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mas for the long days during which they would always provide us with their

expertise.

Many thanks also go to Prof. Ladrière, Prof. Mitsuda and Prof. Wortmann

for providing us with excellent samples. Dr. Baron was kind enough to lend us

his detector.

Het technisch personeel van het departement natuurkunde en sterrenkunde,

en in het bijzonder Philip, verdient een grote pluim voor het maken van ons

2D-acquisitie systeem en de hulp voorafgaand aan ieder nieuw experiment.

Ook Josee, Katia en Sally wil ik bedanken voor het verzorgen van alle nood-

zakelijke administratie en de niet-minder-noodzakelijke sociale activiteiten.

Ik wil mijn familie en vrienden bedanken voor de steun achter de schermen,

met een eervolle vermelding voor mama die mij steeds weer weet te motiveren

om het beste uit mezelf te halen.

Ten slotte wil ik mijn lieve kersverse echtgenoot, Tim, bedanken voor zijn

liefde, zijn steun en het geduld waarmee hij mij steeds weet te omringen.





Contents

Introduction 1

1 Nuclear Resonant Forward Scattering 3

1.1 Angular Momenta and Magnetic Moments . . . . . . . . . . . . 4

1.2 Properties of Electromagnetic Radiation . . . . . . . . . . . . . 5

1.2.1 The Quantum Mechanical Amplitude of a Photon . . . 5

1.2.2 Parity and Spin of Photons . . . . . . . . . . . . . . . . 6

1.3 Nuclear Energy States . . . . . . . . . . . . . . . . . . . . . . . 7

1.3.1 The Principal Axis System . . . . . . . . . . . . . . . . 8

1.3.2 The Electric Monopole Interaction . . . . . . . . . . . . 8

1.3.3 The Magnetic Dipole Interaction . . . . . . . . . . . . . 8

1.3.4 The Electric Quadrupole Interaction . . . . . . . . . . . 10

1.3.5 Combined Interactions . . . . . . . . . . . . . . . . . . . 10
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5.6 Samples with Vanishing Lamb-Mössbauer Factors . . . . . . . . 116

5.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Conclusion and Outlook 119

A Shape of the Stroboscopic Resonance 123

B Calculations of sn 127

B.1 General Expression for s0 . . . . . . . . . . . . . . . . . . . . . 127

B.2 A Square Time-Window . . . . . . . . . . . . . . . . . . . . . . 128

B.3 A Symmetric Square Time-Window . . . . . . . . . . . . . . . 128

C Properties of 57Fe, 151Eu and 181Ta 129

D List of Symbols and Abbreviations 131

E Nederlandse Samenvatting 137

E.1 Nucleair Voorwaartse Verstrooiing . . . . . . . . . . . . . . . . 137

E.2 Stroboscopische Detectie van Synchrotron Straling . . . . . . . 139

E.3 Metingen van de Isomerieverschuiving met 151Eu . . . . . . . . 141

E.4 Metingen van Langlevende Kernniveaus met 181Ta . . . . . . . 143

E.5 Besluit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

Bibliography 147





Introduction

Over the last decades, there has been a rising demand for research on local

properties of solids under extreme conditions. One example is the study of

magnetism in thin films and nano-scale structures to meet the demand from

computer industry. Another example is the investigation of materials at high

pressures and temperatures, e.g., to simulate conditions at the inside of the

earth. In this work the applicability of a new technique to such circumstances

will be investigated.

One successful approach to study local properties is to embed probe-nuclei

in the material at specific sites. These probe nuclei will then interact with

their environment through “hyperfine interactions”, which will slightly alter the

energy states of the nucleus. By using radiation as a means of communication

with these probe nuclei, site-specific magnetic and electronic properties can be

investigated. The techniques that make use of this principle can be grouped

under the name “hyperfine interaction techniques”.

An important subgroup of the hyperfine interaction techniques, is based

on the Mössbauer effect. This effect describes how radiation can be absorbed

or emitted without recoil. In this case, the emitted photon possesses exactly

the energy of the nuclear transition, which can therefore be investigated by

detecting the photon. The most frequently used Mössbauer isotope is 57Fe,

but several other isotopes are also possible.

Traditionally, a radioactive source provides the radiation for Mössbauer

experiments. But during the last decades, a new radiation source has been

developed, namely synchrotron radiation. This pulsed radiation has a huge

intensity, a tiny beam size, a broad energy range and several other interest-

ing properties. A technique that combines the advantages of the Mössbauer

effect with those of synchrotron radiation is “time differential nuclear resonant

1



2 Introduction

scattering of synchrotron radiation” [1–3]. This has become a standard hyper-

fine interactions technique and has been applied in a variety of fields (for an

overview, see Ref. [4] and [5]).

Some years ago, an alternative to the time differential method was proposed,

namely stroboscopic detection [6] of nuclear resonant scattered synchrotron

radiation. This is an interferometric scheme that can provide energy-resolved

spectra of the hyperfine splitting in the sample’s probe nuclei. Its validity has

already been shown for the case of 57Fe-probe nuclei [7]. In this work the

applicability of this new technique to other circumstances will be investigated.

In the first chapter, some basic concepts will be discussed before we come

to the time differential nuclear resonant scattering technique. This will be the

underlying theory that is used in the second chapter to completely describe

the stroboscopic detection scheme. In this chapter, the optimization of sev-

eral experimental parameters will also be discussed. In the third and fourth

chapter, two experiments will be described where the stroboscopic detection

technique has proven to be particularly useful. The first experiment consists

of isomer shift measurements at high pressures using 151Eu [8]. The applica-

bility of the stroboscopic detection technique to long-lived states is shown in

the second experiment by measuring 181Ta in tantalum-metal [9]. In the fifth

chapter, some specific problems, to which hyperfine interaction measurements

with synchrotron radiation can be provide a solution, will be dicussed. The

applicability of the stroboscopic detection scheme to solve these problems will

be examined and alternative schemes will also be presented. This work will

end with a conclusion and a look into the future of the stroboscopic detection

scheme.



Chapter 1

Nuclear Resonant Forward

Scattering

When studying magnetic and electric properties of solids, an often-used strat-

egy is to embed a well-known nucleus in the material, and to study the inter-

action between this nucleus and its surroundings. There are several possible

approaches to study this interaction, one is to use nuclear resonant scattered

radiation. The necessary concepts for this strategy will be discussed in this

chapter.

First, the basic concepts regarding angular momenta will be briefly dis-

cussed. In the second section, some properties of electromagnetic radiation

will be described. Third, focus will be laid on the nuclear energy states and

how these are influenced by the local electric and magnetic fields. The study

of these interactions requires a huge energy resolution. One of the approaches

to reach this resolution is using the Mössbauer effect, which is discussed in the

fourth section. Conventionally, this effect is applied in the Mössbauer absorp-

tion technique, described in the fifth section, which uses γ-radiation from a

radioactive source as a tool to investigate the nuclei. A more recent approach

is to use synchrotron radiation. Its properties and specific benefits as a tool

will be discussed in the sixth section. Finally, it will be shown how the tech-

nique “time differential nuclear resonant scattering of synchrotron radiation”

combines the benefits of this radiation with the extreme energy resolution of

the Mössbauer effect.

3



4 CHAPTER 1 Nuclear Resonant Forward Scattering

1.1 Angular Momenta and Magnetic Moments

The concepts of angular momenta of waves and magnetic moments of nuclei

will be used throughout this work. Therefore, it may be instructive to briefly

discuss these concepts.

The angular momentum of a system is defined as a vector of quantum

mechanical operators
−→
J = (Jx, Jy, Jz). Since these three operators do not

commute, their eigenvalues cannot be determined or measured simultaneously.

A fourth operator is J2 = J2
x + J2

y + J2
z , which does commute with Jx, Jy, and

Jz. Therefore, the eigenvalue of J2 can be simultaneously determined with

that of either Jx, Jy, or Jz, and by convention, the eigenvalue of Jz is usually

chosen. It can be proven that a positive integer or half-integer j can always be

determined so that

J2|ψ〉 = h̄2j(j + 1)|ψ〉 (1.1)

and also

Jz|ψ〉 = h̄mj |ψ〉 (1.2)

where |ψ〉 is the vector describing the quantum state of the system and mj =

−j,−j + 1, . . . ,+j − 1,+j.

When describing electromagnetic radiation, the angular momentum is con-

ventionally represented by
−→
L which has the same meaning as

−→
J in the above

description. In this case, L and ∆ are defined in the same way as j and mj in

Eq. 1.1 and 1.2.

When describing nuclei, the angular momentum is conventionally repre-

sented by
−→
I , and sometimes also referred to as the spin of the nucleus. It is

the vector sum of the orbital and intrinsic angular momenta of the nucleons

and by itself possesses the properties of an angular momentum as described

above. In this case, I and mI are defined in exactly the same way as j and mj

in equations 1.1 and 1.2.

In relation to the nuclear angular momentum, a magnetic moment −→µ also

exists which is defined as −→µ = gµN

−→
I . Here g is referred to as the g-factor of

the nuclear state and is of the order of unity. µN = 5.0507866(17) 10−27J/T is

a constant, referred to as the nuclear magneton. The nuclear magnetic moment

will be used further in this text as an aid in describing the interaction between

the nucleus and the magnetic field to which it is exposed.
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1.2 Properties of Electromagnetic Radiation

In the nuclear resonant scattering technique, photons serve as a tool to inves-

tigate the energy levels of specific probe nuclei. The details of this process will

be explained further in this chapter, but first some basic concepts concerning

photons or electromagnetic radiation will be described.

In the first part, the quantum mechanical amplitude as a means of describing

the photon will be discussed. In the second part, the photon properties parity

and spin will be described.

1.2.1 The Quantum Mechanical Amplitude of a Photon

In the semi-classical approach, the description of the radiation is based on the

classical Maxwell equations, where the nuclear environment is described quan-

tum mechanically. In this description, a photon is not localized but extended

in both space (−→r = (x, y, z)) and time (t), or momentum (−→p (px, py, pz)) and

energy (E). The Heisenberg uncertainty relationships express that for any

photon:

∆x∆px ≥ h̄ and analogous for the y- and z coordinates (1.3)

∆E∆t ≥ h̄. (1.4)

∆ symbolizes the range and h̄ = h
2π

= 1.05457266(63) × 10−34 Js, where h is

Planck’s constant. In relation to this, a photon, propagating in the z-direction,

is characterized by a complex wave function, or probability amplitude,

−→
A = |Ax| e−iωxt−→e x + |Ay| e−iωyt−→e y , (1.5)

where −→e x and −→e y are the basis vectors in the x and y direction. Although this

is a complex vector, only its projection on an axis in the complex plane has a

physical meaning. To find the probability density, or equivalently the measured

intensity, of the photon, this wave function has to be squared |−→A |2 =
−→
A · −→A ∗.

The photon amplitude is represented by a vector in order to be able to

express the polarization state of the photon. This can be done in a circularly

or a linearly polarized basis system. The circularly polarized basis vectors

represent the mutually orthogonal circularly righthanded “-” and lefthanded

“+” polarization states1. The linearly polarized basis vectors are the −→σ and −→π
1This corresponds to the convention of Jackson [10].
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vectors. The −→σ direction is always horizontal and, for the case of synchrotron

radiation in the plane of the storage ring. The −→π direction is always orthogonal

with respect to the −→σ direction and the direction of propagation. These basis

vectors, together with the
−→
k vector, form the Radiation Axis System (RAS)

(−→σ ,−→π ,
−→
k ). This is often the most convenient axis system when describing the

radiation.

The amplitude as described above, cannot be measured by a detector sys-

tem, only the photon intensity I =
∣

∣

∣

−→
A

∣

∣

∣

2

, can directly be measured. If there are

several quantum mechanical paths the photon can follow, the probability am-

plitude is the sum of the amplitudes of all possible paths,
−→
A =

∑−→
Ai. For the

case of two possible quantum paths, represented by
−→
A 1 and

−→
A 2, the measured

probability density, or intensity, becomes:

I =
∣

∣

∣

−→
A

∣

∣

∣

2

=
∣

∣

∣

−→
A 1 +

−→
A 2

∣

∣

∣

2

=
(−→

A 1 +
−→
A 2

)

·
(−→

A 1 +
−→
A 2

)∗

=
∣

∣

∣

−→
A 1

∣

∣

∣

2

+
∣

∣

∣

−→
A 2

∣

∣

∣

2

+
−→
A 1 ·

−→
A ∗

2 +
−→
A 2 ·

−→
A ∗

1 . (1.6)

The intensity will therefore contain interference terms between the several

paths, represented by the last two terms of Eq. 1.6. If the measurement is

performed in such a way that the relative phase between
−→
A 1 and

−→
A 2 is locked,

both paths are coherent and these interference terms can be measured. This

condition of a phase lock is equivalent to a condition of indistinguishable paths.

This means that, in order to have non-zero interference terms, the interfering

amplitudes must correspond to identical begin states and identical end states

of the system. In the classical picture, it would be impossible to obtain this

one-photon interference.

1.2.2 Parity and Spin of Photons

Because the emittance and absorption of photons can be described by the laws

of Maxwell, oscillating electric or magnetic multipoles of order L, will create

photons. For the case of an electric dipole (E1), the created magnetic field

changes sign upon space reversal,
−→
B (−→r ) = −−→

B (
−→−r), while the magnetic field

of a magnetic dipole (M1) does not change sign,
−→
B (−→r ) =

−→
B (

−→−r). Therefore,
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the photons that are emitted by electric and magnetic dipoles differ in parity.

For higher order multipoles, the parity π of the emitted photon is equal to

π(ML) = (−1)L+1

π(EL) = (−1)L , (1.7)

depending on the angular momentum carried by the photon. The angular

distribution of the 2L-pole radiation is determined by the Legendre polynomial

P2L(cos θ), where θ is the angle with respect to the respective multipole moment

of the nucleus.

The photon also carries an intrinsic angular momentum, or spin, of 1. It

is an intrinsic property [11] of photons that the projections of the spin along

the propagation axis can only take the values +1 and −1, corresponding to

leftcircularly and rightcircularly polarized light.

1.3 Nuclear Energy States

A nucleus can exist in several possible energy states. The energy splitting

between different states of the nucleus is generally of the order of keV to MeV.

It is possible for the nucleus to switch from one discrete energy level to another

by absorption or emission of a photon.

When the nucleus is not isolated but inserted in a solid state lattice, it will

interact with the local magnetic and electric fields. These hyperfine interactions

can cause degenerate nuclear states to split into different energy levels, or they

can cause existing energy levels to shift, as is illustrated by Fig. 1.1. In this

section, it will be shown that by studying the nuclear hyperfine levels, informa-

tion about the surrounding electric and magnetic fields can be obtained. The

two forces that influence the interaction between the nucleus and its environ-

ment are the Coulomb and magnetic forces. The Hamiltonians corresponding

to both forces can be expanded in multipoles, resulting in three major interac-

tions: the electric monopole, the magnetic dipole and the electric quadrupole

interactions. The influences of these interactions on the nuclear energy levels

will be discussed next [12,13], after the relevant axis system has been described.
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1.3.1 The Principal Axis System

The Principal Axis System (PAS) is the most convenient when describing a

nucleus which is subjected to hyperfine interactions. If there are axially sym-

metric hyperfine fields present, the z-axis is chosen to be the symmetry axis.

The x and y axes can be chosen randomly but they have to form a right-handed

coordinate system with the z-axis. If the hyperfine fields are absent, the PAS

can be chosen randomly.

1.3.2 The Electric Monopole Interaction

As a consequence of Coulomb interaction, the nuclear energy levels will shift

if the electron density in the nucleus changes. This shift of the energy levels is

generally referred to as the isomer shift. The size of this shift is proportional

to

Eshift =
e2Z

6ε0
|ψe(0)|2

〈

r2
n

〉

(1.8)

where e = 1.602 · 10−19 C is the elementary charge, Z is the atomic number,

ε0 = 8.854 · 10−12 C2/Nm2 is the permittivity of vacuum, ψe(0) is the electron

density at the center of the nucleus and
〈

r2
n

〉

is the mean squared nuclear

radius. This radius will differ for different energy states and hence the energy

shift will also differ. Therefore, the transition energy between different energy

states will change and this can be measured with several hyperfine interaction

techniques. Therefore, isomer shift measurements can provide information on

the electronic structure surrounding the nucleus.

1.3.3 The Magnetic Dipole Interaction

In an isolated nucleus, the energy levels corresponding to different orientations

of the spin
−→
I of the nucleus are degenerate. When the nucleus is submitted

to a magnetic field, this degeneracy is lifted. In this manner (2I + 1) energy

levels are created. The energy spacing between the different levels is

∆Emagn = gµNBhf (1.9)

where Bhf is the size of the magnetic hyperfine field at the position of the

nucleus. Therefore, by measuring the energy splitting, information on the

surrounding magnetic structure can be deduced.
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Figure 1.1: The ground level and first excited energy level for an isolated
57Fe nucleus are shown on the left-hand side. On the right-hand side, the
influence of hyperfine interactions on these energy levels is illustrated.
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1.3.4 The Electric Quadrupole Interaction

Since the protons are electrically charged, the nucleus will be sensitive to a

varying electric field if its charge distribution, expressed by its quadrupole

moment Q, is not spherical. We will only discuss this interaction when the

tensor of the electric field gradient is axially symmetric. This symmetry axis

can then be chosen as the z-axis of the principal axis system and the size of the

electric field gradient along the symmetry axis can then be expressed by Vzz.

The interaction between the nuclear charge distribution and the electric field

gradient will lift the degeneracy between the different orientations of the spin,

although it is not sensitive to the sign of the orientation. Therefore
(

2I+1
2

)

levels are created and the energy spacing between the different levels is equal

to

∆Equadr = 3
(

m2
1,I − m2

2,I

)

h̄ωQ . (1.10)

Here, m1,I and m2,I are the z-components of the nuclear angular momentum

of the respective levels and ωQ = eQVzz

4I(2I−1)h̄ is the quadrupole frequency. In this

way, information about the surrounding electronic structure can be deduced.

1.3.5 Combined Interactions

A nucleus can be subjected to both magnetic dipole and electric quadrupole

interactions. If the symmetry axis of the electric field gradient coincides with

the direction of the magnetic field, both interactions can be handled separately

as discussed above in the same principal axis system. If both axes do not

coincide, the |I,mI > states are no longer eigenstates of the Hamiltonian and

more complicated calculations are called for.

1.4 The Mössbauer Effect

It has been shown that hyperfine interactions can open the door to information

on local magnetic and electric fields in solids. However, the main difficulty for

measuring these interactions, is the required energy resolution. Indeed, the

energy shift is of the order of µeV while the transition energy is of the order

of keV, thus a resolution of the order of 10−9 is required. One way of solving

this problem is making use of the Mössbauer effect, where under the right

circumstances, energy resolutions of the order of 10−12 can be reached. To
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explain this effect, the question one has to answer in the first place is whether

or not a photon, emitted by a certain isotope, can induce resonant absorption

in a second, identical isotope.

When an isolated nucleus emits radiation, the law of conservation of mo-

mentum demands that it experiences a recoil. The momentum of a photon is

pγ = Eγ/c ≈ Eres/c with Eγ the photon energy, Eres the nuclear resonance

energy and c the velocity of light. The energy of the recoiling nucleus ER is

then

ER =
p2

R

2M
=

p2
γ

2M
=

E2
γ

2Mc2
≈ E2

res

2Mc2
(1.11)

with M the nuclear mass and pR the momentum of the recoiling nucleus. Due

to conservation of energy, the energy of the emitted photon will be reduced

by this amount. For the case of the 14.413 keV transition in 57Fe, this recoil

energy is 2 meV, while the linewidth of the 14.413 keV excited state in 57Fe

is 4.65 neV. It is, therefore, clear that an emitted γ-photon cannot induce

resonant absorption in a second 57Fe nucleus.

In 1958, Rudolph Mössbauer [14] showed that it is possible to achieve res-

onant absorption (and emission) without recoil if the atoms are bound in a

lattice. In this case, the recoil energy is absorbed by the entire lattice resulting

in vibrational states called phonons. But Mössbauer showed that for a certain

fraction of events, zero-phonon states can occur, hence recoilless emission and

absorption. The recoilless fraction is then equal to

fLM = exp

[

−
〈

x2
〉

(λ/2π)
2

]

, (1.12)

where
〈

x2
〉

is the mean square vibrational amplitude of the emitting nucleus

and λ is the wavelength of the γ-ray. This fraction is generally referred to as

the Lamb-Mössbauer fraction and can, in some cases, be nearly 1.

This effect is extremely useful for measuring hyperfine interactions in sam-

ples that contain so-called Mössbauer isotopes. These are isotopes that fulfill

three conditions: First, a suitable source2 exists that contains radioactive nuclei

that have the investigated nuclear transition in their decay path and preferably

do not exhibit hyperfine splitting. Second, when embedded in the structure,

they fulfill the Mössbauer condition that their Lamb-Mössbauer factor is close

to one and thus have a substantial probability for a zero-phonon decay. Third,

2This condition can be omitted if synchrotron radiation is used.
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Variable Velocity

Source Sample Detector

−→
A in

−→
A sc

Figure 1.2: Representation of a typical Mössbauer experiment consisting
of a moving source and a sample at rest. A photon can follow two quantum
mechanical paths: no nuclear scattering by the sample, and nuclear forward
scattering by the sample.

their chemical properties need to be similar to those of the atoms that are

natural to the host structure so as not to alter the chemical environment.

1.5 Mössbauer Absorption Spectroscopy

Mössbauer Absorption Spectroscopy is based on the Mössbauer effect and is

one of the most commonly used methods for studying hyperfine interactions. A

schematical setup of a typical Mössbauer experiment is given in Fig. 1.2. The

photons are emitted by a moving source whose resonance frequency, therefore,

is Doppler shifted. For the photons that are detected in forward direction, two

quantum paths are possible:

• −→
A in is the path where there is no nuclear resonant scattering in the

sample.

• −→
A sc is the path where there is nuclear resonant scattering in forward

direction. This path only has a non-zero probability if the resonance fre-

quency in the sample is equal to the Doppler-shifted resonance frequency

of the source. Because of the fixed difference in path length between the

different scattering centers, this is a coherent scattering path and can

interfere with
−→
A in. A mathematical description of this amplitude will be

given in Section 1.7.2.
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The measured intensity in forward direction is equal to

I =
∣

∣

∣

−→
A in +

−→
A sc

∣

∣

∣

2

=
∣

∣

∣

−→
A in

∣

∣

∣

2

+
∣

∣

∣

−→
A sc

∣

∣

∣

2

+
(−→

A in · −→A ∗
sc +

−→
A sc ·

−→
A ∗

in

)

. (1.13)

It will be shown in Section 2.2.2, that resonant forward scattering by a sample

induces a 180◦ phase shift at the resonance frequency. This causes destructive

interference in the two interference terms and, hence, a reduction of the total

intensity for those source velocities where
−→
A sc has a non-zero probability.

By giving the source a variable velocity, v, the energy of the γ-rays coming

from the source will be Doppler shifted in the following manner:

Eγ = Eres

(

1 +
v

c

)

, (1.14)

which is the low-speed approximation for the relativistic Doppler shift. For

velocities of the order of mm/s, this energy-shift is of the order of µeV which

nicely coincides with the typical hyperfine splitting. As is illustrated in Fig. 1.3,

the transmitted intensity will be appreciably reduced when the Doppler shifted

energy of the emitted photon equals one of the resonance energies of the sample.

This principle can be used to create energy-resolved spectra of the sample.

The energy-difference between the hyperfine levels can be deduced from mea-

suring the velocity difference between the observed resonances. The equation

linking the velocity-scale to a frequency-scale can be immediately deduced from

Eq. 1.14:

∆ω = ωres

∆v

c
. (1.15)

Since the resonant energy levels are sensitive to the surroundings of the

nucleus, such a nucleus is a sensitive probe of the magnetic and electric fields,

existing in the sample in which it is embedded. The obtained energy-resolved

spectra can be interpreted in a straightforward manner and a very sensitive

tool can thus be constructed.

1.6 Synchrotron Radiation

Although Mössbauer spectroscopy is a very convenient tool for measuring hy-

perfine interactions, not all Mössbauer isotopes have a suitable source. This
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Figure 1.3: Left: absolute values of the photon amplitude (solid line) and
absorption probability (dashed line) in energy domain for an arbitrary source
and hyperfine split sample. The letters a,. . .,h correspond to different velocities
of the source as indicated on the spectrum at the right hand side. Right: the
corresponding velocity spectrum.
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could be solved if a radiation source were available whose energy can be tuned

to the exact resonance energy. Also, the radioactive source often has a fairly

low radiation flux at the position of the sample. Especially for small samples or

samples containing a low concentration of resonant isotopes, the experimental

results would benefit from a higher radiation flux. It will be shown in this sec-

tion, that synchrotron radiation is a convenient tool for solving both of these

issues.

Synchrotron radiation is a general term, used for radiation that is emit-

ted by charged particles at relativistic speeds when they are accelerated into a

curved path by magnetic fields. The first generation synchrotron sources in the

1960’s were high energy physics accelerators where the synchrotron radiation

was, at first, an unwanted by-product. When this radiation was further inves-

tigated, it was discovered that the brilliance3 of 1012 photons
s mrad2 mm2 0.1 bandwidth

was much higher than for the conventional sources, which produced a brilliance

of 108. The second generation synchrotron sources were designed in the 1970’s

to optimize the properties of the synchrotron radiation for research purposes.

The radiation was produced by bending magnets and a brilliance of 1014 was

obtained. The third generation synchrotron sources of the 1990’s are able to

generate a far higher brilliance by using wigglers and undulators. These can

generate the highest brilliance that is available to date, namely 1020.

In the future, fourth generation synchrotron sources will be made avail-

able, which are based on the free electron laser principle [16]. In conventional

undulators, the radiation coming from different electrons is not coherent. If

the electrons from one bunch could be separated into several micro-bunches

with a spacing that is equal to a multiple of the X-ray wavelength, then the

radiation from one micro bunch would be in phase with that from the other

micro bunches. The charge from one micro bunch would be far larger than

the electron charge and this charge can be considered as point-like. This will

3The brilliance of an X-ray beam is a quantity that embodies many important character-

istics. Its definition is

Brilliance =
Number of photons/second

(mrad)2(mm2source area)(0.1% bandwidth)
. (1.16)

Physically, this means that the intensity in photons per second after the monochromator

crystal is the product of the brilliance, angular divergences set by the horizontal and vertical

apertures (in milli-radian), the source area (in mm2) and the bandwidth of the monochro-

mator crystal relative to 0.1% [15] of the energy. To increase the readability of the text, the

units of brilliance will mostly be omitted.
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Figure 1.4: Overview of the most essential parts of a third generation
synchrotron radiation source.

naturally result in a large increase of the brilliance for the X-ray wavelength

that satisfies the above principle [15] and a brilliance of 1023 is aimed for.

1.6.1 The Synchrotron Radiation Source

To give an idea of the various elements of a synchrotron radiation source, a

brief description of the most essential parts of the SPring-8 [17] third generation

synchrotron radiation source in Japan is presented (Fig. 1.4). This radiation

source was chosen because the experiments that are described in this work were

performed there. Other third generation synchrotron sources are ESRF [18] in

France and APS [19] in the USA whose operation principles are similar.

The Electron Gun: The electron gun produces an electron beam by sending

a current through a filament. This heats the filament causing electrons

to escape. These electrons are then accelerated in bunches by an electric

field and directed towards the linear accelerator.

The Linear Accelerator: The 140 m linear accelerator consists of a succes-

sion of 25 acceleration rf cavities in which a resonant radio frequent (rf)
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wave is set up. Its frequency is equal to the frequency of the electron

bunches and is such that, each time an electron bunch passes, the ra-

dio frequent wave adds energy to the electrons resulting in 1 GeV-energy

electrons at the moment they are projected into the booster synchrotron.

The Booster Synchrotron: The aim of the 396 m circumference booster

synchrotron is to accelerate the electrons to an energy of 8 GeV, this

corresponds to a velocity 0.9999999959 × c. This booster synchrotron

also makes use of rf cavities, analogous to the linear accelerator.

The Storage Ring: After acceleration, the high energy electrons are injected

into the 1436 m circumference storage ring at a maximum current of

100 mA. The aim of this ring is to maintain the electron current and

energy while producing synchrotron radiation with optimized properties

for the specific beamlines.

The storage ring consists of a number of straight parts, and a number of

circular parts. In the circular parts, bending magnets are mounted that

are designed to change the path of the electrons by means of a magnetic

field and thus creating synchrotron radiation. The straight sections are

designed to keep the electron beam focused, to compensate for energy loss

by means of rf cavities and to accommodate insertion devices for creating

highly focused synchrotron radiation.

The structure of the ring is such that electrons can only follow a stable

path if they are in one of the stable orbits or buckets. For the case

of SPring-8, there are 2436 such buckets over which the electrons are

distributed.

In the straight sections of the ring, wigglers and undulators, the so-called

insertion devices, are mounted that use an array of magnets to create

radiation. A brief overview of the three devices for creating synchrotron

radiation will now be given.

Bending Magnet: A magnetic field is used to alter the electron path

and thus create electromagnetic radiation. The obtained brilliance

is of the order of 1016 in the energy range of 1 keV to 100 keV. If one

is satisfied with a lower brilliance, the radiation has a very broad
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Figure 1.5: Schematical side view of a wiggler or an undulator. The N and
S are the north, respectively south poles of the magnets. A stable electron
path is indicated.

energy range, ranging from the infrared region (1 eV) to the hard

X-ray region (1 MeV).

Wiggler: A wiggler is a linear arrangement of successive bending mag-

nets (see Fig. 1.5), resulting in an increased intensity of the radiation.

The bending angle of each of the individual bending magnets is large

compared to the opening angle of the radiation (see Fig. 1.6). There-

fore, the wave packets resulting from an individual electron in the

different bending magnets do not interfere and the total intensity is

the sum of the individual intensities created by each magnet. The

properties of the radiation are similar to those of bending magnet

radiation, but the brilliance is increased by a factor 102.

Undulator: Similar to a wiggler, an undulator also consists of a succes-

sion of bending magnets as depicted in Fig. 1.5. The main difference

with the wiggler is that the bending angle is small compared to the

opening angle of the radiation (see Fig. 1.6). Therefore, the different

wave packets resulting from the same electron do interfere. Suppose

the electron would be travelling with the speed of light, then the

radiation created in one magnet would be precisely compensated by

the radiation created in the next magnet and no radiation intensity

at all would result. However, the electron travels at a speed v that is
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Wiggler

Undulator

Figure 1.6: Schematical top view of a wiggler and an undulator. The full line
represents the stable electron path. The radiation emitted from the successive
bendings is schematically indicated by the grey areas.
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slightly smaller than the speed of light. This will create a phase shift

between the successive wave packets. As a result, for one specific

wavelength λ and its harmonics the wave packets will interfere con-

structively, while for the other wavelengths the interference will level

out. These principles are only valid if the undulator is sufficiently

long (about 50 periods), which is generally the case. This optimal

wavelength can be adjusted by changing the size of the magnetic

field at the position of the electrons, which can be accomplished by

increasing or decreasing the gap size (see picture 1.5). Hence it is

possible to create high intensity radiation within a narrow energy

range. The relative width of the radiation is usually of the order of

10−3 to 10−4 [20] where a brilliance of 1020 can be obtained. The

undulators that are used in nuclear forward scattering experiments

are usually optimized for 14.4 keV radiation, which is resonant for

the Mössbauer transition of 57Fe.

The Monochromators: The radiation coming from the undulator has an

energy width of the order of keV. Before this radiation enters the ex-

perimental setup, it is monochromatized by a heat load monochromator.

The main purpose of this monochromator is to reduce the energy width

to the order of eV while maintaining the largest possible radiation flux.

This is done by using Bragg reflection in Si crystals. Because of the high

intensity of the incoming radiation, these crystals are cooled by a water-

cooling system. Before the radiation impinges on the sample, a second

monochromator is introduced in the experimental hutch to reduce the

energywidth of the radiation to the order of meV.

1.6.2 Properties of Synchrotron Radiation

Synchrotron radiation can be used for many purposes in a wide variety of fields

that all pose different requirements on the radiation. At SPring-8, 48 beamlines

are constructed, each having its own specialties.

The experiments described in this work were performed at BL09XU [21]

in SPring-8. This beamline is optimized for nuclear resonant scattering ex-

periments. The undulator can produce X-rays with energies from 6 keV up to

100 keV which allows access to a wide range of nuclear transitions. The prop-
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erties mentioned below are for this beamline but are similar for other nuclear

resonant scattering beamlines in ESRF (France) and APS (USA):

Intensity: The intensity of the beam, after the monochromatization to the
57Fe Mössbauer resonance is of the order of 109 photons/s.

Energy Resolution: With the correct monochromators, energy resolutions

of the order of meV can be reached for the 57Fe Mössbauer resonance.

Energy Range: Photon energies from around 6 to around 100 keV can be

reached.

Beam Divergence: The 2σ divergence is 0.23 mrad in horizontal direction

and 0.023 mrad in vertical direction.

Beam Size: At the sample position, the 2σ beam size is 2.7 mm in horizontal

direction and 1.0 mm in vertical direction.

Polarization: The beam is linearly polarized in the plane of the storage ring,

generally referred to as σ-polarization.

Time structure: Because the electrons in the storage ring must follow one of

the stable orbits, they are situated in electron bunches. The consequence

of this is that the produced radiation will be pulsed. The duration of a

radiation pulse is of the order of 100 ps. Depending on the filling mode

of the storage ring, the interval between bunches is a multiple of 1.96 ns

and does not exceed 4790 ns.

1.7 Time Differential Nuclear Resonant Forward

Scattering

The specific properties of synchrotron radiation, combined with the energy

resolution provided by the Mössbauer effect have given rise to a hyperfine

interaction technique with unique possibilities, namely time differential nuclear

resonant forward scattering of synchrotron radiation.

First, the principles of this technique will be explained. Second, a math-

ematical description of the scattering process will be presented. In the third

section, the influence of screening effects on the nuclear resonance scattering

process will be discussed.
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1.7.1 Principles of the Technique

In this technique, a sample that contains Mössbauer isotopes is put in the path

of the synchrotron radiation beam, and the measurement is performed in the

forward direction as a function of time.

The radiation, often coming from an undulator source, is first monochrom-

atized to the desired resonance energy. Typical obtained energy resolutions are

of the order of meV, resulting in a large fraction of non-resonant radiation that

goes through the sample instantaneously. This part of the radiation arrives

at the detector at time defined as zero. The resonant part of the radiation

interacts with the Mössbauer nuclei in the sample, giving rise to resonant nu-

clear scattering. The scattered γ-rays arrive in the detector at time t after the

prompt pulse.

After photon detection, it is impossible to determine which of the resonant

nuclei has been excited. If the measurement is performed in forward direction,

all quantum paths have a fixed phase shift. Therefore, the scattering amplitude

from the ensemble can be considered as the coherent sum over the amplitudes

for scattering from each of the individual nuclei. The excited state of the

ensemble, which is a coherent sum of individually excited nuclei, is referred to

as a nuclear exciton.

If the sample is thin and the nuclei are not influenced by hyperfine fields, the

radiation will excite only one possible transition in the nuclei. When these nu-

clei decay, an exponential decay curve will be observed from which the lifetime

of the excited state can easily be deduced.

If the energy levels of the resonant nuclei exhibit hyperfine splitting, there

are multiple paths for a photon to follow. Since it is impossible to distinguish

between these paths, the photon amplitude after scattering is the sum of the

amplitudes of the different paths. These amplitudes will hence interfere with

each other, resulting in a beating pattern, superposed on the exponential decay

curve. These beats are called quantum beats and their frequency is equal to

the difference in resonance frequencies corresponding to the interfering paths.

Therefore, by analyzing a time spectrum and resolving the different frequen-

cies that are present, the hyperfine splitting within the resonant nuclei can be

deduced.

If the sample is thick, dynamic effects will occur due to the possibility of

multiple scattering. This will give rise to a speed-up effect and a dynamical
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beating pattern as will be shown in Section 1.7.2.

1.7.2 Mathematical Description of the Nuclear Resonant

Forward Scattering Amplitude

In this section, a mathematical description of the scattering process will be

introduced [6, 22]. The formulas are first derived in a basis for circular polar-

ization and will then be transformed to a basis for linear polarization.

The amplitude for nuclear resonant forward scattering
−→
A sc by an ensemble

of nuclei is expressed in frequency domain as

−→
A sc(ω) = f(ω)

−→
A in (1.17)

where
−→
A in is the amplitude corresponding to the path where there is no res-

onant scattering, ω is the photon frequency and f(ω) is a two by two matrix

which describes the nuclear resonant scattering process in forward direction for

circularly polarized radiation, including possible polarization changes. Because

of the large energy-width of the incoming radiation,
−→
A in may be considered

as frequency independent. In nuclear resonant forward scattering experiments,

the intensity corresponding to the transmission amplitude,
∣

∣

∣

−→
A tr

∣

∣

∣

2

, is detected:

−→
A tr =

−→
A in +

−→
A sc (1.18)

−→
A tr(ω) = (1 + f(ω))

−→
A in. (1.19)

It can be shown4 [23, 24] that generally, for a sample with thickness d

−→
A tr(ω) = exp

(

−i
2π

k
ρdF (ω)

)−→
A in (1.20)

where ρ is the concentration of the chemical element, k is the magnitude of the

photon wave vector, and F (ω) is the coherent forward scattering amplitude for

γ-rays from a single, bound nucleus. Since the scattering process is polarization

dependent, F (ω) is represented by a two-by-two matrix, describing a possible

4In this work, the convention used by Smirnov [23] is used, which means that the amplitude

in Eq. 1.20 is the complex conjugate of the amplitude in the convention of Blume [24].
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polarization change of the matrix. The general formula thus becomes

−→
A tr(ω) =





A+
tr(ω)

A−
tr(ω)



 (1.21)

= exp



−i
2π

k
ρd





F++(ω) F+−(ω)

F−+(ω) F−−(ω)













A+
in

A−
in



 , (1.22)

where the matrix elements are given by [25]

F σinσsc(ω) =
k

8π
σ0fLMχσ

(Λ+1)
in σ(Λ+1)

sc

2L + 1

2Ie + 1
·

∑

mg

∑

me

∑

∆

C2(IgLIe;mg∆me)D
(L)∗
σin∆(αβγ)D

(L)
σsc∆

(αβγ) ·

Γ
h̄

ω − ωres − iΓ
2h̄

(1.23)

for axially symmetric hyperfine fields. In this equation, χ is the isotopic en-

richment and Λ and L designate the multipolarity of the radiation. Λ is 1 for

electric and 0 for magnetic radiation and L symbolizes the multipole order (2L)

of the radiation. σin and σsc represent the circular polarization state of the

incoming and scattered photon, respectively.

C(IgLIe;mg∆me) is the Clebsch-Gordan coefficient for a nuclear transition

from the ground state with a spin Ig and z-component mg to an excited state

with a spin Ie and z-component me using radiation with angular momentum

L and z-component ∆.

D
(L)
σsc∆

(αβγ) is the rotation matrix element for a rotation from the Radiation

Axis System (RAS) to the Principal Axis System (PAS) of the hyperfine fields

by using the Euler angles α, β and γ. If only axially symmetric hyperfine fields

are considered, the x and y axes of the PAS system can be chosen arbitrarily and

the rotation can be described by only two angles. The two matrices represent

a rotation from the RAS of the incoming radiation to the PAS of the hyperfine

fields and back to the RAS of the scattered radiation.

σ0 is the maximal resonant scattering cross-section, which is defined by

σ0 =
2π

k2

1

1 + α

2Ie + 1

2Ig + 1
(1.24)

where Ie and Ig are the spins of the excited state and the ground state, respec-

tively, and α = Γe

Γγ
is the internal conversion coefficient. The total linewidth
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of the nuclear excited level is Γ = Γe + Γγ with Γe the linewidth for internal

conversion and Γγ the radiative linewidth.

In Mössbauer Spectroscopy, line broadening is often inhomogeneous, which

may be considered as resulting from sample imperfections. These can be mod-

eled by introducing a variable resonance frequency ω′
res = ωres + Ω where Ω

is the variable deviation from average. The conventional approach in the field

of Mössbauer Spectroscopy is to model this as a Lorentzian-shaped distribu-

tion F (Ω), in analogy with the case of free diffusion in a viscous liquid [26].

The multiplication factor for the amplitude for scattering from one single line

nucleus then becomes

F σinσsc(ω) =
k

8π
σ0fLMχσ

(Λ+1)
in σ(Λ+1)

sc

2L + 1

2Ie + 1
·

∑

mg

∑

me

∑

∆

C2(IgLIe;mg∆me)D
(L)∗
σin∆(αβγ)D

(L)
σsc∆

(αβγ) ·

∫ +∞

−∞
F (Ω)

Γ
h̄

ω − ωres − Ω − iΓ
2h̄

dΩ (1.25)

=
k

8π
σ0fLMχσ

(Λ+1)
in σ(Λ+1)

sc

2L + 1

2Ie + 1
·

∑

mg

∑

me

∑

∆

C2(IgLIe;mg∆me)D
(L)∗
σin∆(αβγ)D

(L)
σsc∆

(αβγ) ·

Γ
h̄

ω − ωres − iqΓ
2h̄

(1.26)

where the parameter q has been introduced as q =
(

1 + ∆F

Γ

)

and ∆F is the

width of the Lorentzian distribution F (Ω).

Comparing Eqs. 1.19 and 1.21, the expression for the matrix elements of

f(ω), describing the forward scattering process becomes

1 + fσinσsc(ω) = exp

(

− i
2π

k
ρdF σinσsc(ω)

)

(1.27)
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or equivalently, using Eq. 1.26

fσinσsc(ω) = exp

(

− i
T

4
σ

(Λ+1)
in σ(Λ+1)

sc

2L + 1

2Ie + 1
·

∑

mg

∑

me

∑

∆

C2(IgLIe;mg∆me)D
(L)∗
σin∆(αβγ)D

(L)
σsc∆

(αβγ) ·

Γ
h̄

ω − ωres − iqΓ
2h̄

)

− 1, (1.28)

where the effective thickness T of the sample is defined as

T = σ0fLMχρd. (1.29)

Transition from Circularly to Linearly Polarized Radiation

The mathematical description, as it has been given so far, is for the case of

circularly polarized radiation. Except when an elliptical wiggler [27] or a phase

retarder [28] is used, synchrotron radiation will be linearly polarized. The

transformation from a circular to a linear description is straightforward and

can be performed via the following transformation matrices:





A+

A−



 =
1√
2





−1 −i

1 −i









Aσ

Aπ









Aσ

Aπ



 =
1√
2





−1 1

i i









A+

A−



 , (1.30)

where σ, π and +,− represent the linear and circular polarization states.

One Single Line Sample

If the sample does not exhibit hyperfine splitting, the sample is isotropic and

the mathematical description can be considerably simplified. In this case, the

multiplication factor for scattering from a single nucleus becomes

F (ω) = − k

8π
σ0fLMχ

Γ
h̄

ω − ωres − iqΓ
2h̄





1 0

0 1



 . (1.31)
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The total scattering process for σ-polarized synchrotron radiation, can then

be described by

fσσ(ω) = exp

(

i
T

4

Γ/h̄

ω − ωres − iqΓ
2h̄

)

− 1 (1.32)

where Eq. 1.28 was used. Using the Taylor expansion of the exponential

function, it can easily be shown that for T ¿ 1 the scattering process is de-

scribed by

fσσ(ω) =

(

i
T

4

Γ/h̄

ω − ωres − iqΓ
2h̄

)

. (1.33)

In order to find the expression for the scattering amplitude in time domain,

the above results need to be Fourier transformed using the formulas

Aj(ω) =

∫ +∞

−∞
exp(−iωt)Aj(t)dt (1.34)

Aj(t) =
1

2π

∫ +∞

−∞
exp(iωt)Aj(ω)dω (1.35)

where j = σ, π in a basis of linear polarization or j = +,− in a basis of circular

polarization. The result is given by [23,29]

Atr(t) =











εωres

[

δ(t) − 1
2τ

T exp
(

iωrest − q t
2τ

) J1

(√
T t

τ

)

√
T t

τ

]

if t ≥ 0

0 if t < 0

(1.36)

where τ is the lifetime of the excited state and εωres
=

√

Ires

∆ω
where Ires is the

radiation intensity in the frequency range ∆ω, allowed by the monochromator.

δ(t) is the Dirac delta which is defined as follows:






δ(t) = 0 if t 6= 0
∫ +∞
−∞ δ(t)dt = 1.

(1.37)

In a typical nuclear resonant scattering experiment, the prompt radiation,

represented by δ(t), is gated and only the nuclear resonant scattered part of

the radiation is measured. From Eq. 1.18 and Eq. 1.36, it follows that the

amplitude of a nuclear resonant scattered photon is equal to:

Asc(t) =











− εωres

2τ
T exp

(

iωrest − q t
2τ

) J1

(√
T t

τ

)

√
T t

τ

if t ≥ 0

0 if t < 0.

(1.38)
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as a function of t, where J1(t) is the first order

Bessel function.

Equation 1.38 expresses that the exponential decay, expected for scattering

by a single line sample, is modulated by the first order Bessel function J1,

which is plotted in Fig. 1.7. The observed pattern is called the dynamical

beating pattern and disappears for thin samples. Its origin lies in destructive

interference that arises from multiple scattering paths [23].

One Hyperfine Split Sample

As intuitively explained in Section 1.7.1, a beating pattern is expected in time

domain when there are two or more allowed transitions. This can be easily

checked for the case of a thin sample and two equally possible transitions where

Eq. 1.26 reduces to:

F++(ω) = F−−(ω) = Cte1

(

1

ω − ω1 − iqΓ
2h̄

+
1

ω − ω2 − iqΓ
2h̄

)

. (1.39)

ω1 and ω2 are the respective resonance frequencies and the other matrix el-

ements are zero. Because the intensity, a series of constants Ctei has been

introduced to simplify the following fomulas. Inserting Eq. 1.39 into Eq. 1.27,

the scattering process can be described by

f(ω) = f−−(ω) = f++(ω)

= exp

(

−i T Cte2

(

1

ω − ω1 − iqΓ
2h̄

+
1

ω − ω2 − iqΓ
2h̄

))

− 1 , (1.40)
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and restricting to thin samples, this becomes

f(ω) = −i T Cte2

(

1

ω − ω1 − iqΓ
2h̄

+
1

ω − ω2 − iqΓ
2h̄

)

. (1.41)

Taking the Fourier transform according to Eq. 1.35, results in:

f(t) = Cte3 T

(

exp

(

iω1t − q
t

2τ

)

+ exp

(

iω2t − q
t

2τ

))

. (1.42)

Finally, the forward scattered intensity Isc(t) can be written as:

Isc(t) = |Asc(t)|2

= Cte4 T 2

∣

∣

∣

∣

exp

(

iω1t − q
t

2τ

)

+ exp

(

iω2t − q
t

2τ

)∣

∣

∣

∣

2

= Cte4 T 2 exp

(

−qt

τ

)

·

|(cos(ω1t) + cos(ω2t)) + i (sin(ω1t) + sin(ω2t))|2

= Cte5 T 2 exp

(

−qt

τ

)

·
[

(cos(ω1t) + cos(ω2t))
2

+ (sin(ω1t) + sin(ω2t))
2
]

= Cte6 T 2 exp

(

−qt

τ

)

(1 + cos((ω1 − ω2)t)) . (1.43)

It has now been shown that, for the considered case, the intensity in time do-

main is an exponential decay, modulated by a cosine function. The frequency

of this cosine is the difference in resonance frequencies of the hyperfine split

nuclei. This can be generalized to multiple splittings and thick samples. There-

fore, a unique technique has been established that allows to measure hyperfine

interactions with synchrotron radiation, keeping the energy resolution of the

Mössbauer effect.

1.7.3 Resonant Scattering from Atoms

In this section, it will be investigated how the nuclear resonant scattering am-

plitude is affected by the interaction of the resonant radiation with the atomic

electrons. The underlying theory was developed by Trammell and Hannon [30]

and simultaneously by Kagan, Afanas’ev and Voitovetskii [31]. The first experi-

mental indication of this interaction with Mössbauer spectroscopy was obtained
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by Sauer, Matthias and Mössbauer [32] who observed a dispersion term in their

Mössbauer spectra of 181Ta. An overview of this problem has been given by

H.C. Goldwire and J.P. Hannon in 1977 [33]. In a recent article [34] by J.P.

Hannon and G.T. Trammell in 1999 on synchrotron radiation, the conclusions

of these articles are reconfirmed.

First, it will be investigated how the radiation interacts with one atom.

Next, these results will be extrapolated to an ensemble of atoms. In the third

part, the physical origin of the screening parameter will be investigated, fol-

lowed by some simulations of time differential spectra in the final part.

Resonant Scattering from a Single Atom

For describing the scattering process in one atom, this atom will be considered

as a nucleus, surrounded by an electron cloud.

For the case of emission, two quantum paths are possible: after nuclear

emission, the photon can or cannot be scattered by the surrounding electron

cloud. If the photon is scattered by the electron cloud, the photon will in-

duce electronic currents in the cloud. The radiation emitted by these induced

electronic currents will interact with the primary radiation from the nucleus.

This results in a complex “screening” parameter (δ(ΛL) + iξ(ΛL)) by which

the emission amplitude must be multiplied. Therefore, the total amplitude

for photon emission,
−→
A em, from a nucleus and its surrounding electron cloud

becomes

−→
A em +

−→
A em(δ(ΛL) + iξ(ΛL)) =

−→
A em(1 + δ(ΛL) + iξ(ΛL)), (1.44)

corresponding to the sum of both possible quantum paths. The contribution

δ(ΛL) gives the effect of the induced radiation that is in phase, or 180◦ out

of phase with the primary radiation. Typical values for δ(ΛL) are small (≈
10−5 − 10−2 ¿ 1) and can be neglected. On the other hand, the imaginary

part iξ(ΛL), although small (≈ 10−3 − 10−1 rad), can result in a detectable

phase shift of the emitted wave.

When considering the total scattering process, this can be regarded as ab-

sorption (either with or without interaction with the electron cloud), followed

by emission. Therefore, one possible approach is to model the absorption pro-

cess by multiplying the amplitude of the incoming photon by (1 + iξ(ΛL)),
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Nucleus

Electron Cloud

Electron Cloud

Electron Cloud −→
A electronic−sc

iξ
−→
Anuclear−sc−→

Anuclear−sc

iξ
−→
Anuclear−sc

Figure 1.8: Schematical representation of the four different quantum paths
in an atomic scattering process.

similar to the emission process. The total amplitude for scattering from a

single nucleus
−→
Anuclear−sc must then be multiplied by (1 + iξ(ΛL)) twice.

The amplitude of the atomically scattered photon
−→
Aatomic−sc then becomes

−→
Aatomic−sc =

−→
Anuclear−sc(1 + iξ(ΛL))(1 + iξ(ΛL)) +

−→
A electronic−sc

=
−→
Anuclear−sc(1 + 2iξ(ΛL) − (ξ(ΛL))2) +

−→
A electronic−sc

≈ −→
Anuclear−sc(1 + 2iξ(ΛL)) +

−→
A electronic−sc. (1.45)

where
−→
A electronic−sc represents the amplitude of the electronic scattering path.

It is clear that there exist four different quantum paths for atomic scatter-

ing, which are shown in Fig. 1.8. The factor 2 originates from the sum of both

paths that consist of a combination of nuclear scattering with electronic scatter-

ing. The path where there is twice electronic scattering combined with nuclear

scattering, has been neglected. This approximation is valid if ξ is sufficiently

small, which is always the case.

Resonant Scattering from a Single Line Sample

The above reasoning for a single atom can be extrapolated to an ensemble of

atoms. By the same reasoning that led to Eq. 1.32 for scattering from a single

line sample, it can be shown that the forward scattering amplitude, including
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screening effects, becomes

−→
A sc(ω) =



exp





iTΓ

4h̄
(

ω − ωres − iqΓ
2h̄

) (1 + 2iξ)



 − 1





−→
A in (1.46)

=

[

exp





iTΓ

4h̄
(

ω − ωres − iqΓ
2h̄

)



 ·

exp





−2ξTΓ

4h̄
(

ω − ωres − iqΓ
2h̄

)



 − 1

]

−→
A in. (1.47)

where Eq. 1.45 was used. The shapes of the exponential factors in the above

equation are illustrated in Fig. 1.9 for ξ = −0.16 and in Fig. 1.10 for ξ =

−0.5. For both figures, the individial exponential factors, and their product

are plotted for a sample of effective thickness 1 (T = 1) and no inhomogeneous

broadening (q = 1). The real parts, imaginary parts and absolute values are

plotted as a function of frequency.

Physical Meaning of the Screening Parameter

In Mössbauer absorption experiments, the screening parameter can be mea-

sured and calculated at the level of intensities. It has been shown to be pro-

portional to the fraction of the radiation that is absorbed by the material due

to interference between photoelectric absorption and internal conversion on

the one hand, or Rayleigh scattering and nuclear resonant scattering on the

other hand. These interference processes are the cause of conversion screening

and Rayleigh screening, respectively. For a pure (ΛL) multipole transition,

the conversion screening parameter has been shown to be approximately given

by [30,31]

ξ(ΛL) = ε
α(ΛL)σph(ΛL)

(4L + 2)π( λ
2π

)2
(1.48)

where α(ΛL) is the internal conversion coefficient, σph(ΛL) is the cross section

for photoelectric absorption and ε is a positive or negative real number which

has an absolute value somewhat smaller than 1. For the case of interference

with Rayleigh scattering, no such simple expression exists.

Because both Rayleigh scattering and photoelectric absorption have mainly

an E1 character, and interference can only occur between coherent paths, for
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Figure 1.9: Multiplication factors for the nuclear resonant scattering am-
plitudes for single line samples of thickness 1, no inhomogeneous broadening,

and ξ = −0.16. The upper row is a plot of exp

(

iTΓ

4h̄(ω−ωres−
iqΓ
2h̄ )

)

, the mid-

dle row is a plot of exp

(

−2ξTΓ

4h̄(ω−ωres−
iqΓ
2h̄ )

)

and the bottom row is a plot of

exp

(

iTΓ

4h̄(ω−ωres−
iqΓ
2h̄ )

(1 + 2iξ)

)

. The first column represents the real parts,

the middle column the imaginary parts and the last column the absolute val-
ues of the respective multiplication factors.
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Figure 1.10: Multiplication factors for the nuclear resonant scattering am-
plitudes for single line samples of thickness 1, no inhomogeneous broadening,

and ξ = −0.5. The upper row is a plot of exp

(

iTΓ

4h̄(ω−ωres−
iqΓ
2h̄ )

)

, the mid-

dle row is a plot of exp

(

−2ξTΓ

4h̄(ω−ωres−
iqΓ
2h̄ )

)

and the bottom row is a plot of

exp

(

iTΓ

4h̄(ω−ωres−
iqΓ
2h̄ )

(1 + 2iξ)

)

. The first column represents the real parts,

the middle column the imaginary parts and the last column the absolute val-
ues of the respective multiplication factors.
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Figure 1.11: Simulations of the time differential forward scattering spectra
for a thin (T=0.01, first column) and a thick (T=100, second column) single
line sample. Simulations were made for ξ = 0 (first row) and ξ = −0.3 (second
row) as indicated on the figure.

a long time this effect was only expected to occur for E1 nuclear transitions.

However, for conversion screening, this assumption was wrong because the

conversion screening cross section is much larger for E2 transitions than for

corresponding E1 transitions. Taking this into account, the conversion screen-

ing parameter can be of the same order for an E1 and the corresponding E2

transition.

Taking the physical origin of the screening parameter into account, one only

expects to see the influence of this parameter when there is a substantial proba-

bility for the photoelectric effect to interfere with the conversion electron path.

This is the case when there is a large probability for multiple scattering, thus

for thick samples and long times. This intuitive reasoning has not yet been

experimentally confirmed, but is illustrated by simulations in Fig. 1.11. This

figure shows the time dependence of the resonant forward scattered intensity

through one single line sample with thickness 0.1 and 100 respectively for ξ = 0

and ξ = −0.3. From these simulations it is clear that the screening effect will
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have no influence at all for thin samples, but will have a substantial influence on

the dynamical beat pattern for thick samples. This can be explained by consid-

ering that the dynamical beat pattern originates from destructive interference

during multiple scattering processes.



Chapter 2

Stroboscopic Detection

Stroboscopic detection of nuclear forward scattered synchrotron radiation is a

hyperfine interaction technique that is based on the same principles as the time

differential technique, discussed in Section 1.7. By adding a moving reference

sample to the setup, and measuring as a function of its velocity, energy-resolved

and easily interpretable spectra of the sample can be obtained. This recently

developed technique [22] will be extensively discussed in this chapter.

First, an intuitive reasoning will lead to the basic principles of the technique.

In the second section, these basic principles will be mathematically deduced,

after which the influence of screening effects on the stroboscopic spectra will

be discussed in the third section. Next, the general experimental setup for a

stroboscopic experiment with synchrotron radiation will be given. To finalize

this chapter, several experimental parameters, their interplay, and their opti-

mization will be discussed.

2.1 Intuitive Approach

In this section, the general principles of the stroboscopic detection technique

will be explained on an intuitive level. We will start with full time integrated

spectroscopy and come to the stroboscopic detection scheme in the second part.

37
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Variable Velocity

Reference Sample

−→
A in

−→
A sc,r

−→
A sc,s

−→
A sc,rc

Figure 2.1: Representation of the four possible quantum paths in a time
integrated experiment, where a reference is used.

2.1.1 Time Integrated Spectroscopy

The basic setup for time integrated detection consists of the sample under in-

vestigation and a single line reference sample mounted on a Mössbauer drive.

Both samples are placed behind each other in the synchrotron radiation beam

and the forward scattered radiation is detected. Fig. 2.1 illustrates that there

will then be four possible quantum paths for an incoming photon.
−→
A in is the

amplitude of the path where there is no resonant scattering from the nuclei.

Therefore, this path will not be delayed.
−→
A sc,r and

−→
A sc,s are the amplitudes

of the paths where there is resonant nuclear scattering in the reference, respec-

tively the sample. Finally,
−→
A sc,rc is the path where there is resonant scattering

both in the reference and in the investigated sample. Therefore, the total am-

plitude for transmission through two nuclear resonant samples can be written

as:

−→
A tr =

−→
A in +

−→
A sc,r +

−→
A sc,s +

−→
A sc,rc . (2.1)

Because the energy width of the incoming radiation is of the order of meV

and the width of the nuclear resonance is only of the order of neV,
−→
A in will

be of order 106 stronger than
−→
A sc,r and

−→
A sc,s. Still,

−→
A in can be neglected

by measuring only at times different from zero if time zero is defined as the

moment at which the prompt (non-scattered) radiation arrives at the detector.
−→
A sc,rc is referred to as the radiative coupling path and can only be neglected

for thin samples. Its influence on the spectra will be discussed in Section 2.1.2.

Therefore, for thin samples, the scattering amplitude consists of contributions
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from two main quantum paths:

−→
A sc =

−→
A sc,r +

−→
A sc,s (2.2)

Suppose that both samples are identical single-line samples. The resonance

frequency of the reference will be Doppler shifted with respect to the reso-

nance frequency of the sample. Both resonance frequencies will only match at

zero velocity and an enhanced delayed intensity will then be observed due to

constructive interference between both amplitudes.

If the sample is not single line, an enhanced delayed intensity will be ob-

served for those velocities where the Doppler shifted reference frequency equals

one of the resonance frequencies of the sample under investigation. This prin-

ciple is similar to Mössbauer spectroscopy with a radioactive source. In this

way, an energy-resolved, Mössbauer-like spectrum can be constructed as is il-

lustrated in Fig. 2.2.

Contrary to conventional Mössbauer spectroscopy, the observed resonances

are positive. This can be explained as follows. For thin samples, the two in-

terfering paths have the same phase, resulting in contructive interference and

hence in an increase in intensity. In the case of Mössbauer spectroscopy with

a radioactive source, the considered interference is between a quantumpath

without resonant scattering, and one with resonant scattering. Therefore, both

paths have a 180◦ phase shift (see Section. 2.2.2), resulting in destructive in-

terference.

2.1.2 Stroboscopic Detection

To explain stroboscopic detection intuitively, it is instructive to first consider

the time response of the sample-reference system for several velocities of the

reference.

Suppose the sample and the reference are identical single line samples. At

zero velocity, the time spectrum will be an exponential decay. If the velocity

differs from zero, the two interfering amplitudes,
−→
A sc,r and

−→
A sc,s, will have a

slightly different frequency. The measured intensity will then be modulated by

a cosine having a frequency that is the difference of both resonance frequencies.

This can be shown by exactly the same reasoning that led to Eq. 1.43 in Section

1.7.2. Because the resonance frequency of the reference depends on its velocity,
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Figure 2.2: The upper panel shows two resonance frequencies, ω1 and ω2,
of an arbitrary sample as a function of the reference velocity. The resonance
frequency of the reference ωr is Doppler shifted by ∆(v), which scales linearly
with the velocity. The simulated, fully time integrated spectrum is shown in
the lower panel.
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the frequency of the beating pattern will also depend on the reference velocity.

We will now consider one such time spectrum for one arbitrarily chosen velocity.

At time zero, the prompt radiation arrives at the detector, which therefore

cannot detect the scattering intensity. Also for a few nanoseconds after time

zero, the detector and its associated electronics will need some time to recover

from the high intensity prompt pulse. This is referred to as the “dead time”

(for more details, see Section 2.4.1) of the detector and electronics. In order to

be sure that the influence of the prompt radiation is completely excluded from

the measured spectrum, the measurements must be stopped for a few nanosec-

onds around every prompt pulse. Therefore, in order to construct the velocity

spectrum, full time integration is not possible and a time-window function S(t)

must be defined that determines the times when time integration is performed.

This function must be zero around time zero and can take any value for other

times. Mostly, a square function is conveniently chosen that only takes the val-

ues zero or one. Now, consider Fig. 2.3 where the probability density for photon

detection |Asc|2 is plotted for one prompt pulse at several velocities. Suppose

that the velocity is such that the beating frequency is equal to the time-window

frequency and that the beats are at a minimum when the time-window func-

tion equals 1. In this case, a decreased intensity in forward direction will be

observed as is illustrated by Fig. 2.3 (b). Similarly, if the velocity is such that

the beating is at a maximum during the allowed time periods, an increase in

intensity will be observed (Fig. 2.3 (e)). These special conditions occur at all

velocities that correspond to a beating frequency which is a multiple of the

time-window frequency. This is called the stroboscopic condition and can be

written as

∆ = n · ωTW , (2.3)

where ∆ is the shift of the resonance frequency of the reference, ωTW is the

frequency of the time-windows and n is thus defined as the order of the stro-

boscopic resonances which is always a positive or negative integer. As is

shown in Fig. 2.3, a stroboscopic order can correspond to a negative resonance

(Fig. 2.3(b)), or a positive resonance (Fig. 2.3(e)). If the position and width

of the time-window are well-chosen, the resonance can also be extinguished, as

shown in Fig. 2.3(d).

To calculate the position of the stroboscopic resonances in velocity domain,

one can start from Eq. 1.15 which expresses the connection between velocity and
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Figure 2.3: Simulated time and velocity structures of the forward scattered
intensity through two identical thin, single line samples. Graphs (a) to (e)
represent the time structure for several velocities of the reference as indicated
by the legend. The time-windows are represented by the grey areas in the
time spectra. The stroboscopic spectrum is represented by graph (f). Here,
also the velocities corresponding to the shown time spectra are indicated.
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frequency domain. Using the stroboscopic condition (Eq. 2.3), this becomes

nωTW = ωres

vn

c
(2.4)

vn = n · ωTW · c
ωres

, (2.5)

where we have deduced the velocity shift that corresponds to the stroboscopic

condition and therefore the velocity shift of the stroboscopic resonances with

respect to the central resonances.

Notice that the shift of the higher-order stroboscopic spectra with respect

to the central spectrum does not depend on the sample properties and can,

therefore, be perfectly predicted if the resonance frequency is known.

If the sample under investigation is not a single line sample, each strobo-

scopic order resonance will be split into multiple resonances with a distance

that is related to the hyperfine splitting in the nuclei. Therefore, each of these

stroboscopic order spectrum components can be interpreted the same way as

the central spectrum component and the shift of these components with respect

to the central one is given by Eq. 2.5. If these different order spectrum com-

ponents overlap, a straightforward interpretation of the total spectrum is no

longer possible. In most cases however, it is possible to increase the distance be-

tween the different order spectrum components by increasing the time-window

frequency.

In the above reasoning, the radiative coupling path has been neglected. For

small velocities, this approximation is only valid for thin samples. For large

velocities, this path is not possible at all because the Doppler shifted reference

energy differs too much from the resonance energy in the sample. Therefore,

if the time-window frequency is sufficiently high to completely separate the

different order stroboscopic spectra, the radiative coupling path will only influ-

ence the central, zeroth order spectrum. Its influence on this central spectrum

will then be to reduce the peak-to-baseline ratio. The reason for this is the

destructive interference between the radiative coupling path and the paths for

scattering in the reference and scattering in the sample, respectively. This de-

structive interference is due to the 180◦ phase shift that is introduced by the

resonant scattering process in ensembles of nuclei (see Section. 2.2.2).
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2.2 Mathematical Description

In this section, a mathematical formalism will be developed for the stroboscopic

detection scheme. In the first part, the full time integrated scheme will be

considered, while in the second part the time-windows will be introduced. This

mathematical deduction follows the work of R. Callens [6, 22].

2.2.1 Time Integrated Spectroscopy

The nuclear resonant scattering process from an ensemble of nuclei has been

described in section 1.7.2. The transmission and scattering amplitudes for one

sample can be written as (Eqs. 1.17 and 1.19)

−→
A sc(ω) = f(ω)

−→
A in

−→
A tr(ω) = (1 + f(ω))

−→
A in

where the multiplication factor f(ω) is a 2× 2-matrix and is determined by its

matrixelements (Eq. 1.28).

If the sample and reference are both put in the beam together, the incoming

amplitude for the second sample is equal to the transmission amplitude for the

first sample. Since the reference exhibits no hyperfine splitting, its multiplica-

tion factor f(ω) is a diagonal matrix and therefore the order of the samples in

the beam is not relevant. The total transmission amplitude through the sample

and the reference thus becomes:

−→
A tr(ω) = (1 + fs(ω))(1 + fr(ω))

−→
A in (2.6)

= (1 + fs(ω) + fr(ω) + fs(ω)fr(ω))
−→
A in (2.7)

=
−→
A in +

−→
A sc,s(ω) +

−→
A sc,r(ω) +

−→
A sc,rc(ω), (2.8)

where fr(ω) and fs(ω) describe the nuclear forward scattering process in only

the reference and only the sample, respectively, and
−→
A sc,s(ω) and

−→
A sc,r(ω)

are the nuclear forward scattering amplitudes for only the sample and only the

reference respectively.
−→
A sc,rc(ω) is the radiative coupling term, describing nu-

clear forward scattering by the sample and the reference in the same quantum

path. Note that this is the same formula as intuitively found in Section 2.1.1

(Eq. 2.1). The above expressions for the amplitudes are in frequency domain.

To transform these expressions to time domain, the Fourier transformation,
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defined in Eq. 1.35, must be used. For the case of synchrotron radiation, the

energy width of the incoming radiation is of the order of 106 larger than the

energy width of the nuclear resonance. If the energy width of the incoming

radiation is approximated to be infinite, the Fourier transform of
−→
A in is pro-

portional to δ(t). During an actual experiment, the radiation that arrives at

the detector at t = 0 will be omitted. Also, because this amplitude is prompt

and the nuclear scattered amplitude will be delayed, both paths cannot inter-

fere with each other. Therefore, the measured intensity will not be influenced

at all by this quantum path and it can be omitted from the calculations. The

measured intensity will, therefore, only depend on the scattering amplitude,

which consists of three quantum paths:

−→
A sc(ω) =

−→
A sc,s(ω) +

−→
A sc,r(ω) +

−→
A sc,rc(ω). (2.9)

The intensity will be measured as a function of both time and velocity, and

will be represented by D(t,∆). Here, t = 0 is defined as the moment when

the prompt radiation arrives in the detector and the time ranges from t = 0

to the bunch period t = tB . ∆ represents the Doppler shift of the resonance

frequency of the reference. D(t,∆) is the measured intensity in an actual

experiment using a two-dimensional data acquisition system that records for

all events both the time and the velocity coordinate.

The total time integrated intensity as a function of velocity (or equivalently,

∆) can then be expressed as

I(∆) =

∫ +∞

0

D(t,∆)dt (2.10)

=

∫ +∞

0

−→
A sc(t,∆) · −→A ∗

sc(t,∆) dt (2.11)

In the next section, the mathematical description of the stroboscopic de-

tection technique will first be discussed. After this, the shape of the full time

integrated velocity spectrum, obtained from Eq. 2.11, will be compared with

the stroboscopic spectrum.

2.2.2 Stroboscopic Detection

The mathematical formalism for describing the stroboscopic spectrum will be

deduced in steps. First, the general formula for the stroboscopic spectrum
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will be derived. Then its components will be separately discussed and finally

brought together to obtain the full spectrum.

Derivation of the General Formula

The stroboscopic detection scheme differs from full time integration in the sense

that a time-window function S(t) is defined by which the detected intensity

D(t,∆) must be multiplied. This means that for certain times, detection will

be stopped (S(t) = 0), the detection efficiency may be somewhat decreased

(0 < S(t) < 1) or detection can be performed with full efficiency (S(t) = 1).

The time integrated intensity then becomes

I(∆) =

∫ +∞

0

S(t)D(t,∆)dt. (2.12)

Because the measurement must be stopped when the prompt pulse arrives

at the detector, the time-window function must be a periodic function with a

frequency ωTW that is a multiple of the bunch frequency ωB of the synchrotron

radiation. Therefore, S(t) can be Fourier expanded in the following manner:

S(t) =

n=+∞
∑

n=−∞

sn exp(inωTW t) , (2.13)

where sn is the nth Fourier coefficient of the time-window function S(t),

sn =
1

tTW

∫ tT W

0

exp(−inωTW t) S(t) dt , (2.14)

and tTW is the period of the time-window. The time integrated intensity thus

becomes

I(∆) =

∫ +∞

0

(

n=+∞
∑

n=−∞

sn exp(inωTW t)

)

D(t,∆) dt (2.15)

=

n=+∞
∑

n=−∞

sn

∫ +∞

0

exp(inωTW t)D(t,∆) dt (2.16)

=

n=+∞
∑

n=−∞

sndn(∆) , (2.17)

where dn(∆) is defined as

dn(∆) =

∫ +∞

0

exp(inωTW t)D(t,∆) dt . (2.18)
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Equation 2.17 expresses that the total time integrated spectrum consists of

several components dn(∆). These will be referred to as the individual strobo-

scopic order n spectrum components. Each of these components is weighted by

a scalar factor sn, which is completely determined by the time-window function

S(t). Because S(t) and D(t,∆) are real functions, it follows directly from the

definitions of sn (Eq. 2.14) and dn (Eq. 2.18) that

s−n = s∗n (2.19)

d−n(∆) = d∗n(∆). (2.20)

Consequently, the general expression for the stroboscopically measured inten-

sity (Eq. 2.17) becomes

I(∆) = s0d0(∆) +

n=+∞
∑

n=1

2<(sndn(∆)) (2.21)

In the next sections, the stroboscopic order spectrum components dn(∆)

and their weighing factors sn will be discussed separately before the total spec-

trum will be discussed.

The Spectrum Components dn(∆)

Each spectrum component dn(∆) can be written as

dn(∆) =

∫ +∞

0

exp(inωTW t)
−→
A sc(t,∆) · −→A ∗

sc(t,∆) dt . (2.22)

By Fourier transforming the amplitudes to frequency domain and using the fact

that the scattering amplitude is zero for negative times, it can be shown [6]

that this is equivalent to

dn(∆) =
1

2π

∫ +∞

−∞

−→
A sc(ω,∆) · −→A ∗

sc(ω + nωTW ,∆) dω. (2.23)

The ∆-dependence of the amplitudes lies in a change of the reference reso-

nance energy ωres,r to ωres,r + ∆ in Eq. 1.28. Using Eq. 2.9 for the scattering

amplitude and expanding the above formula into its components results in

dn(∆) = dbl,n + dint,n(∆) + drc,n(∆) . (2.24)

Therefore, each stroboscopic order spectrum consists of three main parts, which

will be discussed next separately.
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The first part, dbl,n, describes the baseline and is equal to

dbl,n =
1

2π

∫ +∞

−∞

(−→
A sc,r(ω,∆) · −→A ∗

sc,r(ω + nωTW ,∆)

+
−→
A sc,s(ω) · −→A ∗

sc,s(ω + nωTW )

)

dω . (2.25)

This is the sum of the intensities if there were only the reference or only the

sample present in the beam. These intensities are independent of the velocity

of the reference and thus contribute to the stroboscopic spectrum as a constant

baseline. They only have a substantial value if (n h̄ωTW ) is of the same order,

or smaller than the width of the resonance energies. This is always the case

for n = 0. If n 6= 0, in many cases the time-window frequency can be chosen

large enough so that there is no overlap of the frequencies and the baseline of

the total spectrum then only consists of the zeroth order term dbl,0.

The second part, dint,n describes the interference between scattering in the

reference and scattering in the sample and is expressed by

dint,n(∆) =
1

2π

∫ +∞

−∞

(−→
A sc,r(ω,∆) · −→A ∗

sc,s(ω + nωTW )

+
−→
A sc,s(ω) · −→A ∗

sc,r(ω + nωTW ,∆)

)

dω. (2.26)

This interference will be maximum when the following frequencies are equal to

each other:

ω − ωres,r − ∆ = ω + nωTW − ωres,s (2.27)

ω − ωres,s = ω + nωTW − ωres,r − ∆ , (2.28)

corresponding to the first and second term of Eq. 2.26, respectively. These

equations lead to

∆ = ωres,s − ωres,r − nωTW (2.29)

∆ = ωres,s − ωres,r + nωTW . (2.30)

From this we can conclude that for identical single line samples, the interference

terms are pronounced when ∆ = ±nωTW . This corresponds to the intuitively

derived stroboscopic condition of Eq. 2.3. For non-identical samples, the po-

sition of the interference effect will shift by the frequency-difference between
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sample and reference. When the resonance frequency of the reference is known,

this is a convenient way to determine the resonance frequencies of the sample.

Next, the shape of the interference terms, dint,n(∆), will be discussed. It can

be shown [22] that

dint,n(∆) =
1

π

∫ +∞

−∞

−→
A sc,s(ω) · <

(−→
A sc,r(ω + nωTW ,∆)

)

dω

+
1

π

∫ +∞

−∞
<

(−→
A sc,r(ω − nωTW ,∆)

)

· −→A sc,s(ω)dω . (2.31)

For thin, single line samples, the explicit expressions for the above amplitudes

can be calculated using Eq. 1.33

f(ω) = i
T

4

Γ/h̄

ω − ωres − iqΓ
2h̄

= −
TqΓ2

8h̄2

(ω − ωres)
2

+
(

qΓ
2h̄

)2 + i
TΓ
4h̄

(ω − ωres)

(ω − ωres)
2

+
(

qΓ
2h̄

)2 . (2.32)

This formula expresses that, for thin single line samples, the real part of the

scattering amplitude is Lorentzian shaped and the imaginary part is dispersion-

shaped. The multiplication factor f(ω) for σ-polarized radiation and a single

line sample of effective thickness T = 1 is plotted in Fig. 2.4.

Taking into account Eq. 2.31, this means that the amplitude for scattering

in the sample is convoluted with a Lorentzian shaped amplitude, shifted by

+nωTW , and a Lorentzian shaped amplitude, shifted by −nωTW . Therefore,

pronounced resonances will be observed for the velocities that obey conditions

2.29 or 2.30. For thin single line samples, an analytical expression for dint,n

has been calculated in Appendix A:

dint,n(∆) =
TrTsΓ

2

16h̄2

∣

∣

∣

−→
A in

∣

∣

∣

2
[

(qs+qr)Γ
2h̄

− i (ωres,s − ωres,r − nωTW − ∆)

(ωres,s − ωres,r − nωTW − ∆)
2

+
(

(qs+qr)Γ
2h̄

)2

+
(qs+qr)Γ

2h̄
+ i (ωres,s − ωres,r + nωTW − ∆)

(ωres,s − ωres,r + nωTW − ∆)
2

+
(

(qs+qr)Γ
2h̄

)2

]

. (2.33)

This corresponds to two resonances of order −n and n, at the positions corre-

sponding to Eqs. 2.29 and 2.30, respectively. These have a Lorentzian shape
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Figure 2.4: Plots of the real part (a), imaginary part (b) and magnitude
(c) of fσσ where Aσ

sc(ω) = fσσ(ω)Aσ
in, as a function of ω − ωres. The consid-

ered sample is single line with resonance frequency ωres, and has an effective
thickness 1.
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for the real part and a dispersion shape for the imaginary part. If the sam-

ple exhibits hyperfine splitting, each allowed transition will contribute to each

stroboscopic order spectrum component.

Finally, drc,n(∆) in Eq. 2.24 expresses the influence of the radiative coupling

path. This can be written down as

drc,n =
1

2π

∫ +∞

−∞

(−→
A sc,rc(ω,∆) · −→A ∗

sc,r(ω + nωTW ,∆)

+
−→
A sc,r(ω,∆) · −→A ∗

sc,rc(ω + nωTW ,∆)

+
−→
A sc,rc(ω,∆) · −→A ∗

sc,s(ω + nωTW )

+
−→
A sc,s(ω) · −→A ∗

sc,rc(ω + nωTW ,∆)

+
−→
A sc,rc(ω,∆) · −→A ∗

sc,rc(ω + nωTW ,∆)

)

dω. (2.34)

The radiative coupling amplitude will only be substantial for thick samples

and for small velocities, because it can only occur if the resonance frequencies

of both samples overlap. In many cases, the time-window frequency can be

chosen high enough to shift the first order stroboscopic resonances out of this

area. Because resonant scattering by a sample induces a phase-shift of 180◦ (see

Fig. 2.4) with respect to the amplitude of the incoming beam, the amplitude of

the radiative coupling path will interfere destructively with the amplitudes for

scattering in the reference or in the sample. The overall influence of the first

four terms in Eq. 2.34 will thus be to reduce the signal-to baseline ratio of the

zeroth order resonances (for a sufficiently high frequency of the time-windows)

and induce a change of the shape of these resonances. The last term will add

to the baseline.

The Weighing Factors sn

Since the spectrum components dn have to be multiplied with the weighing

factors (Eq. 2.21), these can drastically influence the shape of the measured

spectra. In this work, all used time-windows will be square-shaped, which

means that they only take the values zero or one. The expressions for the

weighing factors for a square time-window are calculated in Appendix B.

The general expression for the zeroth order Fourier coefficient of the time-

window function can easily be determined. It is the integral of the time-window
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function over one period, or equivalently, the total fraction of allowed counts

(Eq. B.1 in Appendix B).

If the square time-window is centered around t = tc and has a duration

F · tTW where F is the allowed fraction, the weighing factors take the general

form

sn = F n = 0

sn = exp (−inωTW tc)
sin(nπF )

nπ
n 6= 0 ,

(2.35)

which is proven in Appendices B.1 and B.2. This results in both real and

imaginary sn values and, therefore, the possibility of having both Lorentzian-

like and dispersion-like stroboscopic order spectra.

In most cases, however, it is convenient to choose the time-windows sym-

metric with respect to the center of their period. In this case, the weighing

factors can be considerably simplified to (Eq. B.8)

sn = (−1)n sin(nπF )

nπ
. (2.36)

From this expression, it is clear that the Fourier coefficients of the time-window

function exhibit a sin n
n

-dependence.

The Total Stroboscopic Spectrum

In order to discuss the total stroboscopic spectrum, we start from Eq. 2.21:

I(∆) = s0d0(∆) +

n=+∞
∑

n=1

2<(sndn(∆))

= F · d0(∆) +

n=+∞
∑

n=1

2<(sndn(∆)) (2.37)

The total time integrated spectrum, as described in Section 2.2.1 must be equal

to the stroboscopic spectrum if the time-window function is a constant equal

to 1. The Fourier coefficients for such a time-window function are

sn = 1 n = 0

sn = 0 n 6= 0.
(2.38)

From this reasoning it is clear that d0(∆) is equal to the full time integrated

spectrum.
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From Eq. 2.26 it follows that each spectrum component dn contains the same

information as d0 but is shifted in frequency (or equivalently velocity) domain

by ±nωTW . Therefore, we can state that the full stroboscopic spectrum is the

sum of two parts. The first part is the full time integrated spectrum, weighted

by the fraction of allowed counts. The second part corresponds to an infinite

amount of stroboscopic order spectra, each shifted by ±nωTW with respect to

the central resonances. These are weighted by the Fourier coefficients sn of

the time-window function. If sn is real, the resulting nth-order spectrum has

a Lorentzian shape. If sn is imaginary, the corresponding nth order spectrum

will consist of dispersion-like resonances. A study of the influence of the time-

windows on the resonance shapes, and how this can be optimized, will be

presented in Section 2.5.1.

2.3 Influence of Screening Effects on Strobo-

scopic Spectra

In this section, the influence of the screening parameter, introduced in Sec-

tion 1.7.3, will be discussed. This will mainly be done by means of simula-

tions that were made using Eq. 1.46 for the scattering amplitude, including

screening effects. The simulations that will be discussed in this section were

made for Tantalum-metal samples, using a bunch period of 165 ns and putting

time-windows from 41 ns to 123 ns, thus from 1/4 to 3/4 of the total period.

The properties of 181Ta are summarized in Appendix C, only the value of the

screening parameter, which is ξ = −0.16 [35], has been adjusted to illustrate

its effect.

Fig. 2.5 shows simulations of the zeroth and first order stroboscopic res-

onances separately for two identical Tantalum-metal samples. Both samples

are single line, exhibit no inhomogeneous broadening and have effective thick-

nesses 30. Simulations were made for ξ ranging from zero to -0.5. It is clear

that there does not appear to be a dispersion in the spectra, although the width

and height of the resonances are clearly influenced by the screening parameter.

Fig. 2.6 shows simulations of the zeroth and first order stroboscopic res-

onances separately for two Tantalum-metal samples of different thicknesses.

Both samples are single line, the reference has an effective thickness of 20 and

the sample has an effective thickness of 50. Simulations were again made for
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Figure 2.5: Simulations of the zeroth (graphs a,b,c and d) and first (graphs
e,f,g and h) order stroboscopic resonances for two single line Tantalum sam-
ples. Both samples have a thickness of 30 and none of the samples exhibit
broadening. Each spectrum represents a different simulation that was normal-
ized to an average of 100 counts per channel. Simulations were made for ξ = 0
(graphs a and e), ξ = −0.16 (graphs b and f), ξ = −0.3 (graphs c and g) and
ξ = −0.5 (graphs d and h) as indicated on the figure.
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Figure 2.6: Simulations of the zeroth (graphs a,b,c and d) and first (graphs
e,f,g and h) order stroboscopic resonances for two single line Tantalum sam-
ples. The reference has a thickness 20, the other sample has a thickness of 50
and none of the samples exhibit broadening. Each spectrum represents a dif-
ferent simulation that was normalized to an average of 100 counts per channel.
Simulations were made for ξ = 0 (graphs a and e), ξ = −0.16 (graphs b and
f), ξ = −0.3 (graphs c and g) and ξ = −0.5 (graphs d and h) as indicated on
the figure.
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Figure 2.7: Simulations of the zeroth (graphs a and d) and first (graphs
e and h) order stroboscopic resonances for two single line Tantalum samples.
The reference has a thickness 0.2, the other sample has a thickness of 0.5 and
none of the samples exhibit broadening. Each spectrum represents a different
simulation that was normalized to an average of 100 counts per channel. Sim-
ulations were made for ξ = 0 (graphs a and c) and ξ = −0.5 (graphs b and d)
as indicated on the figure.

ξ ranging from zero to -0.5. In these spectra, a pronounced dispersion term

appears, along with an influence on the width and height of the spectra.

Finally, Fig. 2.7 shows simulations for two thin single line samples with

different thicknesses 0.2 and 0.5 respectively for the reference and the sample.

Simulations were only made for ξ = 0 and ξ = −0.5 but it is clear that for

these thin samples, the screening parameter will not have an influence on the

stroboscopic spectra. This can be explained by a low probability for multiple

scattering.

In conclusion, the screening parameter is an established and well-understood

concept for Mössbauer spectroscopy and can be applied for nuclear resonant

scattering with synchrotron radiation [34, 36]. On the other hand, its exis-

tance has not yet been experimentally confirmed with synchrotron radiation.
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Indeed, the observation of the effect is less evident as with Mössbauer spec-

troscopy. Since at t=0, a large fraction of the observed radiation has only scat-

tered electronically, it would be difficult to resolve this relatively small effect.

This problem can, however, be circumvented by time differential measurement

of thick samples at large times. Indeed, the dynamical beat pattern, which

finds its origin in interference due to multiple scattering will be influenced by

this effect. Using stroboscopic detection, it even becomes possible to visual-

ize the dispersion effect by using two thick samples with sufficiently different

thicknesses. In this way, it becomes possible to resolve the phase-shift. If both

samples are equal, the spectrum is still influenced by the screening parameter,

but obviously no phase shift can be measured.

2.4 The Experimental Setup

Some aspects of the general setup for a stroboscopic experiment with syn-

chrotron radiation will be discussed in this section. In the first part, focus will

be laid on the setup from source to detector. The second part will deal with

the signal processing, specifically for putting the time-windows. Two possible

electronics setups will be discussed, after which we will briefly mention how the

time and velocity calibrations can be done.

2.4.1 From Source to Detector

For nuclear resonance scattering experiments, undulator radiation is ideal,

mainly thanks to its tunability to a specific energy range. The undulators

at the nuclear resonant scattering beamlines are optimized for the 14.4 keV

resonance of 57Fe.

The nuclear resonant scattering beamline BL09XU at SPring-8 consists of

three hutches [21]. In the front end, X-Y slits reduce the intensity of the

radiation before it enters the optics hutch where the first monochromator is

located. This monochromator reduces the energy width from the order of keV

to the order of eV. In the experimental hutch, a high-resolution monochromator

reduces the energy width from the order of eV to the order of meV. The samples

and detector are then placed downstream.
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Figure 2.8: Example of an avalanche photodiode detector. This is a reach-
through configuration. Other configurations are possible and operate by sim-
ilar principles.

The Avalanche Photodiode Detector

Nuclear resonant scattered synchrotron radiation is usually detected by an

avalanche photodiode detector [37] or APD (Fig. 2.8), thanks to its excellent

time resolution and relatively high efficiency. Its principles will be explained

here.

The largest part of the diode is a semiconductor (often Silicon) material. In

a semiconductor, the electrons experience an energy gap between the occupied

and unoccupied states. When an electron has sufficient energy to cross this

gap, an electron-hole pair is formed. By applying a potential difference across

the semiconductor, the electron and the hole will move in opposite directions.

Several regions of the semiconductor material are doped with two different

kinds of dopants resulting in n- and p-type layers. A p- or p+-type material is

formed when the semiconductor is doped, respectively overdoped with a mate-

rial that has fewer conduction electrons per atom than the host material has.

This will result in relatively more conduction holes than conduction electrons.

The opposite occurs when the dopant contains more conduction electrons per

atom than the host, which will result in relatively more conduction electrons

than conduction holes. This is then called an n- or n+-type material.

An incident photon will first be transmitted through the thin p+-layer to

be stopped in the middle region, or drift region. The photon energy is then

absorbed by one of the electrons, allowing it to cross the energy gap and an

electron-hole pair is formed. Usually, one photon will transfer all of its energy to

one electron. A potential difference is put across the diode so that the electron

will drift to the gain region as is indicated in Fig. 2.8. During this drift process,

the electron will quickly lose its energy through scattering, creating about 4000
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electron-hole pairs for the case of 14 keV radiation [37]. These electrons all drift

to the high field gain region of the p- and n+ layers where they are accelerated

by a large electric field, created by the p-n+ interface. In the acceleration

process, extra electron-hole pairs are created to produce a measurable current.

This detector type has the advantage that it is able to detect a single low-

energy photon with a background that is not larger than 0.1 Hz. Another

feature is the excellent time resolution of the order of nanoseconds and even

smaller. It has a very poor energy resolution which is generally not an issue in

nuclear resonant scattering experiments.

An important aspect is the recovery time needed by the detector and elec-

tronics system. This is especially so when measuring in forward direction, where

one prompt pulse may contain up to 10 photons. In this case, it is important

to know how long one must wait until the large prompt pulse no longer affects

the time at which the discriminator (see Section 2.4.2) will trigger. In some

cases, it may be advantageous to reduce the radiation intensity by reducing the

slit size in order to decrease the dead time of the detector and electronics.

2.4.2 The Stroboscopic Electronics Setup

In order to be able to put the time-windows, two approaches can be followed.

The first is putting the time-windows online, using the beamline electronics. In

this case, the velocity is recorded for each event so that the velocity spectrum

can immediately be obtained. The second approach is recording for each event

both the time and the velocity coordinate. In this case, the beamline electronics

may allow the time-windows as broad as possible, thus only eliminating the

prompt pulse. A wide range of time-windows can then be put offline, after the

experiment. In many cases, this last approach is preferable but it requires a

two dimensional data acquisition system. Both approaches will be discussed

next.

Putting Time-Windows During the Experiment

The electronics setup is schematically represented by Fig. 2.9, where it is shown

how two separate time-windows can be put during one experiment. This scheme

was used in the high pressure experiment with 151Eu that will be discussed in

Chapter 3.
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Figure 2.9: Scheme of the electronics setup for putting online time-windows
in a stroboscopic experiment. [22]
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After detection in the Avalanche Photodiode Detector, the tiny signal is

first amplified by a preamplifier. It is then sent to the first discriminator from

which the total countrate can be obtained. In the second discriminator, a

veto is put that eliminates all counts within a few nanoseconds around the

prompt pulse. The exact width of this veto depends on the response time of

the detector for the given prompt countrate. The tail of the prompt signal

must be sufficiently reduced not to influence the timing signal of the delayed

counts. From this second discriminator, the delayed countrate can be obtained.

Next, the delayed events are sent to the Time-to-Amplitude Converter (TAC),

together with a timing signal from the storage ring electronics. Generally, a

TAC produces an output signal whose amplitude is proportional to the time

between two signals. In our case, the start is given by the delayed event. The

stop comes from the ring electronics bunch clock and has the same frequency

as the prompt pulses. Consequently, the amplitude of the created signal is

proportional to tB − t where t is the delay time of the event and tB is the

period of the bunches. The signal is then sent to a Single-Channel Analyzer,

where only the events that fall within the desired time-window are allowed

through. This signal finally goes to the Mössbauer Drive Acquisition System.

For each of these events, the velocity of the Mössbauer Drive at the time of

scattering must be known and is provided by the clock generator.

The clock generator is used to create a voltage-time function for the Möss-

bauer Drive Unit. The Drive Unit sends this signal to the Mössbauer Drive

which sends an error-signal back to the Drive Unit indicating its deviation from

the desired velocity. The clock generator sends a start and a clock-signal to the

Mössbauer Drive Acquisition System. The start-signal has the same periodicity

as the voltage-time function. Depending on the number of required velocity-

channels, the clock signal divides the total function period into channels.

In this manner, the Mössbauer drive acquisition systems have sufficient

information to create a velocity spectrum for each time-window.

Using a Two-Dimensional Data Acquisition System

The basic setup, Fig. 2.10, is similar to the one described in the previous

paragraph up to the Time-to-Amplitude Converter (TAC). This signal is then

sent to an Analogue-to-Digital Converter (ADC), which converts the analogue

input to a digital number. The digital signal, whose size is proportional to
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tB − t, can then be sent directly to the Two-Dimensional Data Acquisition

System. This system will simultaneously receive the Start and Clock signals

from the clock generator and will thus be able to attribute a velocity channel

to each event. This Data Acquisition System has a limited memory to store

a certain amount of events before sending them to the computer as a block.

This has the advantage of limiting the data-transfer time as much as possible

because the Data Acquisition System will not be able to process signals from

the ADC while transferring data. The computer will then be able to create a

full velocity-time matrix, which can be used to put time-windows offline and

generate several stroboscopic spectra from the same data set. Of course, the

events that occur during the dead time of the detector and electronics have

still been rejected by the veto and the time-windows are thus required to have

a frequency that is a multiple of the bunch frequency.

2.4.3 The Time and Velocity Calibration

In this section, the time and velocity calibrations with a stroboscopic setup will

be discussed briefly.

The Time Calibration

In order to fit the results, knowledge of the exact structure of the created

time-windows is crucial. Using the timing signal of the ring, this is generally

not a problem since an exact timing signal is provided by the so-called bunch

clock. The limit to the knowledge of the time-window precision is generally

determined by the detector time resolution, which is of the order of 0.1 - 1 ns.

If the time-windows are put offline, a possible time calibration method is

to record the prompt radiation. It is also possible to put fixed delays on this

signal with the bunch clock.

The Velocity Calibration

The velocity calibration can be done in a straightforward manner by putting

two identical samples in the beam. The zeroth order resonance is then situated

at v = 0 and the distance between this resonance and the higher order reso-

nances is exactly known from Eq. 2.5. If the experiment is such that only the

distances between the respective resonances in the Mössbauer-like stroboscopic
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Figure 2.11: Interplay between several experimental parameters

spectra need to be known, a separate calibration spectrum is not necessary since

the width of the channels can be directly deduced from the distance between

the several stroboscopic order spectra.

2.5 Experimental considerations

When preparing for an experiment, there are some considerations that can be

made in order to fully optimize the experimental conditions. In most cases,

one is limited in the choice of, e.g., detector, reference, bunch mode, etc., but

if it is possible, the experimental results can be optimized by a good choice

of these parameters. A schematical view of the experimental parameters and

their relationships is given in Fig. 2.11. The parameters will be discussed

from a point of view of optimizing the statistical quality and the shifts of the

stroboscopic order resonances.
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2.5.1 The Time-Windows

In Section 2.1.2 it was intuitively shown that by putting periodic time-windows,

stroboscopic resonances are created that are shifted with respect to the central

resonances by well-predictable velocities. In Section 2.2.2, these time-windows

were treated mathematically and the central formula for the measured intensity

was shown to be (Eq. 2.21)

I(∆) = s0d0(∆) +
n=+∞
∑

n=1

2<(sndn(∆)) . (2.39)

If the reference is single line and has a narrow transition energy width, the

Fourier coefficients sn of the periodic time-window function S(t) each provide

an energy-resolved spectrum of the sample. These nth order stroboscopic spec-

trum components are shifted with respect to the central spectrum by (Eq. 2.5)

vn = n · ωTW · c
ωres

. (2.40)

The Time-Window Frequency

The distance between the several stroboscopic order spectrum components is

proportional to the frequency of the time-windows. The ideal time-window fre-

quency is one where the different stroboscopic order spectra are well separated

from each other, but not too much baseline is measured.

Like in Mössbauer Spectroscopy with a radioactive source, some informa-

tion on the expected width and position of stroboscopic spectrum components

should be available. In Mössbauer Spectroscopy, this information is necessary

to make an estimate of the minimal velocity range. Analogously, with strobo-

scopic detection of synchrotron radiation, this information is required in order

to estimate the optimal velocity range of the reference. Another reason is to

have an idea on the minimal required time-window frequency. The minimum

obtainable frequency is always equal to the bunch frequency.

Depending on the dead time of the detector and electronics, the time-

window frequency can be taken as a multiple of this basis frequency. The

influence of the time-window period on the stroboscopic spectra is illustrated

in Fig. 2.12 where the simulated stroboscopic spectra are shown for two arbi-

trarily chosen, single line samples. For one specific velocity, as indicated by

the vertical line, the simulated time spectra are also shown, together with the
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respective time-windows. From this figure, it is clear that by increasing the

time-window frequency, the distance between the stroboscopic order spectrum

components also increases. The time-window frequency has an upper limit that

is determined by the detector and electronics dead time.

Duration and Center of the Time-Window

Both the signal to baseline ratios, and the shapes of the stroboscopic resonances

are influenced by the duration and the center of the time-window.

To optimize the peak to baseline ratio of the nth stroboscopic order reso-

nances, the size of sn

s0
= sin(nπF )

nπF
must be optimized. This is because, if the

time-window frequency is sufficiently high, the baseline is only determined by

the zeroth order stroboscopic resonance spectrum. Obviously, this means that

the best signal to baseline ratio is obtained for F , the time-window duration,

as small as possible. This is, however, not the best choice if one wants to

optimize the statistical quality because a lot of counts are lost this way. There-

fore, it is better to maximize sn

√
F

s0
, where it is assumed that the error on the

counts is purely statistical in origin. For optimizing the first order stroboscopic

resonances, a duration of 38% of the total period is a good choice [6].

The stroboscopic resonances can have a Lorentzian-like, or dispersion-like,

shape, depending on the Fourier coefficients sn of the time-window function

S(t). If the nth Fourier coefficient is a real number, the corresponding nth order

stroboscopic spectrum component will consist of Lorentzian-like resonances. If

this coefficient is a purely imaginary number, the corresponding stroboscopic

order spectrum component will consist of dispersion-like resonances. If the nth

Fourier coefficient is a complex number, the corresponding spectrum component

will be a superposition of a Lorentzian and a dispersion-like resonance.

The most convenient choice of time-window is often a window that is sym-

metric with respect to half its period. In this case, its Fourier coefficients

will be real numbers (Eq. B.8), giving rise to Lorentzian-like resonances. If

the position of the time-window is shifted, the resonances get a dispersion-like

component. This can be shown by rewriting the relevant expression for sn

when n 6= 0 (Eq. 2.35),

sn = exp

(

−i2πn
tc

tTW

)

sin(nπF )

nπ
. (2.41)

This equation shows in a clear way that the phase of the complex Fourier coef-
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Figure 2.12: On the left hand side, the simulated stroboscopic spectra are
shown for two arbitrary identical single line samples. The vertical line marks
the velocity for which the time spectra are shown on the right hand side. The
chosen time-windows are indicated by the grey areas and the allowed fraction
is 30%. ∆ is the Doppler shift of the reference resonance frequency.
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ficients is equal to
(

2πn tc

tT W

)

and, therefore, does not depend on the duration

but on the position of the time-windows. An illustration of this principle is

given in Figure 2.13.

2.5.2 The Detector

The basic principles of the avalanche photodiode have been discussed previously

(Section 2.4.1). There are four main properties of the detector to take into

account: its efficiency, its time resolution, its recovery time and the background

countrate.

The essential parameter in APD-detectors is the active thickness, which is

the thickness of the drift region (Fig. 2.8). This parameter will influence both

the efficiency and the time resolution of the detector. A thicker detector will

naturally have a larger efficiency, combined with a worse time resolution. The

background countrate can be reduced by changing the geometry of the detector

and is generally not larger than 0.1 Hz.

The dead time of a measurement is the total percentage of time during

which the system cannot process events because of its recovery time from the

previous events. This is thus linked to the prompt intensity and the recovery

time from one event. For the case of stroboscopic detection, this dead time

is especially important because it poses an upper limit on the time-window

frequency and thus on the distance between the several stroboscopic order

spectrum components.

A new development in this field is to use array detectors to reduce the

prompt load on each device and to simultaneously enhance the time resolution.

2.5.3 The Reference Sample

If one wants to use the stroboscopic detection scheme, one must first choose

a reference. To optimize the experimental conditions, the properties of this

reference are very important. The necessary conditions it must fulfill are:

• It must contain the same resonant Mössbauer isotopes as the sample

under investigation does.

• If one wants to create a straightforward interpretable energy-resolved

spectrum of the sample, the reference must not exhibit hyperfine splitting.
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• The resonance width must be sufficiently narrow to resolve the different

resonance energies in the sample.

In principle, any sample that fulfills the above conditions can be used as a

reference. On the other hand some extra properties can be taken into account

to optimize the experiment.

Broadening in the Reference

The broadening of the reference has an influence on both the energy resolution,

and the signal to baseline ratio.

In order to optimize for the energy resolution, the reference resonance width

should be as narrow as possible. This is because a stroboscopic order spectrum

component can be regarded as the convolution of the real part of the scattering

amplitude from the reference, with the scattering amplitude of the sample

(Eq. 2.31). On the other hand, if the reference exhibits much less broadening

than the sample, the signal to baseline ratio, dependent on dint,n/dbl,0, will be

significantly reduced. Although, if energy resolution is much more important

than signal to baseline ratio, a narrow-line reference will still be advantageous.

Line broadening may be modelled in several ways. If the origin of the

broadening is known to be unresolved hyperfine splitting, it can be modelled

as such with the hyperfine fields as fitparameters. In most cases however, this

origin is not known and the broadening is taken into account by using the

parameter q as introduced in Section 2.2.2.

In Fig. 2.14, simulated stroboscopic spectra are shown for several reference-

sample combinations. As expected from Eq. 2.33, in the case of two thin single

line samples, broadening in the reference is equivalent to broadening in the

sample (Fig 2.14 (a) and (b)). Figure 2.14 (c) and (d) show that this remains

true for thicker single line samples. For hyperfine split samples on the other

hand, this is no longer the case. The signal to baseline ratio can then be

optimized if the broadening in the reference is of the same order as that in the

sample. This is illustrated by Fig. 2.14 (e) to (j) for arbitrary samples and

hyperfine splittings. Finally, Fig. 2.14 (k) and (l) illustrate that the energy

resolution is best for a reference which exhibits no line-broadening.
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Figure 2.14: Simulations of the first stroboscopic order resonance for several
thicknesses and broadenings of the samples. The velocity and intensity-scales
remain fixed for all the figures. The thicknesses (Tr, Ts) and broadenings (qr,
qs) of the respective references and samples are indicated on the figures. In
figures (a) to (d) both samples are single line. In figures (e) to (j), the sample
exhibits hyperfine splitting with two allowed transitions. In figures (k) and (l)
the size of the hyperfine splitting in the sample is of the same order as the
width of the resonances.
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Thickness of the Reference

To determine the ideal reference thickness, two issues must be taken into ac-

count: the total thickness of both samples together and the proportion of both

thicknesses. In this way, the total delayed countrate, the signal to baseline

ratio, and the energy resolution can be optimized.

The total thickness of both samples together will have a large influence

on the total delayed countrate. Indeed, a thin reference may provide a good

energy resolution, but it will contain only a small amount of the resonant

isotope. Therefore, the delayed countrate is low in comparison to that using

a thick reference. A thick reference will contain many resonant isotopes, but

will at the same time absorb this radiation electronically at a high rate. The

optimal total thickness of both samples together can be calculated, taking into

account the electronic absorption rate.

The proportion Tr

Ts
of the thicknesses of both samples is important to opti-

mize the signal to baseline ratio. Indeed, using the results of Section 2.2.2, it

can be seen that, for a sufficiently high time-window frequency, the signal to

baseline ratio of the nth order resonances is
∣

∣

∣

∣

sndint,n

s0dbl,0

∣

∣

∣

∣

. (2.42)

For thin, single line samples, exhibiting no line broadening, this factor can be

optimized using the reference thickness. From the definitions of dint,n (Eq. 2.26)

and dbl,0 (Eq. 2.25) it follows that the factor to be optimized is

∣

∣

∣

∣

2TrTs

T 2
r + T 2

s

∣

∣

∣
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∣
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∣

∣
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∣

∣

∣

∣

∣

∣

. (2.43)

This factor is optimal for a thickness of the reference that is close to the thick-

ness of the sample.

If the sample exhibits hyperfine splitting, the ratio changes because each

resonant transition contributes to the baseline with a factor dbl,0 while only

one resonance can contribute to the interference factor [22].

In conclusion, to determine the optimal reference thickness from a point of

view of statistics, the product of the square root of the total countrate with

the signal to baseline ratio should be optimized.
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Properties of the Isotope

We will now take a closer look into the properties of the used isotopes. The

properties that will be discussed here are the Lamb-Mössbauer factor, the life-

time of the excited level, and the resonance energy.

Naturally, the stroboscopic detection technique can only be applied to iso-

topes that are embedded in structures so that they have a Lamb-Mössbauer

factor that is sufficiently large. In order to deduce information concerning the

local hyperfine fields from the spectrum, the energy levels of the Mössbauer level

should be very sensitive. Therefore, in order to be sensitive to the electronic

structure by means of an isomer shift measurement, the nuclear radii of the ex-

cited and ground level should differ substantially (Eq. 1.8). For measurements

of the magnetic field, the Mössbauer level or the ground level should exhibit a

large magnetic moment (Eq. 1.9), and for electric field gradient measurements,

the nuclear quadrupole moment should be sufficiently large (Eq. 1.10).

The energy resolution that can be obtained is linked to the width of the

Mössbauer level. This must be smaller than the energy splitting or shift to

be measured in order to properly resolve the splitting. The energy width of

the excited level is inversely proportional to its lifetime. Therefore, long-lived

Mössbauer levels are ideal for high-resolution measurements. If one wants to

use the time differential method to deduce information on the hyperfine split-

ting, one must make sure that the bunch period is at least of the order of

the lifetime of the isotope. In this way, the delayed signals from successive

sample excitations will not overlap. For stroboscopic detection, this limitation

can be safely omitted. Indeed, the signal to baseline ratio is independent of

the lifetime, or energy width, of the nuclear resonance. This can be intuitively

understood using Fig. 2.15. If the quantum beat frequency is a multiple of the

time-window frequency, it is also a multiple of the bunch frequency. There-

fore, the overlap of delayed signals from successive sample excitations will not

influence the spectra at all.

The final important property of the isotope is the relevant resonance energy.

First, a monochromator must be available for the desired energy, and this

energy must be within the obtainable energy range of the undulator (roughly

between 6 keV and 100 keV, optimized for 14 keV). Low energy-radiation is

easily absorbed by air or the Berillyum windows that are often used to seal

tubes or confine samples. Second, the position of the stroboscopic resonances
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Figure 2.15: Time structure for the second order stroboscopic condition if
the time-window period is half of the bunch period. The vertical lines indicate
the arrival of the prompt pulse. The grey areas indicate the time-windows.
The line is a simulation for two arbitrarily chosen single line samples.

in the stroboscopic spectrum is inversely proportional to this energy as has

been shown earlier (Eq. 2.5).

In Appendix C an overview is given of some properties of isotopes to which

the stroboscopic detection scheme has already been applied.

2.5.4 The Bunch Period

In third generation synchrotron radiation sources, the experimenter has only

a limited choice in bunch periods. The bunch periods may vary from single

bunch modes with periods of the order of 1000 ns to multi bunch modes with

periods of the order of nanoseconds and anything in between these extremes.

Also, it is possible that the electron bunches are grouped together in bunch

trains, consisting of a number of bunches separated by only a few nanoseconds.

When the experimenter must choose between these bunchmodes, one of the first

questions that should be answered concerns the desired bunch period. This will

be discussed in the first part. After this choice has been made, it is possible

that the relevant bunch structure consists of bunch trains. Their influence on

the spectra will be discussed in the second part.

The Optimal Bunch Period

In order to determine an optimal bunch period, one should first consider the

desired time-window period. Since the bunch period must always be a multiple

of the time-window period, this poses a lower limit on the bunch period.

Also the lifetime of the isotope is an important issue. It has been shown

that a long lifetime does not pose an intrinsic problem (Section 2.5.3). On
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the other hand, if the lifetime is only of the order of the recovery time of

the detector and electronics system, this will drastically reduce the delayed

countrate within the allowed time-window. The recovery time of the detector

and electronics can be considerably reduced by choosing a bunch mode with a

short period, because the intensity per bunch will then be smaller. Therefore,

in the case of short-lived Mössbauer levels, it is advantageous to choose a short

bunch period.

The Influence of a Bunch Train

After the optimal bunch period has been determined, it may turn out that this

corresponds to a mode that consists of one or more bunch trains. The influence

of these bunch trains on the stroboscopic spectrum is calculated in Section

4.3.2. The calculation in this section leads to the conclusion that the central

resonance is not influenced at all by the train. The higher order stroboscopic

resonances do not change shape, but their signal-to baseline ratio will become

somewhat reduced. This reduction factor is equal to

1 + 2Codd
n

1 + 2p
(2.44)

for an odd (1+2p)-bunch train, and

2Ceven
n

2p
(2.45)

for an even (2p)-bunch train, where

Codd
n =

j=p
∑

j=1

cos(nωTW jttrain) (2.46)

Ceven
n =

j=p
∑

j=1

cos(nωTW (j − 1

2
)ttrain), (2.47)

and ttrain is the time between the bunches within the trains. Therefore, the

influence of the train increases for higher order resonances but remains limited

if the length of the train is short with respect to the time-window period. In

Section 4, an example of an experiment using one of these bunchmodes will be

presented.





Chapter 3

Isomer Shift Measurements

with 151Eu

In this chapter, a measurement of the change in isomer shift of Eu in EuPd2Si2

as a function of pressure will be presented [8]. This is the first applica-

tion of the stroboscopic detection technique to an isotope different from 57Fe.
151Eu [38–40] is a good choice for this purpose because the relatively high en-

ergy of 21.5 keV and short lifetime of 14 ns of the first excited level make it very

different from 57Fe (energy = 14.4 keV and lifetime = 141 ns, see Appendix

C). This example will also show the validity of this scheme for isomer shift

measurements, where also the sign of this isomer shift can be determined. The

fact that the stroboscopic detection scheme allows for complicated sample en-

vironments, combined with the directionality of the high intensity synchrotron

beam, is fully exploited by mounting the small sample in a high pressure cell.

The results will be compared with data from conventional Mössbauer experi-

ments.

In the first section, the concept of mixed valency in EuPd2Si2 will be ex-

plained, and it will be shown that the mean valence can be investigated by

measuring the mean isomer shift. In the second section, the experimental

setup and some experimental details will be presented. A diamond anvil cell

was used for generating large pressures. Its principles and calibration method

will also be discussed here. In the third section, the results will be shown and

discussed. Finally, conclusions will be drawn.

77
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3.1 Mixed Valency in EuPd2Si2

The valence of an atom is defined as the number of electrons that participate

in a chemical bond. This value can have an influence on several macroscopic

values such as the electrical conductivity, magnetic susceptibility, and specific

heat [41]. For this reason, many observed anomalies in the temperature or

pressure dependence of these properties can be explained by studying valence

fluctuations in these systems.

Mixed valency can exist in three different forms [42]. First, conventional

mixed valent compounds are those where a certain element occupies several

crystallographically inequivalent lattice sites and each site has a different, sta-

ble valency. One example of such a compound is Eu3O4. The other forms both

correspond to mixed valence states within the same atom. The second form is

referred to as inhomogeneous mixed valency. This occurs for systems where the

localized electronic states are far below the Fermi level and the band electronic

states far above. In this case, an electron can be thermally actived and “hop”

from one ion to the next. When this happens, the integer value of the succes-

sive ions changes, but the mean valence of the sample is generally temperature

independent. The last form is called homogeneous mixed valency and is the

type that is present in our sample. This type occurs in metallic systems when

the two possible valence configurations are very close in energy. The valence is

then fluctuating between both configurations and the average valence is tem-

perature dependent. Many compounds containing rare earth elements exhibit

this kind of mixed valency.

The mean valence of a system can be measured with a variety of techniques

that can basically be divided into three classes. A first class measures macro-

scopic properties which depend on the mean valence of the total system, e.g.,

magnetic susceptibility or electric conductivity. The other two classes measure

the microscopic, local properties. The difference between both classes is set

by the timescale to which they are sensitive. Techniques with a timescale that

is short with respect to that of the valence fluctuations (≈ 1013/s [43]), are

sensitive to the momentary values. Consequently, the measured spectrum will

be a superposition of the spectra corresponding to both discrete valence states.

This is the case in, e.g., photoelectric emission studies and X-ray absorption

edge studies. The third class consists of techniques with a timescale that is

much longer than that of the valence fluctuations, such as nuclear resonant
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Eu

Pd

Si

Figure 3.1: Unit Cell Structure of tetragonal EuPd2Si2. The circles repre-
sent the Eu, Pd and Si atoms, the lines are merely guides to the eye. (Based
on a figure made by Dörrscheidt et al. [48])

scattering techniques. In these cases, the measured spectrum gives an average

value for the valence.

EuPd2Si2 is a homogeneously mixed valence system [42] with the tetragonal

ThCr2Si2 structure (I4/mmm), as shown in Fig. 3.1. This specific compound

has attracted a lot of attention due to the narrow temperature range over which

the mean valence of Eu appreciably changes. More specifically, the mean va-

lence of Eu changes in a temperature range of 50 K around 150 K from about

2.8 at low temperatures to about 2.3 at high temperatures [43,44]. This can be

compared to, e.g., EuCu2Si2, which exhibits a continuous mean valence change

from about 2.6 at 100 K to about 2.2 at 700 K [45]. Next to this temperature

dependent valence change, measurements of the electrical transport proper-

ties indicated that this compound also exhibited a pressure induced valence

change [46]. This was examined further by Mössbauer spectroscopy with a ra-

dioactive source, by measuring its isomer shift both as a function of pressure

and temperature [47]. The aim of our experiment was to confirm the pressure

dependence of the mean valence at room temperature using the stroboscopic

detection scheme with synchrotron radiation.

The experimental parameter that is related to the mean valence is the isomer



80 CHAPTER 3 Isomer Shift Measurements with 151Eu

shift. As discussed in Section 1.3, the isomer shift is influenced by the electron

density at the position of the nucleus. Europium is a lanthanide, or rare-earth,

element with the following shell structure: (Xe) 6s2 5d0 4f7. In the Eu2+-state,

only the two 6s electrons are in the conduction band, while in the Eu3+-state,

one of the 4f electrons is also present in the conduction band. The valence

fluctuations are thus fluctuations of one 4f electron between the bound and the

conduction level. This will have an influence on the electron density in the

nucleus, hence also on the isomer shift.

Intuitively, one can see that the mean isomer shift (δ) is the isomer shift

corresponding to the divalent state (δ2), plus the difference in isomer shift

between the di- and trivalent states (δ3-δ2), which is weighted by the fraction

(ν) of trivalent states. The mean valence is then 2 plus the fraction of trivalent

states. The above reasoning is expressed by the formulas:

δ = δ2 + (δ3 − δ2) ν (3.1)

mean valence = 2 + ν . (3.2)

3.2 Experimental Details

The experiments were performed at the nuclear resonant scattering beamline

BL09XU [21] at the third generation synchrotron radiation facility SPring-8 [17]

in Japan. The setup is shown in Fig. 3.2

In order to reduce the energy width of the 21.5 keV radiation, a three-

bounce-type high-resolution monochromator was set up. It consisted of three

crystals, a first asymmetric Si (4 4 0) reflection, a second high-angle Si (12 12 8)

reflection, and finally a third asymmetric Ge (4 2 2) reflection. The obtained

energy resolution was 1.8 meV.

The EuPd2Si2 sample [49] was prepared under a purified argon atmosphere

by arc-melting, where the heat is caused by electrical discharge. Constituent

elements with purities better than 99.9% were used for the melting. The ingots

were subsequently annealed in an evacuated quartz tube at 800◦C for one week.

After this process, the powder was inserted into a Bassett-type diamond anvil

cell [50] with a rhenium gasket (®=350µm).

A pellet of Eu2O3 was used as a reference. To prepare [51] this pellet,

34.13 mg of Eu2O3 was carefully ground with 100 mg of benzöıc acid in order

to obtain a homogeneous distribution of the Mössbauer isotope in the absorber.
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Figure 3.2: Setup of the experiment

The resulting powder was then pressed in a cylindrical (® = 13 mm) hydraulic

press at 10 tons/cm2 (≈ 0.9 GPa) for 5 min. Finally, the sample was mounted

on a Mössbauer drive.

The radiation was detected by an avalanche photodiode (APD) detector

(see Section 2.4.1). The detector was inclined to have an effective thickness of

20 µm, a diameter of 3 mm and an efficiency of ∼ 5%. The time resolution of

the detector is of the order of 0.16 ns [52].

The bunch structure consisted of 203 bunches, separated by 23.6 ns, as

depicted in Fig. 3.3. The time-windows were put online and their period was

chosen to be 11.8 ns, with a duration of 5.9 ns, centered around half of the

period (Fig. 3.4). With this choice of time-windows, it can be calculated, using

Eq. 2.36, that the even order resonances with n 6= 0 are extinguished and the

odd order resonances have a Lorentzian-like shape. The stroboscopic order

resonances of order n are shifted by vn = n × 4.82 mm/s with respect to the

central resonances. This can be calculated as follows, using Eq. 2.5:

vshift =
ωTW · c

ωres

=
2π

11.8·10−9s
· 3 · 108m/s

21.5·103eV
6.58212·10−16eV s

= 4.82 mm/s . (3.3)
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Figure 3.3: Filling mode of the SPring-8 storage ring: 203 evenly distributed
electron bunches are separated from each other by 23.6 ns.
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Figure 3.4: Time structure of this experiment. The prompt pulse arrives at
the detector at t = 0 and is represented by the grey, thick bars. tB = 23.6ns
represents the bunch period and tTW = 11.8 represents the period of the
time-windows. The time-window function is represented by the black line
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3.2.1 The Diamond Anvil Cell and its Calibration

Diamond Anvil Cells are commonly used devices to create pressures up to

100 GPa or 1 Mbar, while allowing radiation to penetrate through the sample.

In the first part of this section, the basic principles of the Bassett Type Diamond

Anvil Cell will be explained. In the second part, the pressure calibration will

be discussed.

The Bassett Type Diamond Anvil Cell

The basic principle of the Diamond Anvil Cell is the pressing of a sample

between the parallel, flat faces of two diamond anvils. In the experiments that

are described in this work, a Bassett type cell was used. After its innovation

in 1967 by W.A. Bassett and coworkers [50], mainly to be used in classical

X-ray diffraction experiments, it has gone through many stages of adaption to

be used in Mössbauer experiments [53,54] and in conjunction with synchrotron

radiation [55,56].

The configuration of a Bassett-type Diamond Anvil Cell is shown in Fig. 3.5.

One diamond is mounted on a stationary piston and the other is mounted on

a half-cylindrical rocker for alignment. This rocker is mounted on a sliding

piston that can be moved with screws to apply the pressure. The direction of

the synchrotron beam is as indicated on the figure.

Pressure Calibrations

To calibrate the pressure, several methods can be used. Up till the 1960’s, well-

known transitions of the electrical resistivity of Bi were often used. Using these

values as a calibration method, the isomer shift of the 23.8 keV 119Sn gamma-

resonance in metallic tin (β-Sn)1 was investigated [57–59]. It was discovered

that this isomer shift scales almost linearly with pressure upto a discontinuity

at 115 kbar (11.5 GPa). Therefore, this was also considered a convenient cali-

bration method for high-pressure investigations from the 1960’s to the 1980’s.

In 1975, Mao and Bell [60] developed a laser system, using the ruby fluores-

cent emission lines (wavelengths 0.6928 and 0.6942 µm, dλ/dP = 0.36 Å/kbar

1Solid tin exists in two forms at normal pressure. At low temperature it exists as gray or

alpha tin, which has a cubic crystal structure. When heated above 13.2◦C, it changes into

white or beta tin, which is metallic and has a tetragonal structure.
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Figure 3.5: A schematical representation of a Bassett-type Diamond Anvil
Cell. This figure is not to scale.

[61]). In this design, a He-Cd laser emits at 0.4416 µm continuously and causes

fluorescence in small ruby crystals, this is a hard mineral whose chemical for-

mula is Al2O3. The crystals are distributed evenly throughout the sample. The

fluorescent emission line is transmitted to a spectrometer where the wavelength

of the line is recorded and related to a pressure scale [61, 62]. This has proven

to be a correct and convenient method for the pressure calibration and is most

commonly used these days. Therefore, earlier calibrations that were done us-

ing the Sn method should be corrected using a more recent investigation of the

pressure dependence of the Sn isomer shift by Chow et al. in 1986 [63] with

the ruby fluorescence calibration method.

In the experiment described in this work, the pressure calibration was done

using the ruby fluorescence method. The obtained isobars in the sample are

shown in Fig. 3.6 for each pressure measurement. From these isobars, the

pressure average and distribution could be estimated. First, the relative weight

Wi of the different sample areas was determined as the size of the specific area,

divided by the total area of the sample. The weighted average pressure P was

then calculated as P =
∑

i PiWi, where Pi is the average pressure in the area of

relative size Wi. The summation is performed over all sample areas. Because

the pressure distribution is not symmetric, the lower and upper part of the
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Figure 3.6: Pressure distributions on the EuPd2Si2 sample.
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distribution (Dlower,Dupper) were calculated separately as the mean square

deviation from the weighted average pressure: Dlower =
√

∑

i(Pi − P )2 × 2Wi

and similarly for Dupper. In this equation, the summation is performed over

the sample areas with lower, respectively higher, pressure than the weighted

average pressure. The weightfactor (Wi) is multiplied by two because the total

area under consideration is half of the total sample area. The obtained values

are indicated in Fig. 3.9 as an errorbar on the pressure value.

3.2.2 The Optimal Velocity Range

To choose the optimal velocity range, several aspects should be taken into ac-

count. On the one hand, this range should be chosen large enough to be able to

deduce the isomer shift. On the other hand, a range that is too large is statis-

tically not favorable because of the limitation in the number of channels in the

acquisition system and hence the loss of energy resolution. If a two-dimensional

data acquisition system is available, the minimum required information is con-

tained within the resonances of one stroboscopic order spectrum component.

By changing the time-window function off-line, the shape of the stroboscopic

resonances can be altered. In this manner, it is possible to determine which

specific order is present in the obtained spectrum and hence the isomer shift

can be deduced. If such a system is not available, the required information

is contained within the resonances of two successive stroboscopic orders. The

distance between two successive orders can be calculated with Eq. 2.5. By com-

paring the shapes and the signal to baseline ratios, it is possible to determine

the orders of the resonances. Thus, considering also the expected width of

the resonances, a least and sufficient velocity-range can always be determined.

Fortunately, the analysis can be made much more straightforward if the central

resonances lie within the chosen velocity range. In this case, the isomer shift

with respect to the reference can be determined in the same way as with a

Mössbauer spectrum taken with a radioactive source.

In the experiment that is described here, a velocity range from -40 mm/s

to +40 mm/s was chosen, distributed over 512 channels. In this way, the to-

tal spectrum consisted of 9 stroboscopic order spectrum components that were

different from zero. The velocity was calibrated with two identical samples of

Eu2O3 . The obtained stroboscopic spectrum is shown in Fig. 3.7. This spec-

trum was fitted with the zero velocity, the channel width, the effective thickness
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Figure 3.7: Calibration spectrum using two identical Eu2O3 samples.

and inhomogeneous broadening as fitparameters. The fitted values were T=5

for the effective thickness and q=1.5 for the inhomogeneous broadening pa-

rameter. The effective thickness is within reasonable agreement with the value

obtained by Mössbauer spectroscopy (T=6.4) [51]. The inhomogeneous broad-

ening arises from non-stoechiometric sample environments as has been con-

firmed by XRD analysis [51]. The velocity calibration spectrum shows some

non-linearities, which could be fitted as small deviations from the expected

triangular-shaped behaviour. Since this did not significantly alter the obtained

values for the velocity calibration, a perfectly triangular-shaped behaviour has

been assumed in the analysis of the data. The error on the isomer shift, due to

these asymmetries, can be estimated by folding the calibration spectrum and

calculating the error on the folding point, corresponding to v = 0 mm/s. This

was 0.08 mm/s and has been taken into account.

3.3 Experimental Results and Discussion

Figure 3.8 shows several stroboscopic spectra that were taken at room temper-

ature with pressures ranging from 5 GPa (∼50 kbar) down to ambient pressure.

The spectra are symmetric around a central resonance. This resonance is sit-
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Pressure Isomer Shift

GPa mm/s

0 -6.65 (27)

1.0 -3.95 (23)

1.4 -3.29(21)

1.9 -2.55 (26)

3.0 -1.87 (16)

4.1 -1.25 (15)

5.3 -0.95 (18)

Table 3.1: Table of the fitted values for the isomer shift with respect to
EuF3 as a function of the weighted average pressure.

uated at the velocity that corresponds to the isomer shift of Eu in EuPd2Si2

with respect to Eu in the Eu2O3 reference. Several other resonances are very

pronounced, these correspond to the higher order stroboscopic resonances. In

order to determine the isomer shift with respect to the EuF3 standard [64], a

conventional Mössbauer experiment using a Sm2O3 source was performed [51]

on both the Eu2O3 reference and a EuF3 sample. An isomer shift of Eu2O3

with respect to EuF3 of 0.92(3) mm/s was found.

The stroboscopic resonances are considerably broadened due to thickness ef-

fects, the large pressure distribution and an electric field gradient. This electric

field gradient originates from the non-cubic point symmetry (4/mmm) of the

Eu atoms. Because of the limited statistical quality of the spectra, and because

our main interest here goes to the isomer shift, this broadening was fitted with

only two parameters, namely the electric field gradient and the thickness. For

this reason, the fitted values of the effective thickness (varying between T=2.1

and T=2.6) and electric field gradient (varying between Vzz=5.9·1017 V/cm2

and Vzz=12.6·1017 V/cm2) should be considered merely as a means to model

the broadening. The fitted values of the isomer shift are shown in Table 3.1.

Fig. 3.9 shows the pressure dependence of the isomer shift of Eu in EuPd2Si2

with respect to Eu in EuF3 where the pressure distribution is indicated by

the x-errorbars. Since the timescale of the nuclear resonant scattering process
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Figure 3.8: Stroboscopic spectra of EuPd2Si2 for pressures ranging from
ambient pressure to 5 GPa with Eu2O3 as reference. The dots represent the
data points while the lines are fits. n indicates the stroboscopic order of the
specific resonance.
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(∼ 14 ns) is much longer than the period of the valence fluctuations (∼ 10−4 ns)

[43], the measured isomer shift is the time averaged isomer shift. The results of

this work can be compared to the results of Schmiester et al. [47], obtained by

Mössbauer spectroscopy with a radioactive source, which are also shown. The

pressure calibration of the measurement of Schmiester was performed using

the isomer shift of the 119Sn gamma-resonance in β-Sn [57–59]. This pressure

calibration has been corrected using the values of Chow et al. [63] (see Section

3.2.1).

Qualitatively, the isomer shift grows nonlinearly with pressure, which corre-

sponds to the results of Schmiester et al. [47]. Quantitatively, the values of the

isomer shift obtained in our measurement differ somewhat from theirs. This is

most probably caused by the different sample preparation methods, combined

with a weak, hidden satellite-line, which was taken into account in the analysis

of Schmiester et al. This satellite line could not be resolved from the strobo-

scopic spectra, mainly because of the large line broadening. These lines can be

narrowed by either decreasing the pressure distribution or changing the refer-

ence. The pressure distribution can be decreased by adding more liquid to the

EuPd2Si2 powder. The reference can be improved by either choosing a thinner

reference or one where the 151Eu isotope is located in a cubically symmetric

environment, e.g. the Eu-chalcogenides [65]. Another improvement would be

to better resolve the several stroboscopic orders by increasing the frequency of

the time-windows, which were put online during this experiment.

The relationship between the isomer shift and the valence of Eu in EuPd2Si2

is given by Eq. 3.1. Following a previous analysis [47], δ2 was set equal to

−9.0(7) mm/s, which corresponds to the average of the established values for

the metallic systems EuNi2Si2 and EuSi2 (δ = -9.6 mm/s) and EuPd2 (δ = -

8.5 mm/s) [44, 66]. For δ3 − δ2 a value of 12 mm/s was assumed [47]. It is

deduced from Fig. 3.9 that, as the pressure decreases from 5 GPa to ambient

pressure, the mean valence of Eu in EuPd2Si2 decreases from ∼2.7 to ∼2.2 and

the mean isomer shift of Eu in EuPd2Si2 with respect to Eu in EuF3 decreases

from ∼-1 mm/s to ∼-6 mm/s. Theoretically, these results can be explained [47]

by the interconfigurational fluctuation model [67], where the rare earth ion is

described as fluctuating in time between two integral valent states.



92 CHAPTER 3 Isomer Shift Measurements with 151Eu

3.4 Conclusion

It has been shown that the stroboscopic detection scheme can easily be ex-

tended to isotopes with properties that differ from those of 57Fe. This opens

the possibility of creating energy-resolved spectra for isotopes that do not have

a suitable Mössbauer source. The sample was mounted in a Diamond Anvil

Cell, for which synchrotron radiation is ideal thanks to its high directional-

ity. Because a reference is always necessary for isomer shift measurements, the

stroboscopic detection scheme is particularly suitable for these measurements.

Thanks to the energy-resolved spectra, no complicated analysis is required.

Both the size and the sign of the isomer shift of the sample with respect to the

reference can be determined easily from the spectra. To demonstrate this, the

isomer shift of EuPd2Si2 with respect to a Eu2O3 reference has been measured

as a function of pressure. The results qualitatively confirm previous results and

show a nonlinear dependence of the isomer shift of Eu in EuPd2Si2 on pressure.
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Detection of the Long Lived

Mössbauer Level of 181Ta

The energy resolution that can be obtained in a nuclear resonant scattering

measurement, is for a large part determined by the width of the excited Möss-

bauer level. For the study of very small hyperfine fields in solids, suitable

Mössbauer isotopes with a narrow resonance energy width can provide the en-

ergy resolution that is required. Other examples can be conceived where a

very high energy resolution is required, e.g., measurement of the red-shift of

photons. Because of the Heisenberg uncertainty relationship, a narrow energy

width goes hand in hand with a long lifetime. For this reason, measurements

using these probes may pose a problem with time differential schemes if the

decay time of the system exceeds the bunch period in the storage ring.

In this chapter, it will be demonstrated that the stroboscopic detection

technique provides a promising alternative to the time differential detection

scheme. To this purpose, an experiment will be presented where the 6.2 keV

Mössbauer level of 181Ta in Tantalum-metal has been detected. The first ex-

cited Mössbauer level of this isotope has a lifetime of 8.73 µs. The results of

this chapter can also be found in [9].

First, some general properties of the 181Ta isotope will be discussed. Second,

an overview of the experimental setup will be presented. In time differential

nuclear forward scattering experiments, the bunchmode is an important aspect

for experiments with long-lived isotopes. This issue will be discussed for stro-
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boscopic detection in the third section. In the fourth section, the experimental

results will be shown and discussed. Finally, conclusions will be drawn.

4.1 The Mössbauer Isotope 181Ta

181Ta is a Mössbauer isotope of which the first excited state lies at an energy

level of 6.2 keV above the ground state. It has a narrow energy width of

Γ = 7.5 · 10−11 eV, and a corresponding long lifetime of τ=8.73 µs. This

provides an energy resolution that is 20 times better than that of the widely

applied 14.4 keV resonance of 57Fe. The radiation that is emitted from this

excited state to the ground state is electric dipole radiation (E1). Further

properties of this transition are summarized in Appendix C. Characteristic for

this resonance are the large magnetic [32] and quadrupole moments [68] of the

concerning energy levels, as well as the large sensitivity of the nuclear radii [69].

These provide an extreme sensitivity to hyperfine interactions, and have been

applied to temperature dependence [70] and hydrogen diffusion [71] studies.

Because of the exceptionally large electron conversion cross section, combined

with a large cross section for the photo electric effect, the conversion screening

parameter, as discussed in Section 1.7.3, is expected to be large. Indeed, it has

been shown [35] to be equal to ξ = −0.16.

Despite these seemingly attractive properties, 181Ta has not been often used

in Mössbauer spectroscopy. One reason for this is the above mentioned extreme

sensitivity to hyperfine interactions, demanding for very pure and homogeneous

absorber and source materials. The best sources, for instance, were prepared

from carrier1-free 181W activity diffused into tungsten single crystals [72]. The

sources have rather low activity and their quality deteriorates with time due

to absorption of gases.

The excitation of the 6.2 keV level of 181Ta with synchrotron radiation

seems to be an alternative way to perform hyperfine spectroscopy. Such exper-

iments have been performed with time differential nuclear forward scattering

of synchrotron radiation [36, 73]. Still, considerable efforts have to be made

to obtain a reasonable countrate because 6.2 keV is at the low energy limit

of most undulators of third generation synchrotron radiation sources. Also,

1A carrier is a quantity of naturally occurring element added to a minute amount of pure

isotope, to facilitate the chemical handling of the isotope.
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Figure 4.1: Setup of the experiment.

the beryllium windows of the beamlines, the samples themselves, and even the

He-gas absorb considerably at this energy.

4.2 Experimental Setup

The experiment was performed at the third generation synchrotron source

SPring-8 in Japan. The experimental setup is given in Fig. 4.1. In order

to reduce the absorption in air of the low-energy 6.2 keV radiation, a helium

environment was created in the experimental station. In this manner, a pho-

ton flux of 4×108/sec and a delayed countrate of about 1.2 Hz were obtained.

Because the beam was not horizontal after monochromatization, the samples

were placed in front of the high resolution monochromator. Putting them after

the monochromator would have unnecessarily complicated the setup.

First, the pre-monochromatized beam was scattered by a single line Tanta-

lum metal reference (thickness 2.8 µm) mounted on a Mössbauer drive, then by

a single line Tantalum metal sample (thickness 3.8 µm). To prepare the 181Ta

samples [32,69,72], a Tantalum metal foil of 99.996% purity and 13 µm thick-

ness was initially outgassed in a vacuum of about 10−7 Pa and temperatures

up to 2300◦C for 20 hours. The foil was then alternatingly rolled between a

sandwich of similarly prepared Tantalum foils and annealed again in vacuum at

temperatures as high as possible. This procedure was repeated until the desired

thickness was reached. The reference absorber had a relatively broad linewidth.

This intrinsic broadening is partly caused by residual H2 content from previous

H-loading experiments [71]. The other exhibited the best linewidth obtained

up to now in standard 181Ta-Mössbauer spectroscopy and was also used in
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the time differential 181Ta-nuclear forward scattering study by Chumakov et

al. [36].

The high resolution monochromator consisted of one Si (3 1 1) and two

Si (5 1 1) reflections (Fig. 4.1). Because of the narrow energy width of the
181Ta resonance and the large uncertainty of the exact resonance energy from

Mössbauer measurements (6238 ± 20 eV [74]), adjusting the monochromator

to the exact resonance was not evident. This problem was solved by Chumakov

et al. in 1995 [36] when they performed the first nuclear resonant scattering

experiment on synchrotron radiation. At that time, they knew the resonance to

be at 6224 ± 5 eV, and the Nd L3 absorption edge was known to be 6209.5 eV

for a NdF3 absorber. By this means, the monochromator was calibrated. Chu-

makov et al. determined the 181Ta resonance as 6214 ± 2 eV, where the error

was determined from the error on the NdF3 data. In our measurement, we

used a Nd2O3 absorber and confirmed the previously determined value for the

resonance energy. The energy resolution was 10.5 meV.

Finally, the radiation was detected by a 5× 3 mm APD detector (see 2.4.1)

with a time resolution of 1.3 ns. For each delayed photon, both the time

and velocity coordinate were stored using a two dimensional data acquisition

system. This allowed for a free choice of time-windows during the off-line

analysis.

4.3 Choice of the Optimal Bunchmode

The choice of the optimal bunchmode is important because it influences the

shift of the stroboscopic spectrum components. This is because the time-

window frequency must always be a multiple of the frequency of the prompt

pulses. Therefore, the position of the higher order stroboscopic resonances is

indirectly influenced by the period of the bunches (Eq. 2.5). This has been

extensively discussed in Section 2.5.4 and will be applied here to choose the

optimal bunchmode for the suggested experiment.

In the first part of this section, a discussion will be presented to determine

the optimal bunchperiod for this experiment. In the second part, a general

deduction of the influence of a bunchtrain on a stroboscopic spectrum will be

presented and applied to the chosen bunchmode of this experiment.
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165 ns
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total period: 4790 ns
29 trains
11 bunches/train

Figure 4.2: Bunchmode of the SPring-8 storage ring during the experiment.

4.3.1 The Optimal Bunchperiod

In this section, the optimal bunchperiod will be determined from an estimate

of the optimal velocity shift of the first and minus first order spectrum compo-

nents.

Because of the low delayed countrate in this experiment, it is crucial that

the first stroboscopic order spectrum components lie within a narrow velocity

range. Since they should also be well separated from the central resonance, a

velocity shift between 1 and 1.5 mm/s would be ideal. From Eq. 2.5 it follows

that for 6.2 keV radiation the velocity shift is given by

vshift =
ωTW · c

ωres

=
2π · 3 108 m/s

tTW · 6214eV
6.58212 10−16 eV s

=
2 10−7 mm

tTW

, (4.1)

where tTW is the period of the time-window. The required velocity range,

therefore, corresponds to a time-window period between 130 and 200 ns, which

means that the 165 ns-period of the bunch structure of Fig. 4.2 is well suited

for this experiment. This time-window period generates a shift for the first and

minus first order spectrum components of 1.2 and -1.2 mm/s, respectively.
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In this specific bunchmode, the intensity of the radiation is distributed over

a train of bunches. A mathematical deduction of this influence will now be

presented. At the end of the next section, the influence of these bunchtrains

on the obtained spectra will be discussed.

4.3.2 Influence of a Bunchtrain on the Stroboscopic Spec-

trum

The general stroboscopic spectrum for a bunch train, consisting of an odd

(2p + 1) or even (2p) number of bunches will be calculated separately. In these

calculations, the time-window S(t) is supposed to be square and symmetric

with respect to half of its period. A uniform distribution of the intensity over

the total train is also supposed. After the general mathematical deduction, the

influence of the bunchtrains that were present in this particular measurement

will be discussed.

An Odd Number of Bunches in the Train

The total intensity in velocity domain is defined as I(∆) and the intensity

in velocity domain, generated by one bunch j is defined as Ij(∆) with ∆ a

measure for the Doppler shift of the nuclear resonance energy of the moving

reference. The total intensity can then be written as the sum of the intensities

of the (2p + 1) separate bunches:

I(∆) =

j=p
∑

j=−p

Ij(∆). (4.2)

It has been shown (Eq. 2.17) that

Ij(∆) =
n=∞
∑

n=−∞

sj,ndj,n(∆) , (4.3)

where n represents the order of the stroboscopic resonance and sj,n is the nth

coefficient in the Fourier expansion of Sj(t). Sj(t) is the time-window function

with t = 0 defined as the arrival time of the jth bunch in the detector. dn(∆)

has been defined in Eq. 2.18 and dj,n(∆) corresponds to dn(∆) for the jth

bunch of the train. This intensity is the same for all bunches and, therefore,
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dn(∆) ≡ dj,n(∆) can be defined. Combining equations 4.2 and 4.3:

I(∆) =

j=p
∑

j=−p

n=∞
∑

n=−∞

sj,ndn(∆)

=

n=∞
∑

n=−∞





j=p
∑

j=−p

sj,n



 dn(∆) . (4.4)

The time between two successive bunches in the train can be defined as ttrain.

The term between parenthesis then becomes:

j=p
∑

j=−p

sj,n = s0,n +

j=p
∑

j=1

(sj,n + s−j,n) (4.5)

with

s0,n =
1

tTW

∫

tT W

S0(t) exp (−inωTW t) dt (4.6)

and

sj,n =
1

tTW

∫

tT W

Sj(t) exp (−inωTW t) dt

=
1

tTW

∫

tT W

S0(t + jttrain) exp (−inωTW t) dt

=
1

tTW

∫

tT W

S0(t) exp (−inωTW (t − jttrain)) dt

=
1

tTW

exp (inωTW jttrain)

∫

tT W

S0(t) exp (−inωTW t) dt

= s0,n exp (inωTW jttrain) . (4.7)

Hence, combining equations 4.5 and 4.7:

j=p
∑

j=−p

sj,n = s0,n +

j=p
∑

j=1

s0,n [exp (inωTW jttrain) + exp (−inωTW jttrain)]

= s0,n



1 + 2

j=p
∑

j=1

cos (nωTW jttrain)



 . (4.8)

The nth Fourier coefficient of the time-window function S0(t) corresponding

to the central bunch can be defined as sn ≡ s0,n, and Codd
n can be defined
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as Codd
n =

∑j=p
j=1 cos (nωTW jttrain). Using Eq. 4.4 and 4.8, the total intensity

becomes

I(∆) =

n=∞
∑

n=−∞

(

1 + 2Codd
n

)

sndn(∆). (4.9)

It is clear from this equation that Codd
n will influence the intensity of the nth

stroboscopic order resonances.

Now we will calculate the intensity Ione bunch if the intensity of the total

bunch train were grouped into the central bunch. This is equal to

Ione bunch(∆) = (2p + 1)I0(∆)

= (2p + 1)

n=∞
∑

n=−∞

sndn(∆), (4.10)

where Eq. 4.2 was used.

From comparing equations 4.9 and 4.10, it is clear that the central (zeroth

order) resonance is not influenced by the train. The positions and shapes of

the higher order stroboscopic resonances remain unchanged, only their signal

to baseline ratio is unfluenced. The influence of the train increases for higher

order resonances but remains limited if nωTW pttrain ¿ 1 or, equivalently,

2πnpttrain ¿ tTW . This means that the train should be short with respect to

the period of the time-window.

An Even Number of Bunches in the Train

This calculation bears a lot of similarity to the one for an odd number of

bunches. The total intensity in velocity domain is again defined as I(∆) and

the intensity in velocity domain, generated by one bunch j, is again defined as

Ij(∆) with ∆ a measure for the Doppler shift of the nuclear resonance energy

of the moving reference. The total intensity can then be written as the sum of

the intensities of the (2p) separate bunches:

I(∆) =

j=p
∑

j=1

Ij(∆) + I−j(∆), (4.11)

with

Ij(∆) =

n=∞
∑

n=−∞

sj,ndn(∆). (4.12)
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sj,n is the nth coefficient in the Fourier expansion of Sj(t). Sj(t) is the time-

window function with t = 0 defined as the time at which the radiation created

by the center of the bunch train would arrive in the detector, although in this

case, the center of the bunch train obviously does not contain electrons.

Following the same reasoning as in the case of an odd bunch train, one can

easily deduce that

j=p
∑

j=1

(sj,n + s−j,n) = 2sn

j=p
∑

j=1

cos

(

nωTW

(

j − 1

2

)

ttrain

)

= 2snCeven
n (4.13)

where sn ≡ s0,n is the nth Fourier coefficient of the time-window function

S0(t) and Ceven
n =

∑j=p
j=1 cos

(

nωTW

(

j − 1
2

)

ttrain

)

. The total intensity then

becomes

I(∆) =

n=∞
∑

n=−∞

2Ceven
n sndn(∆). (4.14)

It is clear from this equation that Ceven
n will influence the intensity of the nth

stroboscopic order resonances.

The intensity Ione bunch if the intensity of the total bunch train were grouped

into the central bunch is given by

Ione bunch(∆) = 2pI0(∆)

= 2p
n=∞
∑

n=−∞

sndn(∆), (4.15)

where Eq. 4.11 was used.

The conclusions that can be drawn here are identical to the ones for an odd

number of bunches.

Influence of the Bunchtrain on this Experiment

In the experiment described here, the intensity distribution of the radiation

over the train has been measured twice, at the beginning and the end of the

experiment. This was done by reducing the intensity of the prompt radiation

in order not to saturate the detector. The intensity was measured to be uni-

formly distributed over the bunches within the experimental error. Because



102 CHAPTER 4 Detection of the Long Lived Mössbauer Level of 181Ta

the bunchmode consisted of 29 trains and the ring was filled twice a day dur-

ing the total data accumulation period of six days, it is assumed that possible

inhomogeneous fillings are leveled out over the total accumulation period.

Because of the limited velocity range and the sufficiently high time-window

frequency, only the zero, first and minus first order spectrum components con-

tribute significantly to the spectrum. It has been shown that the central res-

onance is not influenced at all by the bunch train. The positions and shapes

of the first and minus first order resonances also remain unchanged, only their

signal to baseline ratio is influenced. This can be calculated using Eq. 4.9, and

taking into account that there were 11 bunches present in the train, which were

separated by 2 ns and the total period was 165 ns. The signal to baseline ratio

can then be calculated to be 97% of the value if all the intensity of the train

were concentrated in only one bunch.

4.4 Results and Discussion

The obtained data set was a two-dimensional (1024×1024) velocity-time ma-

trix. Due to the limited number of counts, the optimal way of visualizing this

matrix is by integrating over a large amount of channels. Therefore, well chosen

time-windows were put and, after folding, the velocity channels were added to

obtain 170 different velocity intervals over a range from −1.8 to +1.8 mm/s

(Fig. 4.3). The velocity calibration could be obtained from the positions of the

resonances which was -1.207, 0, and +1.207 mm/s for the minus first, zeroth

and first order stroboscopic resonances respectively.

To optimize for the signal to baseline ratio of the central resonance, shown

in Fig. 4.3(a), the time-window should be chosen as broad as possible to allow

for the maximum amount of resonant radiation. The maximum width of the

time-window was determined from the time-spectrum that was obtained by

integration over all available velocity-channels. The chosen time-window lasts

from 18 till 151 ns and is indicated in the inset of Fig. 4.3(a). This window will

also be visualized later on time spectra (Fig. 4.5(a)). The signal to baseline

ratio of the central resonance is 22%.

The signal to baseline ratio of the first order resonance can be optimized by

choosing the time-window duration as short as possible. Taking into account

that this reduces the statistical quality, a duration of 30% of the period has
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Figure 4.3: Stroboscopic spectra of a Tantalum metal sample of effective
thickness 35 with a Tantalum metal reference sample of effective thickness 26
for different choices of the time-window: (a) the time-window lasts from 18 till
151 ns, (b) the time-window lasts from 58 till 107 ns and (c) the time-window
lasts from 99 till 149 ns. All spectra are taken from the same data set and time
zero was defined as the arrival time of the central bunch in the detector. The
insets show the corresponding time-windows with the black bars indicating
the arrival time of the prompt pulses in the detector.
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been chosen. Two spectra are shown, in order to visualize both the real and

the imaginary part of the first and minus first order spectrum component. As

has been discussed in Section 2.5.1, this can be done by shifting the position

of the time-window. In Fig. 4.3(b), the real part, which has a Lorentzian-like

shape, is visualized by centering the time-window around half of the period. In

Fig. 4.3(c), the imaginary part, wich has a dispersion-like shape, is visualized

by centering the time-window around three quarters of the period. These time-

windows will also be visualized later on time-spectra (Fig. 4.5 (b) and (c)). The

signal to baseline ratios of these first order stroboscopic resonances is 47%.

The solid lines are fits that are based on Eq. 1.46, describing the scattering

amplitude for single line samples, and taking into account screening effects from

the atomic electrons:

Asc(ω) = exp

(

(iTΓ/4) (1 + 2iξ)

ω − ωres − iqΓ/2
− 1

)

Ain. (4.16)

During the fitting procedure of the shown spectra, only the inhomogeneous

broadening factors of both samples were taken as fitparameters. This resulted

in an inhomogeneous broadening of 5Γ for the sample and 46Γ for the reference.

This large broadening for the reference can be explained by a combination of

vibrations of the Mössbauer drive, with a large intrinsic sample-broadening.

This arises from residual H2 content from previous H-loading experiments [71].

The fitted value for the broadening of the sample is in excellent agreement

with the previously obtained value of 6(2)Γ [36] for this sample. Fig. 4.4 shows

a simulation for the inhomogeneous broadening of the reference reduced by a

factor of two. It is clear that such a reduction would significantly improve

the signal to baseline ratio. As can also be seen in Fig. 4.3, there is a slight

misfit for the zeroth order spectrum component. This is frequently observed in

stroboscopic experiments [75] and no satisfactory explanation exists so far.

Because of the large screening parameter, ξ = −0.16, an asymmetry is

expected in the stroboscopic spectra (see Section 2.3). However, the values of

the thickness and the inhomogeneous broadening parameter also influence this

dispersion effect. This is the reason why no clear dispersion can be resolved

from the spectra. Because of these correlated parameters, the value of ξ [35]

could not be fitted and was given a fixed value.

From the obtained velocity-time data matrix, time spectra (Fig. 4.5) can

also be derived. Because these are only interesting for fixed velocities, their
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Figure 4.4: Simulation of a stroboscopic spectrum under identical conditions
as the experiment. For the solid line, the reference was given an inhomogeneous
broadening of 50Γ. The dotted line is constructed with an inhomogeneous
broadening of 25Γ for the reference. All the other parameters are identical to
the experimental conditions.

statistical quality is much less than that of the time-integrated stroboscopic

spectra. Of the 1024 available time channels, 720 channels fell within the veto-

window of 150 ns. To visualize these spectra, time-channels were added so

that one data point corresponds to a time interval of 1 ns. In Fig. 4.5, the

corresponding time spectra are shown for two different velocities. Both time-

spectra are taken from a sum of several velocity-channels, corresponding to one

discrete data-point in the stroboscopic spectra. Fig. 4.5 (i) corresponds to the

minus first order stroboscopic condition, v = −1.2 mm/s. It can clearly be

seen that, for this velocity, the quantum beat pattern has the same frequency

as the bunchtrain. Fig. 4.5 (ii) shows the exponential decay at zero velocity,

corresponding to the central spectrum component in velocity-domain. The solid

lines are simulations that are based on the fitted stroboscopic spectra. The used

time-windows for the stroboscopic spectra in Fig. 4.3 are also indicated.

4.5 Conclusion

Stroboscopic detection can be applied to the measurement of long-lived energy

levels. This has been shown by a measurement of the long-lived energy level
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Figure 4.5: Time spectra, deduced from the stroboscopic data matrix for
two different velocities. These velocities correspond to (i) the minus first order
stroboscopic resonance condition, (ii) the zeroth stroboscopic order resonance.
The time-windows that were used for the stroboscopic spectra in Fig. 4.3, are
indicated. The solid line is a simulation, based on the results of the fits of the
stroboscopic spectra.
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of 181Ta in Tantalum metal. Several stroboscopic spectra were taken from the

same data set to visualize the resonances. Despite a large line broadening of the

moving reference sample, for the first and minus first order resonances a signal

to baseline ratio of 47% could be obtained while for the central resonance this

ratio was 22%. In this way, it has been experimentally shown that stroboscopic

detection of synchrotron radiation is a hyperfine interaction measurement tech-

nique that is not intrinsically hindered by long lifetimes of Mössbauer levels,

as was theoretically discussed in Section 2.5.4.

These measurements open the door to future applications using the sensi-

tivity of 181Ta to probe very weak hyperfine interactions. Also, other kinds of

experiments can be conceived where a very high energy resolution is required,

such as measurements of the red-shift (See Conclusion and Outlook). For both

of these purposes, it is worth investigating how the inhomogeneous broaden-

ing of 181Ta-containing samples can be reduced in order to fully exploit the

obtainable energy resolution offered by the stroboscopic detection technique.





Chapter 5

Hyperfine Interaction

Studies with Synchrotron

Radiation: Problems and

Solutions

When an experimenter decides that a hyperfine interaction study with syn-

chrotron radiation is the most convenient method to solve his physics problem,

he still has to make a choice between a variety of possible schemes (for an

overview, see Ref. [5]). Of these schemes, time differential nuclear forward

scattering is the most established, mostly thanks to its high sensitivity to hy-

perfine splittings, and the simplicity of its setup. Still, this detection scheme has

some limitations to which several solutions, including the stroboscopic detec-

tion scheme, have been proposed. An overview of the strengths and weaknesses

ot the stroboscopic detection scheme with respect to a few other schemes has

been presented previously by R. Callens [22].

In this chapter, several specific problems will be discussed, solutions will be

presented and the advantages and disadvantages of the stroboscopic detection

scheme will be mentioned.
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5.1 High Resolution Measurements

If the expected hyperfine fields are very small, special efforts must be made

to optimize the obtainable energy resolution. This resolution is intrinsically

limited by the energy width of the investigated Mössbauer level. For this

reason, long-lived Mössbauer levels can be the solution to obtaining sufficiently

high energy resolutions. Some of the isotopes with a long-lived Mössbauer level

that falls within the reach of the synchrotron source are 73Ge (τ = 4.26 µs and

E = 13.3 keV), 181Ta (τ = 8.7 µs and E = 6.2 keV), 67Zn (τ = 13.2 µs and

E = 93.3 keV), 45Sc (τ = 459 ms and E = 12.4 keV), 73Ge (τ = 720 ms and

E = 66.7 keV), and 109Ag (τ = 56.6 s and E = 88.0 keV). In a time differential

scheme, the bunchperiod must be larger than the decay time of the resonant

system. Therefore, due to the limited bunchperiod of the storage ring, these

isotopes can become difficult to study.

Because the stroboscopic detection scheme does not intrinsically pose re-

quirements on the bunchperiod, it is a convenient method for the detection

of long-lived Mössbauer levels. This has been discussed in Section 2.5.3 and

experimentally shown in Chapter 4.

Another possibility is offered by the nuclear lighthouse effect. In this

scheme, the sample is fixed on the inside of a cylinder that is rotating at a

high angular velocity Ω. After the sample has been excited, it emits the scat-

tered photon at a time t and under an angle φ = Ωt with respect to the incident

beam. This is schematically shown in Fig. 5.1. The spectrum is measured as

a function of the scattering angle and pronounced quantum beats are then ob-

served [76, 77]. Using this technique, time resolutions of the order of 150 ps

can already be reached, and resolutions of the order of 10 ps are expected with

sufficiently high rotational frequencies and good detector electronics. Because

the spectrum is recorded as a function of the elapsed time between excitation

and de-excitation of the nuclear exciton, there is no inherent restriction to the

bunchmode, and the time resolution is not limited by the bunchlength of the

electrons. This technique has been applied to the measurement of the 22.5 keV

resonance in 149Sm [78].

The nuclear lighthouse effect has the ability of measuring long-lived states,

but the sample must be put on a rotor which puts a severe restriction on

the possible samples and sample environments. In the stroboscopic detection

scheme, the sample stands freely. It must be mentioned here that, although
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rotor with sample

detector

−→
k 0

−→
k (t)

φ

Figure 5.1: Scheme of the setup for the nuclear lighthouse effect. The in-
coming and scattered photons are represented by their respective wave vectors.
The angle between both vectors is φ.

both of these techniques are intrinsically suited for high resolution measure-

ments, problems can still arise for two different reasons. In the first place, the

energy resolution is often reduced by sample impurities as has been shown for

the case of 181Ta in Chapter 4. In the second place, finding the very narrow

nuclear resonance with the monochromator can be quite a challenge.

5.2 Phase Determination

If one wants to transform the obtained information to reciprocal space, e.g., be-

tween time and energy domain or between momentum transfer and real space,

the complete nuclear resonant scattering amplitude must be known. Because

one can only measure the amplitude squared, the phase can only be obtained

from interference experiments that meet some basic requirements:

• Two coherent paths must be present, one is scattering by the sample, the

other is scattering by a known reference. To keep the formalism as simple

as possible, this reference is often a single line sample. In these cases, for

σ-polarized synchrotron radiation, only the phase of the σ-component of

the amplitude can be determined.

• Two known phase shifts must be separately created between both inter-

fering amplitudes. This can be shown to be equivalent to projecting the
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amplitude on two different axes in the complex plane [79].

• The radiative coupling path between both samples must be extinguished.

Several schemes fulfilling these requirements have been developed.

In a first scheme [80], a beam-splitting interferometer is introduced in the

setup. In one path, the reference is mounted, together with a phase retarder.

The other path contains the sample. Such a scheme obviously fulfills the neces-

sary requirements, but the sample space is extremely limited and the interfer-

ometer is difficult to stabilise for the short-wavelength synchrotron radiation.

In a second scheme [81], the sample is placed outside the interferometer.

This has the advantage that several sample geometries and environments be-

come possible, but one has to make sure that the resonance energy of the

sample differs sufficiently from that in the reference. This can be obtained

through hyperfine interactions. Similar to the first scheme, the interferometer

still has to be sufficiently stabilized.

A third scheme [79] does not use the beam-splitting interferometer. In

this scheme, the phase difference is obtained by giving the reference a known

velocity and thus Doppler-shifting the reference resonance energy by a known

amount. The sample is placed in the beam together with the reference, and

stands freely. In this manner, if the velocity is sufficiently high, the radiative

coupling path is also extinguished.

Recently [82], a scheme has been developed to determine the phase with

a stroboscopic experiment. By adding (or substracting) several spectra, made

with different choices of time-windows, the zeroth order spectrum component

can be cancelled out and thus the radiative coupling path is extinguished.

Also the even order spectrum components are extinguished so that the first

order spectrum component is well resolved. By appropriately choosing the

time-windows, the real and imaginary parts of the nuclear resonant scattering

amplitudes can then be determined separately. In this manner, the phase of

this amplitude can also be reconstructed.

5.3 Energy-Resolved Spectra

When the hyperfine splitting of the sample is complicated, and the experi-

menter does not have much knowledge on the expected hyperfine fields, a time
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differential spectrum can become difficult to analyze. The standard analysis

procedure starts from an assumption of the hyperfine interactions, then calcu-

lates simulations, and finally compares these with the experimental data. For

this reason, an energy-resolved spectrum would give the experimenter an imme-

diate estimate of the hyperfine interactions [80], and this spectrum would not

necessarily need to be of high statistical quality. A second reason for making

energy-resolved spectra is that, to the non-expert, an energy-resolved spec-

trum allows for an intuitively comprehensible analysis and this spectrum can

be compared to the more conventional Mössbauer spectra.

One possible approach is to determine the phase in a time differential detec-

tion scheme (see Section 5.2). Other alternatives are the stroboscopic detection

scheme or the synchrotron Mössbauer source.

With the synchrotron Mössbauer source, a monochromatic, highly directed

beam is obtained by nuclear Bragg reflection of synchrotron radiation from an

iron borate (57FeBO3) single crystal. When such a crystal is heated to the Néel

temperature, the magnetically hyperfine split spectrum collapses into a single

line spectrum [83]. By measuring at an electronically forbidden, but nuclearly

allowed, Bragg reflection, a source of monochromatized radiation is then ob-

tained. This offers the possibility of carrying out Mössbauer experiments at a

synchrotron source, without the need for putting time-windows [84]. This has

been experimentally confirmed [84] with an iron borate single crystal, heated

to 75.35◦C with an external magnetic field of about 10 mT to magnetize the

sample.

The main advantage of the stroboscopic detection scheme and the phase

determination schemes, is that they can be applied to a wide variety of Möss-

bauer isotopes, while the synchrotron Mössbauer source can, up till now, only

be applied to the 57Fe isotope. The disadvantage of the stroboscopic detection

scheme is that it may require some effort to avoid the overlap of higher order

spectrum components.

The largest disadvantage of the synchrotron Mössbauer source arises from

the relatively low resonant countrate with respect to both other schemes. The

reason for this can be found in the fact that the observed interference patterns

originate from different quantumpaths. For the synchrotron Mössbauer source,

the first path corresponds to nuclear scattering in both the crystal and the

sample, and the second path corresponds to only nuclear scattering in the
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crystal. The stroboscopic spectrum and the schemes for phase determinations

arise from interference between the path corresponding to scattering in the

sample, and the path corresponding to scattering in the reference. For this

reason, a higher resonant countrate is obtained with these schemes.

5.4 Thin and Layered Systems

For thin and layered systems, measuring in forward direction is statistically

not favourable. The reason is the reduction of intensity that is induced by the

substrate, combined with the often minimal thickness of the layer and thus

a small resonant signal. By measuring in a grazing incidence geometry [85],

the measured radiation has not passed through the substrate and the relevant

pathlength through the isotopically enriched layer has significantly increased.

Therefore, measuring at an angle can significantly increase the statistical qual-

ity of the spectra.

These measurements can be nicely performed in a time differential scheme,

where the description of time evolution of the resonantly scattered radiation is

similar to the forward direction. Quantum beat patterns will be observed whose

beating frequency is related to the hyperfine splitting in the sample. Especially,

by measuring at an electronically forbidden and nuclearly allowed Bragg angle,

information that is specifically related to the hyperfine interactions can be

obtained. This can be exploited in thin and layered systems by selectively

enriching certain layers or sites in the sample [86].

Because in the stroboscopic detection measurements the sample stands

freely, this scheme can also be extrapolated to grazing incidence geometry [82].

Similar to the forward scattering case, extra stroboscopic resonances will then

be created whose shape and position are determined by the time-window prop-

erties. The main difference is that, in this geometry, the electronic scattering

will influence the shape of the resonances. This theory has recently been exper-

imentally confirmed [87]. The strengths and limitations that are related to the

stroboscopic detection scheme in forward direction, can also be extrapolated

to this setup.
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5.5 Magnetic Field Measurements

The magnetic field inside a solid can be determined from measuring the Zee-

man splittings in the probe nuclei. The allowed transitions between the ground

state and excited state are determined by the law of conservation of angular

momentum. The photon carries an intrinsic angular momentum of 1, whose

projection on the propagation axis can only take the values +1 or -1. For this

reason, photons can only induce ∆m= -1, 0, or +1 transitions. The probabili-

ties of these transitions depend on the relative orientation between the photon

propagation vector and the magnetic field. In this way, the direction of the

magnetic field can be determined, but one is not sensitive to the sign of the

magnetic field.

Nuclear Resonant Magnetometry is a recently developed technique [88] that

measures both the magnitude and the sign of the magnetization at specific

sites within the sample. It is based on the time differential nuclear resonant

scattering technique, where a phase retarder [28] has been implemented in order

to achieve leftcircularly (+) polarized radiation. In this way, only the ∆m=

-1 or ∆m= +1 nuclear transitions can be selected, depending on the direction

and sign of the magnetic field with respect to the photon beam direction.

However, for the case of 57Fe, which is interesting from the point of view of

magnetism, these two selection rules each give rise to two transitions whose

energy difference is the same. For this reason, the sign of the magnetic field can

not be determined from a traditional quantum beat pattern. By introducing a

single line reference sample and Doppler shifting its resonance frequency so that

it coincides with one of the resonance frequencies in the sample, both cases can

easily be distinguished. This has been experimentally verified by measuring

the magnetization in the middle layer of an Fe/Cr quintalayer [88] for several

externally applied magnetic fields.

In the experiment described in [88], the reference sample was mounted on

a constant velocity drive. This scheme can easily be extended to the strobo-

scopic detection scheme by mounting the reference on a variable velocity drive

and thus scanning the resonance frequencies in the sample. The created stro-

boscopic spectrum components will consist of resonances whose relative ratios

are influenced by the excitation probability of the corresponding nuclear transi-

tions. These probabilities are related to the direction and sign of the magnetic

field with respect to the direction of incidence of the circularly polarized radi-
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ation. Such a measurement would provide an intuitive way of visualising the

excitation probabilities and deducing the direction and sign of the magnetic

field in a straightforward manner.

5.6 Samples with Vanishing Lamb-Mössbauer

Factors

If the sample under investigation has a vanishingly small Lamb-Mössbauer

factor, the time differential and stroboscopic nuclear resonant scattering tech-

niques cannot be used. This can be easily deduced from the mathematical

description of the forward scattering amplitude, which linearly depends on

fLM via the effective thickness. It can also be intuitively understood in the

sense that phonons can now be excited in the scattering process and, therefore,

the energies of the scattered photons are shifted by the order of meV. Because

of this random difference in energy, the amplitudes of the quantum paths for

scattering from different nuclei cannot be added coherently.

Perturbed Angular Correlation with Synchrotron Radiation is a technique

that is very well-suited to measure hyperfine interactions in systems with low

or vanishing Lamb-Mössbauer factors. The only requirements on the probe

nucleus are that it has a substantial cross section for nuclear scattering, and

that the excited level is sensitive to the hyperfine fields. By mounting the

detector at a fixed, non-zero, angle with respect to the incoming beam, the

incoherently scattered radiation is detected. Within the same nucleus, the

levels still are coherently excited by the beam. The interference between the

possible transitions within the same nucleus can then give rise to a beating

pattern in time domain. From this pattern, the energy splitting and hence

the hyperfine fields can be deduced. The first experimental observation was

obtained with measurements on polycrystalline enriched iron foils at several

scattering angles [89].

5.7 Conclusion

It has been shown in this chapter that, although the time differential scheme is

very useful, there still exist several problems to which the conventional setup
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can not easily provide an answer. For these problems, several other experimen-

tal techniques have been proposed. In many cases, the stroboscopic detection

scheme has been shown to be suitable, sometimes in combination with other

approaches. It can, therefore, be concluded that the stroboscopic detection

scheme deserves a rightful place within the field of hyperfine interaction tech-

niques with synchrotron radiation.





Conclusion and Outlook

In this work, the applicability of stroboscopic detection of nuclear forward

scattered synchrotron radiation has been investigated. This is a new hyperfine

interaction technique that provides an energy spectrum of the sample, while

taking advantage of the specific properties of synchrotron radiation.

Stroboscopic detection is essentially based on the detection of a one-photon

interference pattern of two quantum paths, namely nuclear resonant scatter-

ing in a free-standing sample, and nuclear resonant scattering in a single line

reference that is mounted on a Mössbauer drive. The total energy-resolved

spectrum is a sum of several stroboscopic order spectrum components, whose

velocity-shift and resonance shape can be optimized with the time-windows.

Two new applications using probe isotopes different from 57Fe have been

described. In the first application, the pressure dependence of the mean valence

of Eu in EuPd2Si2 was investigated. This was done by measuring the isomer

shift of 151Eu in EuPd2Si2 with respect to a Eu2O3 reference sample. The

results showed a decrease in the mean valence from 2.7 to 2.2 as the pressure

decreased from 5 GPa down to ambient pressure. This confirms previous results

obtained by Mössbauer spectroscopy with a radioactive source. This experi-

ment has shown the applicability of this scheme to isomer shift measurements,

high pressure investigations, and non-57Fe isotopes.

The second application was a measurement of the long-lived Mössbauer

level of 181Ta in tantalum metal. The lifetime of this state was much longer

than the time between bunches, which would have made a time differential

measurement difficult. Stroboscopic detection is not intrinsically hindered by

the lifetime and, therefore, the minus first, zeroth and first order stroboscopic

spectrum components could be successfully measured. With this experiment,

the applicability of this technique to Mössbauer levels with a lifetime that
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exceeds the bunchperiod has been demonstrated.

Since it has been shown that stroboscopic detection is a valuable hyperfine

interaction technique, it is useful to reflect about some possible future appli-

cations. These can be found, e.g., in the immediate energy domain picture,

the freedom in sample setup, the phase information, or the ability to detect

long-lived energy states.

The energy-resolved spectra provide an intuitively accessible picture of the

energy levels in the probe isotope. These are also particularly useful for sign

determination of the isomer shift, or, in combination with circularly polar-

ized synchrotron radiation, determining the size, the direction, and the sign of

magnetic fields.

Recently, the stroboscopic detection scheme has been extrapolated [82] to

the grazing incidence geometry. In combination with a, also recently developed

[82], scheme for phase extraction, this offers the possibility of doing depth-

selective structure analysis.

Another specific property of the stroboscopic detection scheme is that there

are no inherent restrictions to the lifetime of the nuclear excited level. There-

fore, if suitable monochromators can be conceived, hyperfine interactions with

synchrotron radiation can in principle be expanded to all Mössbauer isotopes

with a long-lived energy level that falls within the energy range of the syn-

chrotron source. The long lifetime of these levels can be exploited in measure-

ments of phase variations that are of a timescale of the order of the excited level.

The applicability of the stroboscopic detection scheme to such a concept has re-

cently been experimentally confirmed by introducing a rotor, operating at high

frequencies, to the stroboscopic detection setup. The rotor was in between

two tantalum metal foils, and this lucite wedge had a periodic positive and

negative slope in the thickness change. As a result, the zeroth order spectrum

component was split into two resonances, shifted to the positive, respectively

the negative side of the velocity spectrum [90].

The ability of measuring long-lived Mössbauer levels can also be used to do

high-resolution measurements in energy domain. One idea is the measurement

of the red-shift of photons. This red-shift is induced by the effects of the grav-

itational field on the frequency of the photons and is extremely important for

the Global Positioning System. Previous experiments with Mössbauer spec-

troscopy on 57Fe have measured this red-shift both in a stationary Mössbauer
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setup [91], and with a rotating source [92] in order to confirm Einsteins Equiv-

alence Principle. The energy resolutions of these measurements were limited

by the energy width of the Mössbauer level in 57Fe. If the linewidth could be

improved to the natural linewidth of, e.g., 181Ta, these measurements could be

performed with a highly improved accuracy. The expected energy shift is of

the order of the natural linewidth of the 181Ta isotope and it would, therefore,

be possible to resolve this shift on an energy spectrum.

With respect to hyperfine interaction measurements, the largest advantage

offered by long-lived energy levels, is the large energy resolution that can be

obtained. These isotopes, therefore, are particularly suitable for measuring

very small hyperfine fields. This can obviously be applied to a wide variety of

problems.

Without a doubt, the obtainable energy resolution is one of the strengths

of the stroboscopic detection scheme. Nevertheless, the currently available

samples that contain isotopes with long-lived energy levels, exhibit too much

line broadening. Therefore, this energy resolution cannot be fully exploited.

One line of thought [51] of reducing this line broadening involves the use of

coordination compounds, where the interaction between the different molecules

is much reduced with respect to the interaction between atoms in metallic

compounds. Therefore, the effects of impurities cannot propagate throughout

the sample. This has not yet been experimentally verified, but it is crucial

in order to be able to fully exploit the obtainable energy resolution of the

stroboscopic detection scheme.

In conclusion, it has been shown in this work that the stroboscopic detection

scheme is a valuable asset to the field of hyperfine interaction measurements

with synchrotron radiation. This technique has a promising future in an estab-

lished experimental domain.





Appendix A

Stroboscopic Resonance

Shape for Thin, Single Line

Samples

To deduce a formula for the shape of the stroboscopic resonances for thin

single line samples, we will start from Eq. 2.26 for the interference term of

the spectrum components, and use the expressions 1.17 and 1.33, describing

the scattering process for thin single line samples. We will also use the fact

that, for single line samples, the polarization of the σ-polarized synchrotron

radiation remains unchanged. Therefore Aπ
sc = 0 and Asc = Aσ

sc and Eq. 2.26

can be rewritten as

dint,n(∆) =
1

2π

∫ +∞

−∞
Asc,r(ω,∆) · A∗

sc,s(ω + nωTW ) dω

+
1

2π

∫ +∞

−∞
Asc,s(ω) · A∗

sc,r(ω + nωTW ,∆) dω. (A.1)
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Only the first integral will be solved explicitly. The second can be handled in

exactly the same manner. The first integral, Int1, is equal to:

Int1 =
1

2π

∫ +∞

−∞
Asc,r(ω,∆) · A∗

sc,s(ω + nωTW ) dω

=
1

2π

∣

∣

∣

−→
A in

∣

∣

∣

2
∫ +∞

−∞

iTrΓ
4h̄

ω − ωres,r − ∆ − iqrΓ
2h̄

·
−iTsΓ

4h̄

ω + nωTW − ωres,s + iqsΓ
2h̄

dω

=
TrTsΓ

2

32πh̄2

∣

∣

∣

−→
A in

∣

∣

∣

2
∫ +∞

−∞

1

ω − ωres,r − ∆ − iqrΓ
2h̄

· 1

ω + nωTW − ωres,s + iqsΓ
2h̄

dω . (A.2)

The complex function over which the integration is performed has two first

order poles: one in the upper and one in the lower half of the complex plane.

By using the theorem of Residues and closing the integration path anticlockwise

over the upper half of the plane, the complex integral becomes:

Int1 =
TrTsΓ

2

32πh̄2

∣

∣

∣

−→
A in

∣

∣

∣

2
[

2πi

ωres,r + ∆ + iqrΓ
2h̄

+ nωTW − ωres,s + iqsΓ
2h̄

]

=
iTrTsΓ

2

16h̄2

∣

∣

∣

−→
A in

∣

∣

∣

2 1

− (ωres,s − ωres,r − nωTW − ∆) + i(qs+qr)Γ
2h̄

. (A.3)

This equation can be re-written as

Int1 =
−iTrTsΓ

2

16h̄2

∣

∣

∣

−→
A in

∣

∣

∣

2 (ωres,s − ωres,r − nωTW − ∆) + i(qs+qr)Γ
2h̄

(ωres,s − ωres,r − nωTW − ∆)
2

+
(

(qs+qr)Γ
2h̄

)2

=
TrTsΓ

2

16h̄2

∣

∣

∣

−→
A in

∣

∣

∣

2 (qs+qr)Γ
2h̄

− i (ωres,s − ωres,r − nωTW − ∆)

(ωres,s − ωres,r − nωTW − ∆)
2

+
(

(qs+qr)Γ
2h̄

)2 .(A.4)
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The second part of Eq. A.1 can be handled in exactly the same manner, result-

ing in the final equation:

dint,n(∆) =
TrTsΓ

2

16h̄2

∣

∣

∣

−→
A in

∣

∣

∣

2

[

(qs+qr)Γ
2h̄

− i (ωres,s − ωres,r − nωTW − ∆)

(ωres,s − ωres,r − nωTW − ∆)
2

+
(

(qs+qr)Γ
2h̄

)2

+
(qs+qr)Γ

2h̄
+ i (ωres,s − ωres,r + nωTW − ∆)

(ωres,s − ωres,r + nωTW − ∆)
2

+
(

(qs+qr)Γ
2h̄

)2

]

. (A.5)

This equation shows that the real parts of the interference terms show a

Lorentzian resonance shape and the imaginary parts form dispersion-shaped

resonances. These resonances are centered around ∆ = ωres,s −ωres,r −nωTW

and ∆ = ωres,s − ωres,r + nωTW , corresponding to the stroboscopic conditions

as defined in Eq. 2.3 for identical samples. Although the real parts for the n

and −n spectrum components are the same, the imaginary parts have a dif-

ferent sign. This leads to the conclusion that the positive-velocity part of the

spectrum will be the mirror image of the negative-velocity part for the case of

two identical single-line samples.





Appendix B

Calculations of sn

In this appendix, the analytical expressions for the Fourier coefficients sn of

some specific time-window functions will be mathematically deduced.

B.1 General Expression for s0

The expression for s0 is particularly simple for any shape of the time-window,

as can be shown easily starting from Eq. 2.14:

s0 =
1

tTW

∫ tT W

0

S(t)dt . (B.1)

This is the integral over the time-window function for one period. Suppose the

time-window function is square with a width (F · tTW ) where F is defined as

the fractional width of the time-window. The expression for s0 then becomes:

s0 =
1

tTW

FtTW

= F . (B.2)

Therefore, s0 expresses the fraction of allowed counts.
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B.2 A Square Time-Window

Suppose the time-window is square and centered around tc with a width F ·tTW .

The expression (Eq. 2.14) for sn can then be written as

sn =
1

tTW

∫ tc+
F tT W

2

tc−
F tT W

2

exp(−inωTW t)dt . (B.3)

Working out the integral results in:

sn =
1

tTW

(

1

−i2ωTW

)

[

exp

(

−inωTW tc − inωTW F
tTW

2

)

− exp

(

−inωTW tc + inωTW F
tTW

2

)

]

=
i

2πn
exp (−inωTW tc) [exp (−inπF ) − exp (inπF )] . (B.4)

This leads to the expression:

sn = exp (−inωTW tc)
sin(nπF )

nπ
. (B.5)

B.3 A Symmetric Square Time-Window

If the time-window is symmetric, the time around which it is centered is tc =

tTW /2. The above result for sn can then be rewritten as

sn = exp

(

−in
2π

tTW

tTW

2

)

sin(nπF )

nπ
(B.6)

= exp(−inπ)
sin(nπF )

nπ
(B.7)

= (−1)n sin(nπF )

nπ
. (B.8)



Appendix C

Properties of 57Fe, 151Eu

and 181Ta

The following data are obtained from [5].

57Fe 151Eu 181Ta

Eres keV 14.4125 21.532 6.214

τ ns 141.11 13.99 8.73 103

Γ neV 4.66 47.03 75.4 10−3

Abundance % 2.14 47.82 99.99

Ig 1/2− 5/2+ 7/2+

Ie 3/2− 7/2+ 9/2−

Multipolarity M1+E2 M1+E2 E1

µg µN 0.0906 3.472 2.3705

µe µN -0.1553 2.591 5.28

Qg barn (10−28 m2) 0.0 0.903 3.28

Qe barn (10−28 m2) 0.16 1.28 3.71

α 8.56 28.0 70.5

σnuc/σph 428.58 29.06 12.30

ξ [33] -0.0005 -0.16
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Appendix D

List of Symbols and

Abbreviations

® Diameter.

+ Lefthanded polarization state, ∆ = +1.

− Righthanded polarization state, ∆ = −1.

∆X General symbol for a difference between two states of X.

X∗ The complex conjugate of X.
−→
X The vector X.

=(X) The imaginary part of X.

<(X) The real part of X.

α The internal conversion coefficient, α = Γe

Γγ
.

γ A photon.

Γ The total linewidth of the nuclear excited state.

Γγ The radiative linewidth of the nuclear excited state.

Γe The linewidth of the nuclear excited state for internal conver-

sion.
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δ The mean isomer shift.

δ2 The isomer shift of Eu2+.

δ3 The isomer shift of Eu3+.

δ(x) The Dirac Delta







δ(t) = 0 if t 6= 0
∫ +∞
−∞ δ(t)dt = 1

δ(ΛL) The real part of the screening term for (ΛL) radiation.

∆ z-component of the intrinsic angular momentum of the photon,

also referred to as its helicity.

∆ The Doppler shift of the resonance frequency of a moving ref-

erence.

∆ The width of F (Ω).

ε0 The permittivity of free space, ε0 = 8.854187817 × 10−12

C2/Nm2.

εωres
The radiation density around the resonance frequency.

λ The wavelength.

Λ Λ = 1 for electric radiation and Λ = 0 for magnetic radiation.

−→µ The nuclear magnetic moment: −→µ = gµN

−→
I .

µN The nuclear magneton, 5.0507866(17) × 10−27 J/T.

ν The fractional occupation of the Eu3+ state in EuPd2Si2.

ξ(ΛL) The imaginary part of the screening term for (ΛL) radiation.

π A dimensionless mathematical constant: π = 3.14159265...

π Parity.

−→π A linear polarization state of the photon, orthogonal to the −→σ
polarization state.

ρ The concentration of the chemical element from which the nu-

clear resonant scattering takes place.

−→σ A linear polarization state of the photon. The electric field

vector of the electromagnetic radiation is horizontal and per-

pendicular to the photon wave vector
−→
k .

σ0 The maximal resonant scattering cross-section.

σin The polarization state of the photon before scattering.
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σph The cross-section for photoelectric effect.

σsc The polarization state of the photon after scattering.

τ The lifetime of the nuclear excited level.

χ The isotopic enrichment.

|ψ〉 The quantum state of a system.

ψe The electron density of states.

ω The frequency.

ωQ The quadrupole frequency.

ωres The resonance frequency.

ωTW The frequency of the periodic time-windows.

Ω The deviation of the actual resonance frequency from the aver-

aged resonance frequency due to broadening effects.

Å The Ångström, 1Å=10−10m.
−→
A The amplitude.
−→
A em The amplitude for photon emission.
−→
A in The amplitude of the photon path where no nuclear resonant

scattering occurs.
−→
A sc The amplitude for nuclear forward resonant scattering.
−→
A sc,r The amplitude for nuclear forward resonant scattering in the

reference.
−→
A sc,rc The amplitude for radiative coupling, i.e. nuclear resonant scat-

tering in both samples.
−→
A sc,s The amplitude for nuclear forward resonant scattering in the

sample.
−→
A tr The amplitude for transmission in the forward direction

through the sample.

ADC Analogue to Digital Converter.

APD Avalanche Photodiode Detector.

arb. units Arbitrary units.
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Bhf The size of the magnetic hyperfine field.

bar 1 bar = 1 atmosphere = 101.3 kPa.

c The velocity of light, c = 2.99792458 × 108 m/s.

C Coulomb, a unit for electrical charge.

C(IgLIe;mg∆me) The Clebsch-Gordan coefficient for the nuclear transition

from the ground state with a spin Ig and z-component mg to an

excited state with a spin Ie and z-component me using radiation

of multipolarity L and z-component ∆.

d The thickness of the sample.

dn(∆) The nth spectrum component of the stroboscopic spectrum.

dbl,n The baseline contribution to dn(∆).

dint,n(∆) The contribution of the interference terms to dn(∆).

drc,n(∆) The contribution of the radiative coupling path to dn(∆).

D
(L)
σsc∆

(αβγ) The rotation matrix describing the rotation about the Euler

angles α, β and γ from a system with the z-component of the

angular momentum Iz = ∆ to a system with Iz = σsc. During

the rotation, the total angular momentum L should remain

unchanged.

D(t,∆) The intensity after transmission in forward direction through a

moving reference and a sample in forward direction at time t,

and Doppler shift ∆ of the reference frequency.

e The elementary charge, e = 1.602 × 10−19 C.

E Energy.

E Electromagnetic radiation originating from an electric field.

Eres The resonance energy.

eV The electron Volt, the amount of energy that is gained by an

electron when it is accelerated by a potential difference of 1

Volt, 1 eV = 1.60217733(49) × 10−19 J.

f(ω) A matrix which describes the nuclear forward scattering process

as a function of the photon frequency ω.

fLM The Lamb-Mössbauer factor.
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fr(ω) A matrix which describes the nuclear forward scattering process

in the reference as a function of the photon frequency ω.

fs(ω) A matrix which describes the nuclear resonant scattering pro-

cess in the sample as a function of the photon frequency ω.

F The allowed fraction of radiation.

F (ω) The coherent forward scattering amplitude for γ-radiation from

a single bound nucleus.

F (Ω) The Lorentzian distribution of the actual resonance frequency

due to inhomogeneous broadening effects.

g The g-factor of the nucleus.

h̄ Planck’s Constant, h̄ = h
2π

= 1.05457266(63) × 10−34 Js.

i The complex unit, i =
√
−1.

I Intensity.

I Defines the nuclear angular momentum state, or spin state, of

a nucleus.
−→
I The angular momentum vector of the nucleus.

j Defines the angular momentum state of a system.
−→
J The angular momentum vector.

J1 The first order Bessel function.
−→
k The wave vector of the photon.

L Defines the angular momentum state of a photon, also called

the multipolarity.
−→
L The angular momentum vector of the photon.

mI The eigenvalue of Iz/h̄.

mj The eigenvalue of Jz/h̄.

M The nuclear mass.

M Electromagnetic radiation originating from a magnetic field.

n A stroboscopic order.

n-type Semiconductor material that is doped with a dopant that con-

tains more conduction electrons per atom than the host mate-

rial.
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p The linear momentum, classically this is mass× velocity, rela-

tivistically this is energy/c.

p-type Semiconductor material that is doped with a dopant that con-

tains less conduction electrons per atom than the host material.

Pa Pascal, a unit for pressure: 1 Pa = 1 N/m2 and 101.3 kPa = 1

bar = 1 atmosphere.

PAS Principal Axis System.

q A broadening factor for the nuclear excited level.

Q The quadrupole moment of the nucleus.

−→r A vector in real space.

rn The nuclear radius.

RAS Radiation Axis System.

sn The nth Fourier coefficient of the time-window function S(t).

S(t) The time-window function.

SCA Single Channel Analyzer.

t Time.

tB The period of the synchrotron radiation bunches.

tc The symmetry center of a symmetric time-window.

tTW The period of the time-windows.

T The effective thickness.

TAC Time to Amplitude Converter.

v Velocity, in this work, usually the velocity of the Mössbauer

drive is meant.

vn The velocity shift or the nth stroboscopic order spectrum com-

ponent with respect to the central spectrum component.

Vzz The size of the axially symmetric electric field gradient at the

position of the nucleus.

Z The atomic number, the number of protons in the atomic nu-

cleus.



Bijlage E

Nederlandse Samenvatting

In dit werk worden de mogelijke toepassingen van de techniek “Stroboscopische

Detectie van Nucleair Voorwaarts Verstrooide Synchrotron Straling” onder-

zocht. Dit is een techniek die toelaat om de lokale elektrische en magnetische

eigenschappen van vaste stoffen te onderzoeken door middel van rechtstreeks

interpreteerbare, energie geresolveerde spectra van spionkernen.

In de eerste sectie van deze samenvatting wordt de interactie tussen straling

en materie besproken om te komen tot tijdsgeresolveerde nucleair voorwaartse

verstrooiing van synchrotron straling. Deze onderliggende principes worden ge-

bruikt in de stroboscopische detectietechniek die in de tweede sectie besproken

wordt. Vervolgens worden in de derde en vierde sectie enkele experimenten

getoond en bediscussieerd om in de laatste sectie te komen tot een besluit.

E.1 Nucleair Voorwaartse Verstrooiing

De energieniveaus van een kern worden bëınvloed door de magnetische en elek-

trische velden waarin de kern zich bevindt. Deze interacties worden hyperfijn-

interacties genoemd en zijn een handig middel om de lokale magnetische en

elektrische velden in vaste stoffen te onderzoeken. Concreet gebeurt dit door

specifieke spionkernen te implementeren in het te onderzoeken materiaal en

vervolgens hun energietoestanden te bestuderen. Omwille echter van de hoge

energieresolutie van ongeveer 10−9 die hiertoe vereist is, moet steeds gebruik

gemaakt worden van specifieke hulpmiddelen.
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Eén van die hulpmiddelen is het Mössbauer effect. Dit effect leert ons dat,

indien de te onderzoeken isotopen zich in een vaste-stofrooster bevinden, er

een zekere fractie kan zijn die γ-fotonen zal absorberen of uitzenden zonder

terugstoot. Dit betekent dat de energie van deze fotonen exact gelijk is aan de

energieovergang die de isotopen ondergaan hebben en dat resonante verstrooi-

ing mogelijk is.

Een veel gebruikte toepassing van het Mössbauer effect is Mössbauer spec-

troscopie met een radioactieve bron. Deze meettechniek maakt gebruik van een

bron waarvan de radioactieve isotopen de te bestuderen energietransitie in hun

vervalpad hebben. Door deze bron een veranderende snelheid te geven, zal de

energie van de uitgezonden fotonen een Doppler verschuiving ondergaan. De

fotonen worden vervolgens door het meetmonster verstrooid. Dit meetmon-

ster bevat isotopen waarvan het te onderzoeken energieniveau kan verschoven

of opgesplitst zijn onder invloed van hyperfijninteracties. De stralingsdetec-

tor meet het aantal fotonen die in voorwaartse richting zijn uitgezonden, als

functie van de snelheid van de bron. Telkens wanneer deze snelheid zodanig is

dat het Doppler verschoven energieniveau van de uitgezonden fotonen overeen

komt met één van de energieniveaus van de kernen in het meetmonster, zal

er een verminderde intensiteit waargenomen worden. Op deze manier bekomt

men een energie-geresolveerd spectrum van de betreffende energietransitie.

Een alternatieve manier om het Mössbauer effect te benutten is door ge-

bruik te maken van synchrotron straling. Deze straling heeft enkele bijzondere

eigenschappen zoals een groot energiebereik en een grote breedte in energie-

domein, een gepulste tijdsstructuur, een zeer hoge intensiteit in een smalle en

goed gerichte bundel, lineaire polarisatie,... Indien men een meetmonster in

de synchrotronbundel plaatst, hebben alle hyperfijnniveaus van het betreffen-

de energieniveau een zekere waarschijnlijkheid om door de breed-energetische

synchrotronbundel aangeslagen te worden. Na verval worden de voorwaarts

verstrooide fotonen gedetecteerd en zo wordt een tijdsdifferentieel spectrum

bekomen. Stel dat er twee mogelijke overgangen geëxciteerd worden in een

zeer dun meetmonster, dan zal het spectrum bestaan uit een exponentiële ver-

valcurve waarop een cosinus functie gesuperponeerd is. De frequentie van deze

cosinus is gelijk aan de verschilfrequentie tussen de verschillende energieni-

veaus. Indien er meer dan twee mogelijke energie-overgangen zijn binnen het

energiebereik van de stralingsbundel, zal het spectrum uit een superpositie van
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meerdere cosinussen bestaan met ieder een specifieke frequentie. Deze meetme-

thode kan uitgebreid worden naar dikke meetmonsters en zo bekomt men een

meetmethode [4] die de voordelen van het Mössbauer effect combineert met de

voordelen van synchrotron straling.

E.2 Stroboscopische Detectie van Synchrotron

Straling

Stroboscopische detectie van nucleair voorwaarts verstrooide synchrotron stra-

ling is een meettechniek die recent ontwikkeld is [6,22]. Alvorens enkele experi-

mentele beschouwingen te geven, zullen de principes van deze techniek intüıtief

uitgelegd worden.

Het vertrekpunt van deze meettechniek is hetzelfde als bij de tijdsdifferen-

tiële meettechniek, die in de vorige sectie besproken werd. Er wordt namelijk

een meetmonster geplaatst in de synchrotron stralingsbundel en de detector

is gepositioneerd in voorwaartse richting. Bij stroboscopiche detectie wordt

er aan deze opstelling nog een bewegend referentiemonster toegevoegd. Deze

referentie bevat dezelfde isotopen als degene die men wil bestuderen in het

meetmonster, maar hier zijn ze niet aan noemenswaardige hyperfijnvelden on-

derhevig zodat de resonantie energie enkelvoudig is. Onder invloed van het

Doppler effect, zal deze energie verschoven worden. Wanneer deze gelijk wordt

aan één van de resonantie energieën van het meetmonster zal de intensiteit

van de vertraagde fotonen stijgen. De prompte fotonen, die onmiddellijk in de

detector arriveren, zijn de fotonen die niet verstrooid zijn door één van beide

monsters en deze worden uit het spectrum geweerd. Door enkel de vertraag-

de fotonen te meten als functie van de snelheid van de referentie, wordt een

energie-geresolveerd spectrum van het meetmonster bekomen.

Door de gepulste tijdsstructuur en hoge intensiteit van de synchrotron stra-

lingsbundel, is men verplicht om periodische tijdsvensters te plaatsen. Deze

tijdsvensters zullen een bijzondere invloed hebben op de snelheidsspectra. Be-

schouw hiervoor één tijdsspectrum, overeenstemmend met één specifieke snel-

heid. Veronderstel dat het meetmonster en referentiemonster identieke, dunne

monsters zijn zonder noemenswaardige hyperfijnvelden ter hoogte van de spi-

onkernen. Het tijdsspectrum is dan een exponentiële vervalcurve waarop een

cosinusfunctie gesuperponeerd is. De frequentie van die cosinus is gelijk aan de
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verschilfrequentie tussen beide resonantiefrequenties en is dus evenredig met

de snelheid van de referentie. Veronderstel dat deze snelheid zodanig is dat

de cosinus-frequentie gelijk is aan, of een veelvoud is van, de frequentie van

de tijdsvensters. In dit geval zal er een verhoogde of verlaagde intensiteit

waargenomen worden, afhankelijk of het tijdsvenster gecentreerd is rond een

maximum of een minimum van de cosinus. Indien de resonante kernen in het

meetmonster aan hyperfijnvelden onderhevig zijn, zullen deze extra strobosco-

pische resonanties optreden voor elk van de resonantie energieën. Als we het

voorgaande samenvatten komen we tot het volgende besluit: een strobosco-

pisch spectrum is opgebouwd uit verschillende deelspectra waaraan telkens een

orde kan toegekend worden. Ieder nde orde deelspectrum is een volledig energie

geresolveerd spectrum van het meetmonster. De afstand tussen deze deelspec-

tra is evenredig met de frequentie van de tijdsvensters. Door deze frequentie

dus voldoende groot te nemen kunnen de deelspectra afzonderlijk geresolveerd

worden. De vorm van deze resonanties wordt, onder andere, bepaald door de

breedte en het centrum van de tijdsvensters.

De stroboscopische spectra kunnen geoptimaliseerd worden door de verschil-

lende experimentele parameters zo goed mogelijk op mekaar af te stemmen. In

de eerste plaats is dit het tijdsvenster waarvan de invloed hierboven reeds kort

vermeld werd. De optimale vullingsmode van de synchrotron opslagring moet

gekozen worden zodat de frequentie van de tijdsvensters geoptimaliseerd kan

worden. Ook met de herstellingstijd die de detector en electronica nodig hebben

na de niet-verstrooide stralingsbundel moet men rekening houden. Gedurende

deze tijd kan er trouwens niet gemeten wordt zodat dit de vrijheid in de keuze

van de tijdsvensters ook bëınvloedt. Tot slot kunnen ook de dikte en verbreding

van het referentiemonster gekozen worden in functie van een optimale statis-

tische kwaliteit. Deze bëınvloeden trouwens zowel de energie-resolutie als de

signaal-tot-basislijn verhouding.

De toepasbaarheid van de techniek werd vroeger reeds aangetoond voor

het Mössbauer isotoop 57Fe [7], in de volgende twee secties zullen twee nieuwe

experimenten besproken worden.
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E.3 Metingen van de Isomerieverschuiving met

151Eu

De stroboscopische detectietechniek is zeer geschikt om isomerieverschuiving-

en te detecteren, aangezien men hiervoor intrinsiek een referentie nodig heeft.

Bovendien laat het energie-geresolveerde spectrum toe om de grootte en het

teken van de isomerieverschuiving tussen het meetmonster en de referentie

rechtstreeks af te lezen. In dit experiment werd de drukafhankelijkheid van

de isomerieverschuiving van 151Eu in EuPd2Si2 gemeten [8]. Dit was moge-

lijk door gebruik te maken van hyperfijninteracties omdat er een rechtstreeks

verband bestaat tussen de valentie en de isomerieverschuiving.

De metingen werden uitgevoerd voor verschillende drukken die op het meet-

monster uitgeoefend werden. Hiertoe werd gebruik gemaakt van een hoge-druk

cel die het meetmonster perste tussen twee diamanten. De eerste meting werd

uitgevoerd met een druk van 5 GPa, hierna werd deze stapsgewijs verlaagd

en telkens werd de isomerieverschuiving van 151Eu in EuPd2Si2 gemeten t.o.v.
151Eu in het Eu2O3 referentiemonster.

De opslagring was gevuld met enkelvoudige elektronengroepjes die elkaar

opvolgden om de 24 ns. Er werden tijdsvensters geplaatst met een periode

van 12 ns en een duur van 6 ns, symmetrisch rond de halve periode. Dit

betekent voor het geval van de 21.5 keV transitie in 151Eu dat de verschillende

stroboscopische ordes in het snelheidsspectrum gescheiden zijn door 4.82 mm/s

en de even ordes, behalve de nulde, zijn uitgedoofd.

De gemeten spectra kan men terugvinden in Fig. E.1. De positie van de

centrale, nulde orde resonantie bepaalt rechtstreeks het verschil in isomeriever-

schuiving tussen het meetmonster en het referentiemonster. De afstand tussen

deze resonantie en de hogere orde stroboscopische resonanties is gelijk aan

n×4.82 mm/s waarbij n gelijk is aan de orde van de resonantie. Aldus kan ook

uit de positie van deze resonanties de isomerieverschuiving bepaald worden.

Door een lineair verband te veronderstellen tussen de isomerieverschuiving

en de gemiddelde valentie, kan een schatting gemaakt worden van de gemid-

delde valentie. Deze blijkt te dalen van ongeveer 2.7 tot ongeveer 2.2 als de

druk daalt van 5 GPa tot luchtdruk. Deze resultaten worden weergegeven in

Fig. E.2, samen met vroegere resultaten die gevonden werden met Mössbauer

spectroscopie [47].
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Figuur E.1: Stroboscopische spectra van EuPd2Si2 voor drukken die variëren
tussen luchtdruk en 5 GPa met Eu2O3 als referentie. De grijze punten zijn de
gemeten data en de zwarte lijnen zijn berekende waarden. n symboliseert de
stroboscopische orde van iedere resonantie.
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Figuur E.2: Drukafhankelijk verband tussen de isomerieverschuiving van
Eu in het EuPd2Si2 meetmonster met betrekking tot Eu in EuF3 bij kamer-
temperatuur. De gevulde cirkels zijn de resultaten van dit onderzoek waar
de drukdistributie is voorgesteld door een foutenmarge in de horizontale rich-
ting. De lege cirkels stellen resultaten voor die bekomen zijn met Mössbauer
spectroscopie met een radioactieve bron [47]. De lijn geeft de trend aan.

Met dit experiment is de toepasbaarheid van stroboscopische detectie aan-

getoond voor experimenten onder hoge druk, het meten van isomerieverschui-

vingen, en het gebruik van 151Eu als isotoop.

E.4 Metingen van Langlevende Kernniveaus met

181Ta

Indien men zeer kleine hyperfijnsplitsingen of hyperfijnverschuivingen wil de-

tecteren, is er een zeer goede energieresolutie vereist. Dit gaat gepaard met een

lange levensduur van het geëxciteerde niveau. Indien men dit soort isotopen

wil gebruiken in tijdsdifferentiële metingen, is het wenselijk dat de periode van

de prompte straling van dezelfde orde is als de levensduur. Dit probleem kan

vermeden worden door energie geresolveerd te meten via de stroboscopische

detectie techniek. Dit zal hier gëıllustreerd worden aan de hand van een stro-

boscopische meting van 181Ta in tantaal-metaal. Het betreffende Mössbauer

niveau heeft een levensduur van 8.7 µs en een resonantie energie van 6.2 keV.

Het experiment werd uitgevoerd met twee tantaal-metaal monsters met
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Figuur E.3: Stroboscopische spectra van twee tantaal-metaal monsters. Het
meetmonster en de referentie hadden diktes 3.8 µm en 2.8 µm respectievelijk.
De spectra zijn afkomstig van dezelfde data, waarop drie verschillende tijds-
vensters geplaatst zijn: (a) het tijdsvenster gaat van 18 tot 151 ns, (b) het
tijdsvenster gaat van 58 tot 107 ns, en (c) het tijdsvenster gaat van 99 tot
149 ns. Tijd nul is telkens gedefinieerd als het ogenblik waarop de middelste
puls van de trein in de detector arriveert. De volle lijn bestaat uit bereken-
de waarden. De inzetten tonen de corresponderende tijdsvensters waarbij de
zwarte lijnen de aankomsttijden van de prompte pulsen in de detector aandui-
den.
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diktes 2.8 µm en 3.8 µm voor respectievelijk de referentie en het meetmonster.

Het meetmonster was reeds vroeger gebruikt in een tijdsdifferentiële meting

met nucleair voorwaarts verstrooide synchrotron straling [36]. De vulling van

de opslagring bestond uit 29 treinen van telkens 11 elektronengroepjes. De

afstand tussen de elektronengroepjes binnen een trein bedroeg 2 ns, de afstand

tussen de respectievelijke treinen bedroeg 165 ns. Dit was dan ook de periode

van de tijdsvensters hetgeen overeenstemt met een afstand tussen de strobo-

scopische orde deelspectra van 1.2 mm/s. Er kon worden aangetoond dat de

invloed van de trein op de spectra minimaal is. De meting werd uitgevoerd met

een twee-dimensioneel acquisitiesysteem dat voor ieder vertraagd foton zowel

de tijd- als snelheidscomponent registreerde. Dit liet toe om tijdens de analyse

verschillende tijdsvensters te plaatsen en op deze manier konden de verschil-

lende resonanties individueel geoptimaliseerd worden. De bekomen spectra,

samen met de tijdsstructuur zijn getoond in Fig. E.3.

Om de centrale resonantie te optimaliseren moet het tijdsvenster zo breed

mogelijk gehouden worden (Fig. E.3(a)). Een signaal-tot-basislijn verhouding

van 22% werd bekomen met een tijdsvenster van 18 tot 151 ns, waarbij tijd

nul gedefinieerd is als het ogenblik waarop de middelste puls van de trein in de

detector arriveert. De min eerste en eerste orde resonanties kunnen geoptima-

liseerd worden door een tijdsvenster te kiezen waarvan de breedte gelijk is aan

een derde van zijn periode. Deze resonanties hebben een Lorentz-achtige vorm

indien het tijdsvenster symmetrisch is t.o.v. de halve periode (Fig. E.3(b)). Als

het venster een kwart periode wordt opgeschoven naar grotere tijden, hebben

de resonanties een dispersie-achtige vorm (Fig. E.3(c)). Met deze keuze van

tijdsvensters bekomt men een signaal-tot-basislijn verhouding van 47% voor de

eerste en min eerste orde resonanties.

Met dit experiment is aangetoond dat stroboscopische detectie een goede

meetmethode is indien men langlevende energieniveaus wil bestuderen in com-

binatie met een korte periode van de stralingspulsjes.

E.5 Besluit

Voor het bestuderen van hyperfijninteracties in het algemeen, biedt de strobo-

scopische detectie techniek een rechtstreeks interpreteerbaar, energie geresol-

veerd spectrum van het meetmonster. Bovendien is hij, dankzij het referen-
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tiemonster, uitermate geschikt voor metingen van isomerieverschuivingen en

biedt hij de mogelijkheid om langlevende energie niveaus te gebruiken.
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Theory of Mössbauer Optics, Phys. Rev. 186 (1969), 306.

[26] G.V. Smirnov, Nuclear resonant scattering of synchrotron radiation, Hy-

perfine interact. 97/98 (1996), 551.

[27] J. C. Lang, G. Srajer, and R. J. Dejus, A comparison of an elliptical mul-

tipole wiggler and crystal optics for the production of circularly polarized

x rays, Rev. Sci. Instrum. 67 (1996), 62.

[28] K. Hirano, T. Ishikawa, and S. Kikuta, Perfect crystal X-ray phase re-

tarders, Nucl. Instrum. Methods Phys. Res., Sect A 336 (1993), 343.

[29] Yu. Kagan, A.M. Afanas’ev, and V.G. Kohn, On excitation of isomeric

nuclear states in a crystal by synchrotron radiation, J. Phys. C 12 (1979),

615.

[30] G. T. Trammell and J. P. Hannon, Interference of Electric and Nuclear
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