25.7| [Alp93] [R6h01d] | [Kik94] [Chu98b]

151Dy | 25651  42.0| [Shv01] [Koy96] [Chu01, Shv01]

97 1 27750 23.1| [Kit03] [Kit03]

0K | 20834 5.9 [Set02] [Set00] [Set02]

121gh | 37147 5.0 | [Wil04b) [Kit00]

1271 | 57610 2.8 [Yod02]

6IN{ 67415 7.4 this thesis | [Wil02] this thesis
YTAu | 77351 2.7 [Kis00]

Table 8.1: NFS = nuclear forward scattering. NBS = nuclear Bragg scattering. NLE = nuclear lighthouse
effect. “N-Fluo” stands for nuclear fluorescence and means the detection of the inelastic, incoherent decay
channel without pushing the setup to observe the phonon density of states or hyperfine interactions via SR-
PAC. NIS stands for nuclear inelastic scattering and means in particular energy resolved measurements
of the density of phonon states. SR-PAC = synchrotron radiation based perturbed angular correlation

8.2 Overview of Mossbauer isotopes

The following figure 8.1 displays the family of Mossbauer isotopes with transition energies be-
tween 5 and 95 keV and halflifes between 1 ns and 10 ps. Small grey circles represent the
isotopes examined with the standard Mossbauer effect. Empty large circles are isotopes that
have been excited with synchrotron radiation and the nuclear fluorescence was detected. Full
large circles are isotopes investigated further with synchrotron radiation, e.g. NBS, NFS, NLE,
NIS and SR-PAC. Radioactive isotopes are marked by a star or an empty circle.

135
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Figure 8.1: Mdossbauer isotopes having a transition energy between 5 and 95 keV and halflifes between
1ns and 10ps. Radioactive isotopes have a halflife above one year.
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nuclei EO r /Bnat a Ig Ie oo ®D Ii(li/?K q);Dls IN—Fluo ISRJ?AC IAII\IOIEJEK

[keV] [ns] | [%] [10~**m’] | [K] [T 7' | [s77] [10%m'sT]
5TFe |14.413 141.5| 2.2 82 Y% 24 256.0 [420 0.896 1.08:10° 1.0-10° | 2823. 5.47-10°
19Tm | 8.410  5.9(100. 268. W% %% 2578 |167 0.942 6.23.10% 2.7-10° | 2476. 1.57-10°
19%n  |23.871  25.6| 8.6 512 Y% 3% 140.3 |170 0.513 1.37-10° 1.1-10° | 4609. 5.85-10%

133Ba* [12.29 11.7| 0. 110. % %% 2919 |110 0.696 2.17.10% 1.3-10° | 2980. 5.46-108
1870g 9.75 34| 1.6 | 264. % 3% 19.44 |375 0.982 3.82:10° 8.9-10° | 840. 3.25-10%
83Ky 9.40 212, | 11.5 19.6 % % 107.5 72 0.459 8.7810* 8.6-10*| 958  2.09-108
1py  [25.652  42.0| 18.9 29 % % 9533 |186 0.617 6.30-10" 5.6-10" | 2624. 1.94-108
181y 6.24 8728. | 99.99| 70.5 % 2% 109.9 |225 0.982 9.51.10% 9.5.10%| 122 1.11-108
151py  [21.531 13.8| 47.8 286 % % 2375 |115 0.407 3.65-10° 2.6-10° | 921. 2.38-107
27TAc* |27.37 55.3| 0. 45 % 2% 59.39 [100 0.283 4.00-10* 3.7-10* | 1064. 1.03-107
149gm |22.496 10.4| 13.8 50. % % 7.11 |166 0.610 4.28-10° 2.6-10°| 92.9  4.95-10°
1215y |37.15 5.0| 57.2 111 % % 1954 |211 0.343 1.40-10° 5.1-10*| 455. 2.31-10°

1297 27.75 23.1| 0. 51 % % 39.07 |106 0.129 8.93.10% 7.3-10*| 214. 1.85-10°
137a* 110.56  128.4| 0. 122. % % 13.35 |142 0.853 1.23-10* 1.2-10* 1.73  1.53-10°
125Te  [35.5 22| 7.1 136 X% 2% 26.60 |153 0.181 4.02-10° 3.9-10" | 662. 8.92.10°
1340g* 11.23 65.9| 0. 906 4 5 25.89 | 33 0.0392 |3.95-10° 3.7-10° | 347. 3.78-10°
6INi | 67.412 74| 1.14 0.135 2% 24 71.16 [400 0.0894 |6.80-10® 3.6-10 | 438. 1.44-10°
ZTNp* 159.54  96.7| 0. 1.1 3% 3% 3094 |187 0.174 1.01-10° 963 78.6  2.81-10%
18905 169.53 2.3] 16.1 80 %5 % 842 |[375 0.400 1.74-10* 2.1-10®| 319  2.33-10*
BGe |68.75 25| 7.7 08 % % 23.01 [360 0.0848 |[1.77.10* 2.4-10%| 30.9 9.23.10°
1937y 73.04 8.8| 62.7 6.5 3% % 3.06 [420 0.435 3.92:10° 2.2.10% 0. 3.92.10°
18705 | 75.04 31| 1.6 148 Y% 5% 3.77 |375 0.341 8.72.10% 1.810%| 145 2.90-10°
BGe |13.27 4260. 7.7 11095. % % 0.76 |360 0.912 4.38.10° 4.4-10° 0.14 2.11-10%
23 Am* 84.0 3.4| o. 03 2% % 2588 [200 0.0497 |3.13.10%° 712 97.0  1.1810°
164py  |73.39 3.4| 282 93 0 2 2205 [186 0.0207 [9.60-10° 2.3-10%| 78.0 469
1911y 82.40 59| 37.3 107 % % 1.54 |420 0.343 2.25:102 961 0. 267
M5pm* |61.25 3.8 o. 6.4 % % 11.75 |160 0.0176 |2.12:10* 5.7-10%°| 81.6 242
0Er | 78.68 2.71 14.9 73 0 2 2344 |195 0.0182 |6.74-10%° 1.1.10®| 46.3 197
168Fr  179.80 2.7| 26.8 71 0 2 2372 |195 0.0165 |6.47-10° 1.0-10°| 45.1 157
“Ru |[89.36 20.6| 12.8 1.5 % % 812 |430 0.0955 232 196 0.78 118
160Gq | 75.26 3.9| 21.9 74 0 2 2569 |176 0.00974 |6.74-10% 1.9-10®| 78.9 116
176 | 88.34 21| 5.2 59 0 2 2271 |227 0.0259 |[3.72:10° 329 17.0 114
166Er  180.57 2.6| 33.6 69 0 2 2386 [195 0.0145 |6.20-10° 924 41.7 111
Z1pa* 84.22 65.1100. 1.8 3% %% 480 |275 0.163 157 145 2.21 88.6
157Gd |63.93  664. | 15.7 097 % % 2320 |[176 0.0331 118 117 4.24 68.8
180Hf | 93.33 2.2| 35.1 4.7 0 2 2464 |227 0.0185 |2.45.10° 243 15.2 50.7
162Dy |80.66 3.2| 255 655 0 2 2491 [186 0.00874 [5.0810% 1.1-10%| 49.7 49.9
178Hf 1 93.18 2.1 27.3 4.6 0 2 2517 |227 0.0180 |2.50-10° 240 15.3 49.2
158Gd | 79.51 3.6| 24.8 6.0 0 2 2765 [176 0.00536 |4.96:10° 1.3-103| 64.0 27.6
1Dy | 74.57 45| 18.9 065 2% % 6.75 |186 0.0169 |6.34-10° 2.1-10° 4.78 274
163Dy | 73.44 2.2 24.9 84 % %  6.44 [186 0.0201 |1.52.10" 1.5.10%| 17.4 25.6
160Dy [86.79 29| 23 45 0 2 29.53 [186 0.00386 |3.06:10° 550 35.7 7.13
63Ni* | 87.13 2409. 0. 099 X% %% 4840 [400 0.0201 3.61 3.61 0.52 3.41
1645 1 91.40 21| 1.6 42 0 2 2816 |[195 0.00403 |2.47-10%° 234 16.0 3.00
154g9m | 81.99 44| 22.7 5.05 2 30.08 |166 0.00173 |3.19-10> 1.0-10®| 59.8 2.74
197Aw | 77.35 2.8100. 43 % % 3.86 [165 0.0114 |[7.49-10% 1.2-10° 0. 2.36
155Gd | 86.55 9.4| 14.8 043 2% %% 33.96 [176 0.00182 976 573 55.5 2.19
156Gd | 88.97 3.1| 205 39 0 2 3154 [176 0.00132 [2.35:10° 458 33.3 0.791
MANd |67.25  42.4| 8.3 6.1 % 2% 3.8 |157 0.00645 |1.26:10° 1.1-10° 3.16  0.678
40K*  129.83 6.1 0.01 6.6 4 3 2897 | 91 4.7.107°|2.84.10° 1.3-10®| 330. 0.230
1277 57.6 2.8(100. 3.8 % % 2049 [106 1.3.107%|4.46.10* 7.6-10% | 168. 0.0527
7y | 76.47 2.6| 31.8 94 0 2 2012 |[118 8.6-107°(8.6810% 1.3-103| 43.0  0.00374
71yh | 75.88 24| 14.3 78 Y% %% 1449 |118 8.5-107°|1.02-10* 1.2-10®| 39.9  0.00185
13812 |72.57  167.4| 0.09 641 5 3 399 |[142 5810~*| 211 204 1.17  0.00108
129%e  |39.6 14| 26.4 123 Y% 3% 2347 | 64 1.4107°|3.60-10° 1.0-10*| 190. 0.00101
172yh | 78.7 24| 21.9 85 0 2 2079 [118 4.4.107°(8.14.10° 996 37.4 831071
MTPm* | 91.0 3.7] 0. 22 % % 6.93 [160 1.5.107*|1.55-10° 385 217 4.3.1074
176yhH | 82.13 25| 12.7 7.1 0 2 2241 [118 2.3.107°|5.40-10° 754 33.2 2110
677n  ]93.31 13200. 4.1 0.89 2% Y% 496 |[305 0.00157 | 0.401  0.40 0. 2.4.107°
0vh | 84.26 23| 3.1 8.1 0 2 18.94 |118 8.9.107%|4.41.10®> 505 19.8  1.4-107°

168yh |87.73 21| 0.13 543 0 2 24.72 |118 2.9.107°%|3.87.10° 367 204 1.810°°
1330s  [81.0 9.1 100. 1.7 % %% 1036 | 33 21077 |1.72:10° 989 6.59 4.107 43

Table 8.2: Properties and accessibility of Mdssbauer isotopes shown in figure 8.1
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The information of the preceding table 8.2 has to be explained: The * character indicates
a radioactive isotope having a halflife of more than one year at least. Energy Fjy, lifetime 7 of
the excited state, natural abundance of the isotope (4, conversion factor «, nuclear angular
momentum of the ground state I, and the excited state I, do not need further explanations.
The data of these columns is based on [Fir96] apart of the values for a [Ste73, NDS]. The
maximum nuclear cross section og is given by equation 2.31. It has further been multiplied
with the branching ratio concerning the decay of the excited level, if there is the possibility of

a radiative decay into an intermediate level. This ratio is less than one only in a few isolated
cases (1°7Gd, 1Dy, 1870s, 231Pa, 23"Np and 2*3Am).

For an estimation of the feasibility of NFS and NLE experiments, the Lamb-Mdssbauer fac-
tor plays a crucial role. It depends on the energy of the transition and the Debye temperature
Op, 2.21. The latter can vary over a huge range depending on the sample where the nuclei are
embedded in. However, as the aim is only to get an estimation, a pure sample is considered.
Thus, O p is the Debye temperature for a solid containing only the corresponding element [Kit96]
or if possible at 100 K if data was available for that temperature. 100 K is the actual low temper-
ature limit of the lighthouse operation and was chosen therefore. With the Debye temperature
and using equation 2.21, we get the value of column f!%’¥ for the Lamb-Mdossbauer factor. In
compounds, such as oxides, the Debye temperature and thus the Lamb-Ma6ssbauer-factor might
deviate significantly from this value. 133Cs suffers most from this simple calculation, having a
Debye temperature in the pure metal of only 33 K, far below the lighthouse operation temper-
ature of 100 K. Taking different compounds into account was nevertheless omitted, due to the
huge number of possible compounds. Further, the dilution of the nuclei in a compound leading
to a more rigid solid might also decrease the obtained NFS or NLE intensity.

The next column is again unambiguous. ®{'® is the spectral flux at the ESRF beamline ID18
obtained with the three 32 mm undulators, a storage ring current of 80 mA, passing through a
slit of 2 mm horizontally times 1 mm vertical placed at a distance of 31 m, which is the place
of the high heat load monochromator [Cha04, for flux over 0.1% bandwidth]. Spectral flux,
because it designates the flux in a certain energy band, which is here the natural width T'y = 2

p=
of the excited nuclear level.

The column I™F"° stands for nuclear fluorescence and considers the detection of decaying
nuclei emitting radiation in 47 containing photons having the resonance energy and fluorescence
radiation. It is simply the spectral flux ®{°'® times a factor e~ "7, This factor considers an
exponential decay of intensity and a detector that is available only 5ns after the excitation of
the nuclear levels by the synchrotron flash. Just the part e=""V7 is seen after 5ns. Thus:

[¥Ee | oS o= (8.1)

If the sample is thick enough, and we neglect electronic absorption in that sample, og is of
no importance. In other words, we assume the nuclear cross section to be much bigger than
the electronic absorption cross section. In a few cases, like >Ge at 13.26 keV, this might be
wrong, but in general it seems ok. The collection of all delayed quanta after 5ns is considered,
neglecting detector efficiencies and the solid angle that this detector covers. The solid angle
is independent of the considered isotope. The detector efficiency could of course be taken into
account, but would restrict us to a certain detector choice. Therefore, it was omitted.

The next two columns are meant as an indicator to estimate the accessibility of a certain
isotope with nuclear resonance investigations, in particular SR-PAC and the NLE. They are by
no means more than an estimation! They are based on many approximations, but must contain
some truth nevertheless, as isotopes already addressed in nuclear resonant scattering are found
in the top places. The column I®®P2¢ concerns the feasibility of SR-PAC. It uses a similar
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evaluation as used in column INF'°, However, photons emitted by the nuclei after internal
conversion processes are excluded, see chapter 7.1. This implies a multiplication with a%_l In
chapter 7.2, the time spectrum of a decaying ensemble of excited nuclei as measured by a SR-
PAC experiment has been calculated for nuclear transitions of multipolarity 1. Both for random
hyperfine interactions and magnetically aligned samples, the measured intensity containing the
hyperfine interaction information included the factor Ass = Ay - As, the anisotropy. This factor
can be easily calculated following equation 7.7 and covers values between 0.357 and 0. Taking
all factors together, we have:

_5ns
[SRPAC | pIDIs o= o%i—l - Ago (8.2)

For M2 and E2 transitions, further anisotropy terms contribute, too. Therefore, the limitation
to Ago in these cases is risky. In these cases, the obtained value is displayed in grey colour
and slanted in the table. The SR-PAC intensity is independent of the Lamb-Mdssbauer factor
and therefore to a large degree temperature independent. Of course, SR-PAC investigations are
easier to analyse in the case of vanishing f;,;, which means sometimes higher temperatures.

The last column concerns the nuclear lighthouse effect and might give an idea, which isotopes
could be addressed in future. This is the key interest of the table. The value cited is a product of
four factors: The spectral flux ®[°'® designates the available flux incident on the sample having
the right energy. Angular acceptance considerations of the high heat load monochromator or
absorbing windows are neglected. A compound reflective lens might be needed. The following
two factors concern the nuclear lighthouse effect in particular: the signal is proportional a% fEL
The NLE is a coherent scattering process and quantum beats and dynamical beats have been
discussed in detail in chapter 2. To calculate in detail the time behaviour of this complicated
decay would have been unfeasible for this table and the many isotopes. A rough approximation
of the time integrated intensity seen by the detector starting 5ns after excitations is again
quantified by the factor e "7, This clearly takes account of the fact, that the decay of an
isotope with a small lifetime will lead to larger losses due to detector deadtime (due to gating
of the signal) than an isotope with longer lifetime. In the end, one has

~ _5ns
IllquaEK ~ (I){“Dls : U(% ' fEM e " (8'3)

The table is ordered with decreasing fTOL()‘"i( No surprise, °"Fe is in the top position, followed by

all other isotopes employed by nuclear resonant spectroscopy with synchrotron radiation (except
40K) and some intrusions: the radioactive isotopes 3Ba, 227 Ac, ¥"La, 13*Cs and the short lived
isotopes 1870s and '?*Te. A detailed discussion about the feasibility of applying the NLE or
SR-PAC to investigate a certain isotope is found in chapter 8.3.

8.3 New Mossbauer isotopes to be addressed with SR

8.3.1 NLE isotopes

The last column of table 8.2 was obtained using many assumptions, as mentioned already in the
preceding chapter. The point which is the most problematic is the value of the Lamb-Md&ssbauer
factor. It depends both on the energy and the Debye temperature and cannot be easily split
into two parts, one containing the energy, the other one the Debye temperature. Therefore,
the discussion of the isotopes that can be addressed with the NLE will first consider the final
result as obtained with the Lamb-Mdssbauer factor of the pure element. However, a few other
isotopes that suffered a lot from the low Debye temperature or are otherwise noteworthy will be
included, too.
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Isotopes with transition energies below 30keV can be perfectly addressed with NFS and NIS
using high resolution monochromators. There is principally no need to use the NLE there. In
practice however, there are a few exceptions. The first one is the °"Fe transition. As the nuclear
parameters of ®"Fe (see table 8.2) are so favourable for coherent nuclear scattering, the NLE
permits with certain ’Fe samples to work in any filling modes of the synchrotron, especially
2. Y3 or uniform filling, and this despite the presence of SAXS.

The second exception are isotopes with very long lifetimes. Although fitting programs like
Motif and CONUSS take the filling structure of the storage ring into account, if the lifetime is
much larger than the SR pulse repetition rate, problems arise. The beat structures at late times
can be spoilt by the decay of nuclei excited by a following bunch. This concerns ¥ Ta with a
lifetime of 8728 ns, which has already been addressed with NFS, and "3Ge with its 13.23 keV
transition and a lifetime of 4260 ns, unused so far. The gap between two filled bunches in 16
bunch mode is 176 ns and 2816 ns in single bunch mode. SAXS is quite high at low energies, but
the advantage of long lifetimes is the possibility to deviate the delayed quanta via the NLE far off
the beam axis, where SAXS becomes smaller and smaller. The countrate of a NLE experiment
with the 13.23keV transition of "3 Ge could be at the lower limit of feasibility. It is much lower
compared to other Mdossbauer isotopes in this low energy range as a result of its tremendous
internal conversion factor a. The value I N2 of ™Ce calculated according to equation 8.3 is
already 50 times smaller than the one of 5INi.

The last exception is due to the simple universal implementation of the NLE as compared
to the construction of individual high resolution monochromators for NFS. If no high resolution
monochromator is yet available for a certain isotope, the NLE might be used. At ID18, this
concerns #70s, 199Tm and 83Kras well as the radioactive isotopes *3Ba, 34Cs, 13"La and 22" Ac.
The danger of a rotor breakdown while spinning a radioactive sample will be treated later. '87Os
with its low energy and the high Debye temperature and high Lamb-Mdossbauer factor even at
room temperature might be a interesting candidate to be used in a 2.5 mm stator/rotor system
that allows frequencies up to 35 kHz without cooling. This might allow to address more easily
the early times of the decay of this short lived isotope as with the standard NFS experiment.

Traditional NFS becomes more complicated at energies above 30 keV, the reason being the
angular acceptance of the Bragg reflections needed for a high resolution monochromator. There
is the possibility to extend NFS to energies up to say 50 keV using backscattering reflection in
the design of the high resolution monochromator. This needs highly perfect and thick single
crystals of silicon, or better sapphire, as it has more possible reflections close to 90 degrees.
The crystals need to be thick, because the extinction length at high energies becomes more and
more pronounced. This sort of monochromator has recently been applied to '2'Sb [Wil04b] with
its transition at 37.15 keV and worked very well. In the same energy range lies the 35.5keV
transition of '?°Te. Unfortunately, its lifetime is very short, 2.2 ns. Still, the countrate to be
expected after 5 ns is even higher than in the case of °'Ni, which has successfully been used with
the NLE. It is therefore a future candidate both for investigations with a backscattering high
resolution monochromator as well as the NLE.

The next isotopes showing a Madssbauer transition and a lifetime above 1 ns follow only at
above 57 keV. At these energies, even backscattering monochromators run into difficulties, as the
extinction length increases and perfect crystals in these dimensions are needed. As an example,
using a sapphire (16 31 54) backscattering reflection for the 67.41 keV resonance of ' Ni, a crystal
thicker than 4 cm would be needed (the extinction length is 3.9 cm) and still only reflect 4.5 %
of the incoming beam [Wil04b]. The NLE is so far the only method to address these transitions,
if we exclude SR-PAC for now. %'Ni was the first isotope to be studied in this range.

Likewise, 23"Np, 1890s, '?3Ir and a second transition in “3Ge have transition energies between
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55 and 75keV and follow %INi in the placement of table 8.2. None of these elements has been
used in NRS experiments with SR yet. Especially the 59.54 keV transition of ?*’Np is of
interest. Together wit 2?"Ac, they are the only actinides with reasonable nuclear parameters
allowing for NRS with SR. Actinides and actinide-compounds are extremely interesting due
to their magnetic properties arising from the unfilled 5f electronic shell. There are several
recent works on Méssbauer-spectroscopy with the 23"Np isotope [Col04, for example]. Due to
the long lifetime of the excited state, separation from SAXS might be feasible even without
timing. On the other hand, exploding rotors have to be excluded, as it would be undesirable
to have radioactive sample parts distributed in the experimental hutch after a failure of the
stator-rotor system. The halflife of the ground state of 23"Np is 2.14 - 10% years. 2*"Np is part of
the plutonium-neptunium decay chain. For 227 Ac, the halflife is only 21.8 years, which means a
higher radioactivity of a comparable amount of sample material and thus make handling more
dangerous.

The 69.53 keV transition of ¥ Os and the 68.75 keV transition of *Ge have not only com-
parable energies, but also lifetimes, 2.3 ns and 2.5 ns respectively. Both seem to be reasonably
accessible via the lighthouse effect, but 16 bunch mode and electronic gating of the prompt
SAXS is a must, due to the short lifetimes. Both samples have to be isotopically enriched. The
69.53 keV transition of Osmium is very attractive for investigations of electric quadrupole and
magnetic hyperfine interactions [Giit78]. It even gives the advantage to kill K3 background radi-
ation of Osmium with time gating, which masks the signal in traditional M6ssbauer spectroscopy
experiments.

Finally, the 73.04 keV transition of '3 Ir might be addressed, having the advantage of a quite
long lifetime of 8.8 ns, a high Debye temperature and high natural abundance. Unfortunately,
the maximum resonance cross section of this transition is quite small.

There is a huge number of rare earth Mossbauer transitions in the range around 80 keV.
Unfortunately, although the high interest in these elements concerning magnetism, the expected
signal after 5 ns is rather poor. The reason lies in the combination of the short lifetime of these
isotopes, the high energy of the transition and to a lesser extend in the modest Debye tempera-
ture of the pure rare earth metals. Compounds with a much increased Debye temperature could
improve the situation slightly.

There are a few more isotopes that catch the eye on figure 8.1. These are '°Gd, "Gd,
145Nd, '%3Cs and '*®La. Although the lifetimes are quite high, especially '*"Gd with 7 = 664 ns,
they might not be addressable easily with the NLE. The longer the lifetime is, the smaller the
resonance width and thus the available flux in this energy width. In none of these isotopes, this
small spectral flux is compensated by a high Lamb-Mossbauer factor. The Debye temperature
is moderate to small, especially for 33Cs where in the pure state, it is only 33 K. A compound
leading to much stronger bonds of the element in the lattice and thus a much higher Debye
temperature might class these elements higher in the table. But efforts to use the pure element
in coherent nuclear resonant scattering at 100 K will be in vain. For lanthanum and caesium,
the low energy isotopes seems more accessible. The halflifes of these radioactive isotopes is 6000
years for *"La and two years for '3*Cs.

8.3.2 SR-PAC isotopes

The analysis of the column I5%PAC ig not as ambiguous as the previous discussion, as the Lamb-
Mossbauer factor does not play any role anymore. The maximum resonance cross section does
not a play a role neither, if we assume that nuclear absorption dominates the electronic one and
if we have a thick enough sample, that all photons with the right energy will finally interact.
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However, high lifetimes and high incoming flux lead again to best conditions for low energy
transitions.

Among the most favourable isotopes for SR-PAC are '9Sn, 5"Fe and '1Dy. These isotopes
are regularly and easily addressed with NFS, unless the temperatures are high and the Lamb-
Mossbauer factor vanishes. Then, SR-PAC might extend investigations to higher temperatures.
The anisotropy is 0.25 for ®’Fe and ''?Sn and 0.183 for ''Dy.

169Tm and '¥3Ba should give high SR-PAC countrates, too. They have not been addressed
with NFS, yet, although 'Tm was used in a NBS experiment. SR-PAC measurements would
be easy to realise without needing the conception of high resolution monochromators (which
should be easy to implement, though). Their conversion coefficient is quite unfavourable, so the
detector should get some proper absorbers to diminish counts arising from decays via electron
conversion. For the radioactive '3*Ba, also the radiation following the radioactive decay would
have to be filtered. It’s halflife is 10.5 years. The anisotropy is 0.25 in both cases. 227Ac will
need filtering, too. It is also rather promising and has an anisotropy of 0.16.

I51Fy is the next practical isotope according to the SR-PAC column of table 8.2. It is again
a "standard” NRS isotope, so SR-PAC measurements would focus still at high temperature,
probably. The anisotropy is 0.107. '¥7Os follows. However, its very small lifetime might be
problematic if the expected modulation frequency is much larger. For $'Ni with its lifetime of
7.4 ns, the cosine like modulation with the period of 47.6 ns could hardly be seen completely.
Comparable countrate as for the 'Ni isotope should come from SR-PAC investigations with
1218h, The anisotropy is slightly smaller, namely 0.107. The lifetime is smaller, too, and the
same comment to the case of '87Os apply. Still, 2!Sb is not easily addressed with NFS and was
examined only very recently [Wil04b] with a backscattering monochromator.

Following the argumentation as above concerning the modulation frequency compared to the
lifetime, 25 Te seems to be out of reach for reasonable applications, despite the rather high value
obtained in the SR-PAC column. Its anisotropy is 0.25.

Slightly less countrates are expected from “°K and '?°I. Both isotopes can still be examined
with standard methods, see table 8.1. Both isotopes and ?*Cs with a similar countrate are
radioactive and their decay might lead to an increased background radiation, if no proper filters
are used. In all cases, the anisotropy is small, e.g. 0.02 for “°K, 0.018 for >°T and a slightly better
0.088 for '>*Cs. The small anisotropy implies, that there will be a much higher background of
exponentially decaying intensity than in the case of an isotope with high anisotropy having a
similar value in column IS®PAC T do not think that this is a problem for the measurement and
the data analysis if the underlying exponential decay is perfect. However, if the Lamb-Madssbauer
factor is not completely negligible, the propagation even of a weak delayed wavefield through the
sample might perturb the exponential decay by more than the anisotropy term. This problem
is similar for ®3Kr and *°Sm with an anisotropy of 0.023 and 0.018, respectively.

The two isotopes where SR-PAC will be extremely helpful as compared to NFS and NIS are
Z"Np and '®>Gd. Both isotopes are far above the range of operating high resolution monochro-
mators. Magnetism in rare earth elements is very interesting and no gadolinium isotopes are
accessible with NRS yet. The internal conversion of '%>Gd is very low and the anisotropy high,
i.e. 0.14. The lifetime of 9.4 ns should be sufficiently high to observe complete oscillations.
Although the transition energy of 86.55 keV is extremely high, the spectral flux within the en-
ergetic width of the transition available at ID18 is higher than that for 63.93 keV transition of
157Gd, which seems attractive due to its longer lifetime.

For 2*"Np, the internal conversion is very low and the anisotropy high, i.e. 0.183. The
lifetime of 23"Np is a comfortable 96.7 ns. The radioactive background needs to be filtered and
a threshold on the detector signal might have to be applied. Using the method of SR-PAC on
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23"Np instead of the NLE avoids all security issues concerning the possibility of an exploding
rotor due to a gas bearing failure.






Chapter 9

Conclusions and outlook

Nuclear lighthouse measurements with 5'Ni

For the first time, coherent nuclear resonant scattering with synchrotron radiation was applied
to energies well above the 10 to 30 keV region. The only method capable of doing this at present
is the nuclear lighthouse effect (NLE). Using this method, we have performed the first coherent
nuclear resonant scattering from the 67.41keV level of ®'Ni. A magnetic hyperfine field of
6.7(2) T at 180 K was found.

Traditional Méssbauer spectroscopy with 91Ni is very much hampered by the short lifetimes
of the radioactive mother isotopes 'Co and %'Cu, i.e. 99 and 100 minutes, respectively. Fast
detectors and time discriminating electronics alone in standard NFS geometry without a viable
high resolution monochromator fails. The prompt flash of non-interacting photons hitting the
detector is too intense to detect the smaller nuclear resonant signal shortly afterwards. Even
Bragg-backscattering monochromators are not available for the ' Ni resonance yet and further-
more seem difficult to realise. Thanks to the NLE, the prompt undeviated beam and the delayed
nuclear signal are separated in space.

As the Lamb-Mossbauer factor for Mossbauer isotopes having a high transition energy is
very small at room temperature, the cooling of the sample is a must. A cooling scheme for
the rotor/stator system has been developed, tested and improved. The cooling is realised by
a stream of cold gas flowing towards the rotor’s centre. This scheme performs down to 90 K.
However, rotor instabilities might be important at temperatures below 150 K. In changing the
cooling, bearing and acceleration gases to helium, stability problems due to possible liquid
nitrogen droplets can be ruled out. Then, an operation at temperatures down to 20 K might be
envisaged.

The major obstacle for a general application of the NLE to a large variety of Mossbauer
isotopes, whatever their transition energy is, is small angle X-ray scattering (SAXS). SAXS
covers the same angular range as the deviated NLE signal. In the case of 6'Ni, it was necessary
to use 16 bunch mode, fast detectors and timing electronics to distinguish between the prompt
SAXS contribution and the delayed nuclear part and to obtain a reasonable time spectrum.
However, also without timing electronics, the nuclear distribution hidden under the strong SAXS
background was identified irrevocably.

To increase the signal-to-noise ratio, several improvements are possible. First, a collimating
compound refractive lens (CRL) [Len99] can increase the countrate by a factor of 10: The
vertical divergence of the photons from the undulator is =12 yrad FWHM. It can be decreased
by a 80-hole parabolic aluminium CRL to Af=0.9 urad which matches the acceptance of a 1°
asymmetrically cut Si (333) reflection. Second, a further improvement of the cooling scheme
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to reach standard operation at 100 K without rotor stability problems seems reachable. The
lateral rotor movement or a precession of the rotor can be disregarded, if only 1/3 circumference
sample foils are used, as the beam passes the sample only once. Lower temperatures increase
tremendously the Lamb-Mossbauer factor and operation at 100 K will give about another factor
of 10 higher NLE signal. If the stability problems are solved, the use of single-crystalline sapphire
rotors would be beneficial in decreasing both the SAXS signal and the absorption of 70% of
67.41 keV photons as compared to the ZrOs rotor used here. Rotational frequencies can still
increase to 12 kHz, allowing both to reach earlier decay times and a lower SAXS background at
a fixed time. Finally, although linear detectors with high efficiency at these energies are missing,
detector improvements can give at least a factor of 2, e.g. with two sets of detectors that scan
half of the angular range simultaneously. Much higher efficiency would be obtained by an array
as described in chapter 4.5.4.

The NLE experiment presented here opens a new field for hyperfine spectroscopy at high
transition energies. The method of the nuclear lighthouse effect is extended to lower temperature
conditions and might be applied to temperature dependent phase transitions in future.

Nuclear lighthouse measurements on rotating surfaces

While elaborating a new cooling scheme for NLE measurements in transmission geometry, cool-
ing of a sample at the top of a rotor was examined. From there, it was only one step to develop
grazing incidence NLE measurements on rotating surfaces. We examined ®"Fe containing layer
systems sputtered onto polished rotor top surfaces. This was the first use of the nuclear light-
house effect in grazing incidence geometry.

Very important for these measurements is the stability of the rotor’s surface normal during
operation. A tilting of the rotor surface with respect to its rotation axis or a precession of
the rotor in the stator have to fulfil severe limitations. The SAXS originating from the surface
roughness is much higher than was hoped and implies that NLE in grazing incidence needs fast
timing electronics and timing mode operation of the synchrotron. The beamline layout with
individual hutches and shutter between them is very limiting for -20 reflectivity scans. Beam
pipes to decrease SAXS from air between the surface and the detector limit the beam path
further, the larger 6 is. This implies a slow speed, which does not favour the time resolution or
the SAXS background level. However, the used 7 mm large rotor/stator system does principally
not allow for a much faster rotation. There is still a long way to follow before this method could
be an alternative to standard grazing incidence measurements on Mdssbauer isotope containing
layer systems.

SR-PAC investigations of ' Ni

For high transition energies as is the case of 5'Ni, the Lamb-Mdssbauer factor is comparably
small. Incoherent synchrotron radiation based perturbed angular correlation does not depend on
this factor and proved to be a valuable alternative for the study of hyperfine interactions. First
results with 'Ni were obtained. The temperature range useful for SR-PAC is much larger than
for the NLE, especially to higher temperatures. The simplicity of the SR-PAC setup encourages
to address other isotopes in the future, see below. However, SR-PAC with 5'Ni profits from a
high anisotropy Ay = 0.14. The lifetime of the 67.41keV level of ®'Ni is just large enough to
observe a full oscillation generated by the magnetic hyperfine field of approximately 7.18 T at
room temperature. Although hyperfine field as obtained by NLE and SR-PAC differ, they are
still in fair agreement with NMR results. The error is less than 10 %.
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New isotopes with NLE and SR-PAC

As was mentioned in chapter 8.3, traditional nuclear forward scattering offers the great advan-
tage of an unlimited sample environment, e.g. possibilities to apply high pressures or tempera-
tures down to 4 K. If high resolution monochromators are practicable for the desired isotope’s
transition energy, one would in general not use the nuclear lighthouse effect. This is not the
case for isotopes showing a high transition energy. Above 50keV, even Bragg-backscattering
monochromators seem to be severely limited. Then, the NLE or SR-PAC are the only options.
First applications were presented in this thesis on the 67.41keV transition of 'Ni. In future,
other isotopes in this energy region could be addressed as well, especially 23"Np (59.54 keV and
7=97ns), 19Ir (73.04 keV, 7=8.8 ns), but also '¥?0s (69.53 keV, 7=2.3 ns) and Ge (68.75keV,
7=2.5ns) with NLE experiments. The approach with the NLE is more general, as it can be
applied easily to transitions of multipolarity one and two. M2 and E2 transitions can not be
analysed with the present SR-PAC theory, yet. The anisotropy term for SR-PAC experiments is
very small if the excited state is of smaller spin than the ground state and is even zero if I, = %,
like for 1%3Ir. The NLE does not depend that much on these spin considerations. Isotopes where
SR-PAC is the preferable method as compared to NLE and NFS are 2*’Np and '°Gd, both
having transitions well above of current high resolution monochromators. The problem of a
radioactive source that might explode in a rotor accident can be avoided here, but care has to
be taken whether the radioactive background close to the detector can be filtered out or not.

Further future applications of the NLE

Apart from hyperfine spectroscopic studies on Mossbauer isotopes with high transition energies
or other particularities, two further applications of the NLE have been proposed: The first
one dates back to the "roots” of the NLE and considers peV-resolution inelastic scattering
[R6h97, R6h99¢, R6h00a, Bur00]. At a certain angle a of the nuclear radiation deviated by the
lighthouse, a slit system filters out a small part of the beam, having peV bandwidth that can
be tuned in energy over a range of several meV. This was discussed in chapter 2.6.3. Finally,
the NLE has been proposed for the use in an experiment to distinguish between covariant ether
theories and special relativity [KhoO4]. In the desired experiment, two samples would be placed
at different radii in a rotor and turned at high frequencies. As each sample travels at a different
speed relative to an arbitrary reference frame (special relativity) or the distinguished reference
frame (ether theory), interference effects between the two sample part arise and principally can
lead to a distinction between the two theories. For both of these applications SAXS suppression
is very crucial. A special slit system and focussing of the beam to pm size has been proposed in
order to reduce it [R6h04a, page 279]. Nevertheless, countrates need to be improved, possibly
with 4" generation sources, especially for the experiment as described by [KhoO4].
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