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In the framework of this thesis the new two-dimensional detector array maXs30 was
developed, fabricated and characterized. It is optimized for high-resolution X-ray
spectroscopy in the energy range up to 30 keV and consists of 8x8 individual metallic
magnetic calorimeters. These detectors combine the good energy resolution of crys-
tal spectrometers and the large energy bandwidth of semiconductor detectors and
measure the energy of each absorbed photon by the resulting temperature change.
This change is converted to a change of magnetization by the paramagnetic alloy
Ag:Er, which is read out by sensitive SQUID magnetometers. The detector can be
mounted on the side arm of a mobile dry dilution refrigerator and a new 32 channel
acquisition system has been developed for this array. The intrinsic energy resolution
of the maXs30 detector was measured to be 7.9eV (FWHM) and a resolving power of
almost 3000 was achieved for X-rays with an energy of 60keV. The complete maXs
system was successfully tested during several experiments at the heavy ion storage
ring ESR at the GSI, where the Lyman series of Xe®" and the Balmer series of U8+
were investigated.

Entwicklung und Charakterisierung von zweidimensionalen Arrays aus
metallischen magnetischen Kalorimetern fiir die hochauflosende
Rontgenspektroskopie

Im Rahmen der vorliegenden Arbeit wurde das neue zweidimensionale Detektor-
Array maXs30 entwickelt, hergestellt und charakterisiert. Es ist fiir die hochauf-
l6sende Rontgenspektroskopie im Energiebereich bis 30 keV optimiert und besteht
aus 8x8 einzelnen metallischen magnetischen Kalorimetern. Diese Detektoren kom-
binieren die gute Energieauflosung von Kristallspektrometern und die hohe Energie-
bandbreite von Halbleiterdetektoren und messen die Energie jedes einzelnen Photons
durch die Temperaturerh6hung bei dessen Absorption. Diese wird durch das para-
magnetische Material Ag:Er in eine Magnetisierungséinderung umgewandelt, welche
durch SQUID-Magnetometer ausgelesen wird. Das Detektor-Array wird am Ende
eines Auslegers eines mobilen trockenen Verdiinnungskryostaten betrieben. Fiir das
Array wurde ein neues 32-Kanal Datenaufnahmesystem entwickelt. Die intrinsische
Energicauflosung des maXs30-Detektors wurde zu 7.9 eV (FWHM) bestimmt und ein
Auflésungsvermogen von beinahe 3000 fiir Rontgenenergien um 60 keV erreicht. Das
komplette maXs-System konnte im Rahmen mehrerer Experimente am Schwerionen-
Speicherring ESR der GSI getestet werden, wo unter anderem die Lyman-Serie von
Xe¥" und die Balmer-Serie von U%" untersucht wurden.
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1. Introduction

Since the publication of the spectral nature of light by Sir Isaac Newton [New30]
and the major technical advances in optical spectroscopy by Joseph von Frauenhofer
and his investigation of the solar spectrum [Fral7|, followed by the development
of analytical spectroscopy by Gustav Kirchhoff and Robert Bunsen in the 1860s
[Kir60|, energy- or wavelength-dispersive spectroscopy of light became an important
field of research. The pioneering work by William Lawrence Bragg and William
Henry Bragg in the beginning of the 20th century advanced spectroscopy in the
X-ray regime, allowing access to the electronic structure of heavier atoms. Since
then X-ray spectroscopy became a powerful and important tool in different fields
of physics, including material analysis, astronomy and last but not least atomic
physics. The theoretical foundation of atomic physics is nowadays given by quantum
electrodynamics (QED) which is one of the most precisely tested theories in physics.
It strongly evolved after the observation of a small deviation in the atomic structure
of the hydrogen atom with respect to the Dirac theory in an experiment by Lamb and
Retherford in 1947 [Lam47|. This so-called Lamb shift is attributed to fluctuations of
the QED vacuum and can, therefore, be used for high-precision tests of this theory.
As it scales with the fourth power of the nuclear charge Z, while the binding energies
scale only as Z2, heavy and highly-charged ions like hydrogen-like U™ are ideal
candidates to investigate higher order corrections of QED. Due to the relatively
small distance between the innermost electron and the nucleus, they are also highly
sensitive to nuclear size effects and additionally allow the study of QED in very
intense electric and magnetic fields. However, the corresponding transition energies
in such ions are in the range of 10 keV up to more than 100 keV and request detectors
with a high energy resolution for such X-rays.

The current working horse for such experiments are semiconductor detectors (i.e. Si
or Ge based detectors) that provide a high energy bandwidth and fast response times
which allow for coincidence measurements. However, typical commercially available
Si(Li) detectors! are limited to energy resolutions of about 140eV at 6keV that fur-
ther degrade with the square root of the photon energy. Crystal spectrometers on the
other hand are able to provide energy resolutions down to 1eV [Kubl4| in the keV-
range and below 100¢eV around 50keV [Cha06|, however, suffer from a very small
acceptance range and a small detection efficiency. A type of X-ray detector that
provides a high energy bandwidth as well as a high energy resolution are low tem-
perature micro-calorimeters that were first proposed in 1935 by F. Simon [Sim35].

LCANBERRA GmbH, Walter-Flex-Str. 66, 65428 Riisselsheim, Germany
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2 1. Introduction

Such a detector determines the energy of single photons by measuring the tempera-
ture change that follows the absorption of each single photon in the detector. Since
appropriate cooling-techniques have become available in the 1980s, the development
of this detector type has rapidly accelerated, resulting in detectors with energy res-
olutions below 2eV at 6keV [Smil2, Heull|. Several different techniques for the
read-out of the temperature were developed, including thermistors [McCO05|, transi-
tion edge sensors [[rw05] and magnetic calorimeters [Biih88, Ens00]. In recent years
micro-calorimeters were applied to first measurements investigating atomic physics
at electron beam ion traps [Por08] or storage rings [Kral7].

In the case of metallic magnetic calorimeters (MMCs) the temperature rise is mon-
itored by a paramagnetic temperature sensor which is operated in a weak magnetic
field. The alignment of the magnetic moments with respect to the field lines is highly
temperature dependent and serves as a measure of the temperature. The magneti-
zation of the sensor couples via a superconducting pick-up coil to a highly sensitive
SQUID current sensor which can be read out by an appropriate electronics and ac-
quisition system. Compared to other types of low-temperature micro-calorimeters,
MMCs additionally provide fast detector responses as well as a very small and pre-
dictable non-linearity. A major challenge for all micro-calorimeters is the small active
detection area that typically is in the range of 1 mm? or below.

In the framework of this thesis the new two-dimensional metallic magnetic micro-
calorimeter array maXs30% with 8x8 pixels was developed and characterized. It is
optimized for X-rays with energies up to 30keV and is dedicated to high-precision
spectroscopy of highly charged ions. Therefore, in chapter 2 a short summary about
atomic physics is given, including the special case of highly charged heavy ions and
their relevance for QED tests.

As the detector array is based on metallic magnetic micro-calorimeters, chapter 3
gives an overview over the working principle of such a detector and explains the
thermodynamic properties of its different components. This includes the absorber,
the paramagnetic temperature sensor that is made of dilute Er®" ions in a noble
metal as well as its coupling to the read-out coil. Finally the detector response
function and a fundamental limit of the energy resolution is discussed together with
important noise contributions.

The design of the new detector array maXs30 is presented in chapter 4, including
the results of an optimization process that leads to an expected energy resolution
of below 7eV. The chapter is concluded by the relevant microfabrication techniques
that were used to fabricate the detector chips.

The cryostat that provides the temperatures in the mK-range that are necessary

2 Acronyme for micro-calorimeter array for X-ray spectroscopy for up to 30keV



to operate the detectors, is introduced in chapter 5 together with other experimen-
tal techniques that are used in the experiments that are discussed in this thesis.
These also include the working principle and important aspects of the SQUID cur-
rent sensors that are used to read out the magnetization change of the temperature
sensors as well as a new 32-channel data acquisition system that was used for some
measurements. Additionally the different radioactive sources that were used to char-
acterize the detectors are introduced together with the relevant components of the
gas jet target of the Experimental Storage Ring ESR at the GSI?, where some of the
experiments were performed.

In chapter 6 the experimental results are discussed. First the focus is put on the
characterization of the different properties of the maXs30 detector array, including
the detector response function, the energy resolution, the linearity as well as the
homogeneity across the 64-pixel array. Finally the results of first experiments at
the gas jet target at the GSI, that were performed with a maXs200 detector and a
maXs30 detector array, are discussed.

3GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstrake 1, 64291 Darmstadt,
Germany
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2. Motivation and physics of highly charged ions

This chapter gives a short overview about relevant aspects of highly charged heavy
ions, while a thorough discussion of the physics of highly charged ions can be found
in [Bey97, Bey99|. Heavy atoms with a large nuclear charge Z provide excellent
environments for the study of quantum electrodynamics in the limit of strong elec-
tromagnetic fields. The innermost electron in uranium, for example, is subject to an
electric field strength of about 1 x 10V /cm, six orders of magnitude larger than the
field strength in hydrogen. This field strength is close to the Schwinger limit above
which non-linear effects of the electromagnetic field are expected [Sch51]. However,
for heavy atoms the resulting many-body systems are difficult to handle theoretically
due to the large number of involved electrons. Therefore, hydrogen-like and other
highly charged heavy ions with only few remaining electrons are of special interest.

Atomic radius Z1
Ionization potential Z?
Transition energy Z?
Lamb shift a”Z4 n3
Fine-structure splitting — o?Z*
Hyperfine splitting A

Table 2.1: Scaling of different quantities of hydrogen-like ions with respect to the nuclear
charge Z [Bey97].

Table 2.1 lists the Z-dependence of some properties of highly charged ions, where
a ~ 1/137 denotes the dimensionless fine structure constant. Like many other
quantities that describe the energy levels as well as the transition probabilities in
highly charged ions they often scale with higher powers of Z. Among these quantities
the Lamb shift gives access to high-precision tests of quantum electrodynamics and
is, therefore, further discussed below. Being strongest for the n = 1 shell and with a
relative effect on the transition energies that scales as Z2, it makes the high-precision
measurement of the 1s Lamb shift of U a major goal in atomic physics.

2.1 Energy levels in hydrogen-like heavy ions

For an adequate description of the electrons in highly charged ions, the non-relativistic
Schroedinger equation does not lead to satisfying results, due to the large potentials
involved. Together with the spin-orbit coupling of the electron, the relativistic effects

5



6 2. Motivation and physics of highly charged ions

resulting from these potentials are accounted for by the Dirac equation for spin-1/2
particles. In the stationary case and for an electron with rest mass m belging to a
hydrogen-like ion with nuclear point charge Z it is given by

VA 2
(—ihcay Vi + Bmc® — —6)\11 = FEV (2.1)
r

0
O 0
with 1 being the 2x2-unit matrix.

1
), where o, denotes the Pauli matrices and 3 = ( 0 —OIL )7

For the assumed pointlike nucleus the resulting exact solution for the eigenenergies

-1/2

) aZ 2
Enjim = me” | 1+ (n_(j+1/2)+\/(j+1/2)2—(OzZ)2> (2.2)

of a state with total angular momentum j can be calculated analytically, where 7 is
given by the sum j =1+ s of angular momentum 1 and electron spin s. Expanding
the result in powers of a2Z? the non-relativistic leading-order term

is obtained with the Rydberg energy Ry = 1/2mc*a? = 13.6 eV and the the principal
quantum number n. The first-order correction

AEl = —Ry

Z4%? 1 3
iy — 2 ) x a2z (2.4)
j+1/2  4n
for a state with total angular momentum j describes the shift and splitting of the
energy levels due to the fine-structure and includes the relativistic effects as well as
the spin-orbit coupling.

Lamb shift Typically the term Lamb shift is used to denote the difference between
the measured binding energy of the electron and the one calculated from solving
the Dirac equation for a point nucleus. Besides the finite nuclear size, the two
dominant contributions to this shift are electron self-energy and vacuum polarization.
Additional small contributions to the Lamb shift are given by nuclear recoil and
nuclear polarization corrections. While the finite size of the nucleus can be included
in the Dirac equation by choosing an appropriate potential, the self-energy of the
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electron and vacuum polarization are treated by quantum electrodynamics and can
be described with

a(aZ)?
AEﬁlamb = _< 3)
™ n

R(aZ)me? , (2.5)

where

1 T
In(aZ)™2, otherwise

K(aZ) ~ {

is a dimensionless function [Bey97|.

The self-energy of the electron results from the interaction of the electron itself with
its own radiation field, i.e. the emission and reabsorption of virtual photons. The
vacuum polarization on the other hand describes the excitation of virtual electron-
positron pairs by the interaction photon that mediates the Coulomb interaction
between the electron and the nucleus. The corresponding theoretical values for the
different contributions to the Lamb shift of the ground state of hydrogen-like uranium
U9 are listed in table 2.2.

Contribution Energy [eV]
Finite nuclear size 198.7
1st order self-energy 355.0
1st order vacuum polarization -88.6
Nuclear recoil 0.5
Nuclear polarization -0.2
2nd order QED +2

Table 2.2: Contributions to the ground state Lamb shift in U1, Taken from [Bey97].

In light ions («Z < 1) the equations 2.3 to 2.5 give a very good approximation of the
energy levels and transition energies. Hydrogen-like ions with large nuclear charge
Z are, however, sensitive to higher order corrections and for aZ — 1 theoretical
approaches based on perturbation theorys with aZ as extension parameter, are no
longer valid.

Hyperfine structure An additional, small correction is necessary due to the in-
teraction of the electron spin with the spin of the nucleus. It can be as large as 5eV
in 209Bi%2" [Kla94| but can be neglected for many other highly charged ions.
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2.2 Transitions in hydrogen-like heavy ions

Figure 2.1 depicts the level structure of hydrogen-like ions including the first three
shells and neglecting the hyperfine splitting. Here, the total quantum state of the
ion is written as nz;, where x = {s,p,d, f} stands for I = {0,1,2,3}. From the
conservation of the angular momentum 1 one can derive selection rules for allowed
transitions and finds for the electric dipole (E1) transitions: Al = £1 and Aj =
0, +1. The corresponding transitions are marked with solid lines. The Lya and Ly
transitions are part of the Lyman series which contains all the transitions where the
final state of the electron corresponds to its ground state, while transitions where the
electron in the final state is found in the (n = 2)-shell are called Balmer transitions.

3d5/2
3d3/2
351/2
=
>
o
S
(V]
&
251/2
= Ly B,
Lyman transitions
Balmer transitions
151/2

Figure 2.1: E1 transitions in hydrogen-like ions. Lyman transitions are marked in green,
while Balmer transitions ending in a n = 2 state are shown in blue. Not depicted are

possible intrashell transitions.

While higher order transitions like magnetic dipole (M1: Al = 0 and Aj = 0,+1)
or electric quadrupole (E2: Al = 0,42 and Aj = 0,41, £2) transitions are strongly
suppressed in normal hydrogen, the probabilities for these transitions increase rapidly
for highly charged ions as shown in table 2.3. For Z > 40 the M1 transition from
the 25y, state is even stronger than the rivaling two-photon (2E1) decay [Bey97].
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H(Z=1) Xe(Z=54) U (Z=92)

M1: 2s-1s 2.5 x 107%s7! 6.3 x 101s™1 1.9 x 10Ms7?
Lya; 6.3 x 10%s™1 5.1 x 10 st 4.0 x 106571
Lyas 6.3 x 108s71 5.4 x 10¥%s7t 4.7 x 101657t

Table 2.3: Transition probabilities for (n = 2) — (n = 1) transitions in highly charged
hydrogen-like ions. Taken from [Bey97].

2.3 Helium-like ions

Helium-like ions, i.e. ions with only two remaining electrons, show a much more
complicated level structure compared to hydrogen-like ions due to the additional
interactions between the two electrons. As simplest many-electron systems they
are of special interest to study electron-electron interactions and for tests of parity
violating effects [Kar92|.

A — 2'P
2P,
2P
2's, °
2P,
>
) 25,
()
i
=z
1S,
I | I {
Singlet states Triplet states

Figure 2.2: Level scheme and transitions in singly excited helium-like ions. Intrashell
transitions are marked in grey, while (n = 2) — (n = 1) transitions are marked in orange.
Solid lines mark electric dipole transitions, while M1 and M2 transitions are marked with
dashed lines. Four relevant transitions in helium-like heavy ions with Z > 20 are labeled
in Gabriel’s notation [Gab72].
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Figure 2.2 schematically shows the corresponding level structure for singly excited
ions including fine structure and Lamb shift for the first two shells. Here, the
notation n2°t1X; is used, where n describes the principal quantum number and
X = {8, P, D, F'} the azimuthal quantum number of the excited electron, while S and
J correspond to the total spin S = s; + s, and total angular momentum J = j; + jo
of both electrons. Depicted with solid lines are the E1 single-photon transitions ac-
cording to the selection rules AL = +£1 and AJ = 0,+£1, with J =0 A J = 0.
While in light atoms with Z < 20 the L - S coupling and the selection rule AS =0
are still valid for one-electron transitions and transitions between triplet (S = 1)
and singlet (S = 0) states are forbidden, this no longer is valid for heavy ions where
j - j coupling has to be taken into account due to the much stronger electromagnetic
fields. For large nuclear charge Z, however, the 2P, state can decay via mixing
with the 2P, state to the ground state with a transition probability that is rapidly
increasing with Z and that is 14 orders of magnitude larger in U%" than in He.
Similarly, the probability for the M1 transition from the 23S; state to the ground
state scales with Z'°. For the 23P, state the direct decay to the ground state is the
dominating decay path for ions with Z > 20, with a probability that is proportional
to Z8.

2.4 Lithium-like ions

In singly excited lithium-like ions, where the first shell is fully occupied by two
electrons, the resulting level scheme and transitions correspond to the Balmer lines in
hydrogen-like ions indicated in blue in figure 2.1. However, the associated transition
energies differ from hydrogen-like ions as a part of the nuclear charge is screened by
the two innermost electrons.



3. Theoretical background of metallic magnetic

calorimeters

The detector array developed in the framework of this thesis that is discussed in detail
in chapter 4 is based on metallic magnetic calorimeters. This chapter describes the
theoretical background needed to understand the properties of such detectors and
the behaviour after the absorption of a photon. At the beginning an overview about
the working principle is given and thereafter the different parts of the detector will
each be adressed in more detail.

3.1 Working principle

A metallic magnetic calorimeter can be used to precisely measure the energy of single
X-ray photons. Figure 3.1 shows a schematic drawing of the different parts of such
a detector.

Energy input £

Figure 3.1: Schematic drawing of

Magnetic field B‘ ' Read-outmp  a metallic magnetic calorimeter con-
sisting of a particle absorber and a

paramagnetic temperature sensor in

Weak thermal link G a weak magnetic field that is read
out via a superconducting pick-up
coil and coupled to a thermal bath

Heat bath by a weak link.

The photons are absorbed within a particle absorber and according to the first law of
thermodynamics, the energy E of each photon is thereby converted to a temperature
change

(3.1)
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Here Ciy denotes the total heat capacity of the detector consisting of the heat ca-
pacities of the absorber itself as well as the attached temperature sensor that is used
to monitor the temperature change. In first order this heat capacity can be seen as
temperature-independent for AT < T where T is the working temperature of the
detector. As will be shown in chapter 3.2 the choice of the absorber dimensions and
its material is relevant for the total absorption efficiency and can be used to adjust
energy resolution and active detector area in order to optimize the detector for given
experimental constraints.

For a precise determination of the small temperature rise AT which is in the order of
100 pK to 1 mK for the detectors used in this thesis, magnetic calorimeters make use
of a paramagnetic temperature sensor. It is in good thermal contact to the absorber,
ensuring a fast and complete thermalization of both, absorber and sensor. In a small
magnetic field such a material obeys a temperature-dependent magnetization M (T).
The temperature change AT thus leads to magnetization change

oM
AM = ZoAT (3.2)

The sensors used in this thesis are made of silver or gold that is doped with several
hundred ppm of the rare-earth element erbium to form a paramagnetic material.
The properties of this material are discussed in chapter 3.3.1. The use of a metallic
host lattice allows for signal rise times below 100 ns [F1e09] due to the good coupling
between magnetic moments and electrons. These rise times are much faster than the
ones for a dielectric host material like Er-doped yttrium aluminium garnet [Biih88]
which are connected with the coupling between magnetic moments and phonons.
Keeping the rise time of a signal small is especially important in experiments where
timing capability is needed, e.g. for coincidence measurements. However, the use
of a metallic host comes along with an increased heat capacity due to conduction
electrons as well as a stronger coupling between the magnetic moments. Both effects
in turn reduce the signal height. After the temperature rise the detector thermalizes
again with a heat bath through a weak thermal link, leading to an exponential drop
in magnetization. A large decay time increases the dead time of the detector thus
limiting the achievable count rate.

The change of sensor magnetization corresponds to a change of magnetic flux

oM FE
AO oc AM ~ —
> T Croy

(3.3)

that is picked-up by a superconducting loop and finally read out by a highly sen-
sitive SQUID! magnetometer that will be introduced in section 5.2.1. Details of

!Superconducting QUantum Interference Device
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the pick-up loop and its coupling to the magnetic moments will be discussed in
chapter 3.4. According to equation 3.3 it is favorable to decrease the total heat
capacity Cio of the detector in order to increase the signal size. This can be done
by reducing the detector volume as well as by operating the detector at very low
temperatures T' < 100 mK. Furthermore, increasing the steepness of the sensor mag-
netization M (T') also increases the signal size. The signal shape and the optimal
energy resolution will be derived in chapter 3.5.

3.2 Particle absorber

Although it would be possible to absorb the X-ray photons directly in the sensor
one would be strongly limited in optimizing the detector for various applications.
Introducing a separate particle absorber allows to change the material, active de-
tection area and absorber thickness according to the expected count rates, energies
and the type of particle that should be absorbed (for example X-ray or -photons,
molecules, atoms or a-particles). One of the key features that are important for the
absorbing material is a small specific heat as according to equation 3.3 the signal
height decreases with increasing heat capacity. Furthermore, a fast, complete and
homogeneous internal thermalization of the material is important to obtain a pre-
dictable signal shape. In applications with low photon flux a large detection area
and a high stopping power which typically increases with the atomic number Z and
material density p are also requested. As for a given material the stopping power
can only be increased by increasing the absorber thickness, increasing the total ab-
sorption capability of the detector has a direct impact on the absorber volume and
thus on the heat capacity. Another constraint that is important especially for large
detector arrays is given by the need to fabricate the absorbers and connect them to
the temperature sensors in a reproducible and reliable way.

3.2.1 Absorber material

There are several materials that are suitable as a particle absorber for soft and
hard X-rays. Figure 3.2 shows the absorption efficiency® for some of these materials
plotted against the energy of the incident photon. In the following a short overview
of the advantages and disadvantages of the different material types is given.

Dielectric materials Dielectric materials show a very small specific heat as only
the phonons contribute with a specific heat of ¢, oc T°. However the electron-

2The fraction of incident photons that are actually detected by the detector.
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Figure 3.2: Absorption efficiency for several X-ray absorber materials for a given absorber
thickness of 30 pm in the energy range of interest for X-ray spectroscopy of highly charged
ions. For gold additionally the absorption efficiency for 5um and 200 pm thickness are
depicted for comparison (data taken from [Hub95|). The corresponding heat capacity of
an absorber made of the respective material and with the given thickness and an area of
500 pm x 500 pm at a temperature of 20 mK is also stated. The specific heat values were
taken from [R6s04] (Au), [Poo95| (Pb, Sn) and [Col70] (Bi).

hole pairs that are created during the inital interaction between the incoming X-
ray photon and the absorber material are very often trapped at lattice defects and
recombine only on very long time scales. As the number of trapped electron-hole
pairs may change for each registered photon this would lead to a decreased resolving
power [McC93].

Superconducting metals Like dielectrics superconducting materials exhibit a
very small specific heat for temperatures far below their critical temperature 7T, as
electrons that are bound in Cooper pairs no longer contribute to the heat capacity.
Thus only the very small phononic contribution remains. Absorbers made of lead
and tin have been widely used [Kral3a, Hoo06]. However, most superconducting
absorbers have shown a thermalization behaviour that is not yet fully understood
[Cos93, Henl2|. This behaviour results most likely from broken Cooper pairs and
long relaxation and recombination times of the created quasiparticles. This leads
to energy being stored inside the absorber over very long time scales up to several
hundreds of milliseconds, whereas intrinsic equilibration times below 1ps can be
achieved when using normal metallic absorbers.

Normal metals Normal metals benefit from their good thermal conductivity and
therefore exhibit a fast and complete thermalization behaviour that can be easily
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understood. However, the high thermal conductivity that is provided by the con-
duction electrons comes along with a contribution to the sepecific heat ¢, oc T that
dominates over the second contribution to the specific heat of the phonons ¢y, o< T°
at low temperatures. A very attractive candidate is gold that in addition provides
a very large stopping power and can be microfabricated in a reliable manner by all
standard techniques including electroplating. The detectors presented in this the-
sis use absorbers made of gold with a thickness of 30 pm and 200 pm, respectively.
Another promising candidate is bismuth [Rod14] that, beeing almost a semi metal,
exhibits a specific heat per volume that can be more than 150 times smaller than
the one of gold at 20 mK [Col70|. However, also the thermal diffusion is largely sup-
pressed [Iyo04, Hoe06] compared to gold leading to a slower detector response time
and a possible degradation in energy resolution [Vai04]. Combinations of Bi and Au
[Bro08|] or Bi and Cu [Saa07] have been investigated to combine the advantages of
both materials.

3.2.2 Thermalization behaviour in absorbers made of gold

In gold the dominating absorption mechanism for X-ray energies below 500 keV is the
photoelectric effect. The following thermalization processes are discussed in detail
in [Koz12, Koz00|: The resulting high-energetic electron undergoes electron-electron

3 excitations that themselves

scattering creating secondary electrons and plasmon
rapidly decay into electron-hole excitations. The resulting non-thermal distribu-
tion of electrons further thermalizes mainly by electron-phonon interaction via high-
energetic athermal phonons. The complete energy downconversion process typically
happens in a small volume on time scales that are faster than the thermal diffusion
or the interaction between absorber and temperature sensor and can thus not be

resolved by micro calorimeters.

Loss of athermal phonons During the thermalization process it may happen
that fast athermal phonons escape the absorber, traverse the temperature sensor
and get lost into the substrate without depositing their energy in the detector. This
has been observed as a low-energy tail in the spectral lineshape of metallic magnetic
calorimeters with high energy resolution |[Fle09, Koz13|. This effect can be reduced
by introducing stems between absorber and sensor that reduce their direct contact
area and thus limit the probability of a direct escape of phonons to the substrate. In
[F1le09] it has been shown that such stems can be designed in such a way that they
do not limit the signal rise time of the detector.

3Quantized density oszillations of conduction electrons
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Thermalization in large volume absorbers With residual resistivity ratios
between RRR = 5 and RRR = 50 for absorbers made of electroplated gold, thermal
diffusion constants between a = 0.06 mm?/ps and @ = 0.75mm?/ps are possible
at T = 20mK. Thereby the thermal diffusion may limit the signal rise time in
large volume absorbers, resulting in a position dependent signal shape [Piel2] and
subsequently in a degradation of energy resolution. The thermal diffusion in gold
and its impact on the signal shape is further discussed in [Gam13]. This problem can
be cured by introducing a thermal bottleneck between absorber and sensor which
limits the signal rise time such that the complete absorber will be thermalized on a
timescale shorter than the signal rise time.

3.3 Temperature sensor

The paramagnetic temperature sensor converts the temperature change AT of the
detector into a change of magnetization that can be read out as shown in chapter 3.4.
This conversion is done by a system of magnetic moments which obey a Curie-like
behaviour in a magnetic field and therefore show a temperature-dependent alignment
with this field. In this chapter the two key properties of the sensor material will be
discussed. Both, the specific heat ¢, as well as the temperature dependence of the
magnetization M (T") will be derived from basic thermodynamic principles.

3.3.1 Sensor material
The detectors that were used in the framework of this thesis are based on sensors
made of dilute paramagnetic alloys of the rare-earth metal erbium that has been

enriched in '®Er. As a host material silver (Ag:Er) and gold (Au:Er) were used.

Au/Ag host ion

Ertion . Figure 3.3: Schematic drawing of a single
5s-and 5p-orbitals Ert ion occupying a regular site in the fcc
4f-orbital lattice of the host material. Also shown are

the 4f-orbital with the unpaired electrons and
the fully occupied larger 5s- and 5p-orbitals.

|
W |

For the small concentrations of several hundert ppm of erbium, that are typically
used for magnetic calorimeters, the erbium atoms occupy regular places in the fcc
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lattice defined by the host metal as depicted in figure 3.3 and donate three elec-
trons to the electron gas. The resulting Er®" ions with the electron configuration
[Kr]4d4f15525p° exhibit a magnetic moment due to the partially filled 4f-shell,
where only 11 of the possible 14 electrons are present. As this orbital has a diam-
eter of only 0.6 A [Fra76| the 4f-electrons are shielded from the crystal field of the
lattice by the surrounding electrons of the 5th shell which has a diameter of 2 A. We
can apply LS-coupling and according to Hund’s first rule the 4f-electrons arrange in
such a way that three electrons remain unpaired and add up to a total spin S = 3/2.
According to Hund’s second and third rule the angular momentum L = 6, as well
as the total angular momentum J = L + S = 15/2 are maximized. The resulting

Landé g-factor [Abr70|

9J:1+J(J+1)+25:](f]111))_L(L+1):g (3.4)

gives rise to a magnetic moment of

= —gyppd (3.5)

of the Er3* ion, where ug = 9.274 x 1072* J /T denotes the Bohr magneton.

At temperatures above 100 K the parameters above describe the magnetic behaviour
of dilute erbium alloys very well [Wil69]. At lower temperatures however, the influ-
ence of the crystal field can no longer be neglected which splits the 16fold degen-
erate groundstate into several multiplets. The energetically most favorable state is
a Kramers-I'; doublet and is separated from the next multiplet by AE/kg ~ 17K
[Hah92] in the case of gold as host material and by AE/kg ~ 25K in the case of
Ag:Er [Hah92]. Here kg = 8.62 x 107°eV /K denotes the Boltzmann constant. At
the typical working temperatures of magnetic calorimeters below 100 mK it is thus
safe to assume that only the lowest doublet is occupied. Therefore, when a small
external magnetic field is applied the system can be described as a two-level system
with effective spin S = 1/2 and effective Landé g-factor § = 6.80 [Abr70]. Below
temperatures of 50 mK to 100 mK — depending on the erbium concentration and the
magnetic field — the influence of the interactions between the magnetic moments
increase and they can no longer be treated as non-interacting. The resulting effects
will be discussed in section 3.3.3. At even lower temperatures the system shows signs
of a spin glass transition [Fle00].
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3.3.2 Thermodynamic properties of non-interacting magnetic moments

As shown in section 3.3.1 the properties of Er** ions in a gold or silver host matrix can
be calculated for low concentrations by treating them as an ensemble of independent
magnetic moments with effective spin S = 1/2 and effective Landé g-factor § = 6.8.
In a magnetic field B the ground state of the erbium ions exhibits a Zeeman splitting
in 25 + 1 = 2 levels

1

The complete system of N independent magnetic moments at temperature T has a
Helmholtz free energy

F=—NkgTlhz (3.7)

with the microcanonical partition function

z= Zexp (— ka> . (3.8)

In thermodynamic equilibrium the two levels are occupied according to the Boltz-

mann distribution and thereby the expectation value for a property A that can take
the values a; in the Eigenstates i is given by

(A) = % > ajexp (— ka) (3.9)

i

and we can, therefore, calculate the heat capacity

O*F N OE \?  e0E/ksT
= _T-— = E*Y —(EY*) =N
Cz 8T2 kBTQ (< > < > ) kB <I€BT) (e6E‘/kBT + 1)2

(3.10)

of the whole Zeeman system created by the magnetic moments of the Er3* ions with
spin S = 1 /2 and an energy splitting 0E = gugB of the corresponding two-level
system. The resulting curve is shown on the left-hand side of figure 3.4 where the
reduced heat capacity C,/Nkg of an ensemble of N Er3+ ions is plotted against the
reduced temperature kgT'/0E for a two-level system with energy splitting dF «x B.
The heat capacity exhibits a maximum of C, ~ 0.44Nkg for kgT ~ 0.42 § E' that is
known as Schottky anomaly. In the low and high temperature limit the heat capacity
drops to zero as C, o< e 9F/kT and C, oc B%/T?, respectively.
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Figure 3.4: Reduced specific heat (left) and reduced magnetization (right) of a system
of N independent two-level systems with energy splitting 6E = gugB and spin S = 1 /2.
The high-temperature limit of the magnetization is also depicted.

The magnetization of an ensemble of N magnetic moments with spin S in a volume
V and in a magnetic field* B is given by

~ 19F N /OE\ N_s .. (3SusB

with the Brillouin function Bg which is By jy(x) = tanh (x) for S = 1/2. The right-
hand side of figure 3.4 shows the resulting reduced magnetization MV/Ngug of
N spin 1/2 systems. One should note that the scaling of the x-axis is inversely
proportional to T'. For T" — oo the known Curie behaviour

B
M x — 3.12
x (312
can be found while for low temperatures (kg7 < JF) the whole system saturates
at M = %gS pp as more and more magnetic moments are aligned in parallel to the

magnetic field.

By calculating the number of spins

AE, AL, CAT
0E  gusB  gusB

AN = (3.13)

that are flipped by an energy change AFE, = C,AT of the Zeeman system that is

4In most places we don’t distinguish between flux density B and magnetic field H and we use
B for both properties. Wherever needed we distinguish between B and H.
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itself caused by a temperature rise AT and calculating the subsequent change of
magnetization

1
V

Looar= M ap (3.14)

AM = VB oT

ANgpg = —

one can see that the magnetization and the heat capacity of an ensemble of non-
interacting magnetic moments are connected by

ROM(B.T)

C(B,T) = —VB——

(3.15)

3.3.3 Thermodynamic properties of interacting magnetic moments

The results derived in section 3.3.2 for the heat capacity and magnetization of non-
interacting magnetic moments show a qualitatively good agreement with the ex-
perimental behaviour of magnetic calorimeters, but quantitatively deviations can be
found due to the finite interaction strength between the magnetic moments of the
Er*" ions in the sensor material. The sources of these interactions are thoroughly
discussed in [Sch00]. While the direct exchange interaction due to an overlap of the
wavefunctions of the 4f-electrons can be neglected, two other types of interaction are
present.

The first one is the indirect RKKY? interaction [Rud54, Kas56, Yos57| between
two dipoles of distance r;; with effective spins S; and S; that is mediated by the
spins of the electrons of the host metal. It can be described with the Hamiltonian

and the Kittel-function

Flz) = — <Cosx _ Sm) | (3.17)

where kp denotes the Fermi wave vector of the conduction electrons of the host metal.
In first order this interaction is isotropic and favors parallel or antiparallel alignment
depending on the distance between the two magnetic moments. Additionally there

5Ruderman-Kittel-Kasuya-Yosida
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is the dipole-dipole interaction that can be expressed by the Hamiltonian

S; - Sj -3 (Sz : f'ij) (SJ : fij)

’H?d =Ty
7 (QkFrij)g

(3.18)

and exhibits an anisotropic behaviour. Here, ¥;; = (r; — r;)/ |r; —r;| denotes the
unit vector between the two magnetic moments. The interaction strength expressed
by the parameter T'qq = (110/47)(gus)?(2kr)® depends on the effective Landé g-factor
Gan = 6.80 and ga, = 6.84 [Tao71], respectively. With kr = 1.2 x 1019 m™! [Kit05]
for both discussed host metals gold and silver we calculate I'4}' = 0.0343eV and
FdAf = 0.0347¢eV. As the strengths of both interactions show the same r=3 depen-
dence we can describe their strengths relative to each other with the interaction
parameter o = ['grxky/T'qa. Unlike the dipole-dipole interaction that is almost in-
dependent of the two considered host materials, the RKKY-interaction can be de-
scribed most precisely with o = 5 for Au:Er [Fle03], while it is much stronger in the
case of Ag:Er where a ~ 15 provides a good description of the experimental data
[Bur08|. The interactions between the magnetic moments could be taken into ac-
count in our model by using mean field approximation, but this would imply several
approximations and neglect the dipole-dipole interaction. In [Sch00, Fle03] an exact
numerical diagonalization of the complete Hamiltonian including the dipole-dipole
and the RKKY interaction of up to 10 magnetic moments on a finite cubic lattice
with an edge length of about 10 to 20 atoms was performed and the resulting curves
for heat capacity and magnetization were compared with results from mean field
simulations as well as measurements.
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Figure 3.5: Specific heat (left) and magnetization (right) of a Au:Er sensor with an Er3"
concentration of 300 ppm in dependence of the temperature T and magnetic field B, taken
from [Fle03]. Shown are experimental data (symbols) as well as simulations (lines) based
on the exact diagonalization of the interaction hamiltonian.
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The results based on the exact diagonalization are shown in figure 3.5 for a Au:Er
sample with an Er*" concentration of 300 ppm and are compared to experimental
data. Both, the specific heat of the sensor material on the left-hand side as well as the
magnetization on the right-hand side show a good agreement between simulation and
experiment for different external magnetic fields and temperatures. Comparing the
specific heat with the simple model based on non-interacting magnetic moments as
depicted in figure 3.4 reveals a qualitatively similar temperature dependence. How-
ever, due to the interactions the maximum value of the specific heat is decreased
while the Schottky peak broadens with increasing Er®" concentration. The specific
heat on the high-temperature side of the curve however increases for larger concen-
trations and stronge interactions. For comparison the electronic specific heat ¢, oc T
scales linearly with temperature and has a small but visible effect at higher temper-
atures for sensors in small magnetic fields, while the phononic contribution scales
with ¢, o< 7% and can be completely neglected in the considered temperature range.
The magnetization of the sensor that is plotted versus the inverse temperature 7!
exhibits saturation effects already at higher temperatures than in the case of non-
interacting magnetic moments. This directly leads to a decrease of the temperature
dependence of the magnetization dM/JT and therefore to a decrease of signal size
of the detector.

The good agreement between experiment and theory shows that the thermodynamic
properties of erbium-doped noble metals can be well understood. Therefore, it is
possible to numerically calculate the detector behaviour based on these simulations
and to optimize sensor properties like thickness and Er®" concentration according to
experimental needs.

3.3.4 Signal height

As shown in chapter 3.4 the actual signal height of a metallic magnetic calorimeter
is directly proportional to the change of magnetization of the sensor. For an energy
input F into the absorber the resulting change of magnetization is given by equations
3.1 and 3.2. Based on the simulations described in section 3.3.3 we can calculate the
total change of the magnetic moment Am = VAM of a temperature sensor with
volume V. Figure 3.6 shows the resulting change Am per energy input F into a
detector for a temperature sensor made of Au:Er that is situated in a homogeneous
magnetic field B and attached to an absorber made of gold. The simulations are
based on an absorber with dimension 500 pm x 500 pm X 30 pm and a sensor with
an erbium concentration of 366 ppm and a size of 300 pm x 300 pm x 4 pm. It also
includes interactions between the individual Er®* ions as discussed in section 3.3.3,
including a RKKY-interaction with an interaction parameter o = 5.
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Figure 3.6: Calculated signal height of a paramagnetic Au:Er sensor with an Er3* con-
centration of 366 ppm per energy input E into the detector in dependence of the applied
magnetic field (left) and the detector temperature (right). The assumed temperature
sensor has a volume of 300 pm x 300 um x 4 pm and the attached absorber made of gold a
volume of 500 pm x 500 pm x 30 pm. For all calculations a homogeneous magnetic field is
assumed.

In the assumption of non-interacting moments the depicted behaviour can be under-
stood by transforming equation 3.14 into

. C,(B,T) E
Am(B.T) = & p T & Cu(T) & Con(T) B (3.19)

using equation 3.1 and the total heat capacity Cio = C, + Ce + Cpp, of the detector.
On the left-hand side the change of the magnetic moment is plotted versus the mag-
netic field strength. For very small fields, the electronic heat capacity C, dominates
and we get a linear dependence Am o« B as according to equation 3.10 the sensor
heat capacity increases with C, o< B?. For a given temperature kgT > gugB the
maximum of the signal height can be found for C,(B) = C, + Cpy,. For larger fields
C, increases until C,(B,T) > C(T) + Con(T") and we obtain Am o 1/B. In this
limit almost the complete energy that is put into the detector is absorbed by the spin
system and is used to flip the magnetic moments of the sensor leading to a certain
change of magnetization. Therefore, for large magnetic fields the signal height is al-
most independent of temperature as can be seen also on the right-hand side of figure
3.6 and thus it is less affected by variations of the detector’s operating temperature.
Though the absolute signal height in this case is comparably small, the achievable
energy resolution might still benefit if the detector temperature fluctuates strongly
for example due to instabilities in the temperature of the cryostat.



24 3. Theoretical background of metallic magnetic calorimeters

3.3.5 Influence of nuclear quadrupole moments

Nuclear quadrupole moment of "Er In addition to the interaction between
the magnetic moments discussed in the previous section the detector properties are
also affected by the nuclear spin of the erbium ions. Among the naturaly occuring
erbium isotopes only %“Er with a natural abundance of 22.9% and a nuclear spin
of 7/2 features a non-zero nuclear spin. In |[Fle03, Fle00| the effects of this isotope
on the thermodynamic properties of the temperature sensor are discussed in detail
and it is shown that the isotope ®"Er exhibits an additional heat capacity between
30 mK and 100 mK. As the energy put into this system does not result in a flipping of
magnetic moments, no associated change of magnetization, as it would be suggested
by equation 3.15, is observed and therefore the signal size is reduced. Therefore,
all measurements shown in this thesis were carried out on samples prepared with
material that was enriched in '®®Er which does not feature a nuclear spin. According
to the supplier® the remaining fraction of *"Er is only 1.2 %.

Nuclear quadrupole moment of gold The only naturaly abundant isotope of
gold is "9"Au with a nuclear spin of 3/2. It also exhibits a large nuclear electric
quadrupole moment of 0.55b [Pow74]. In an ideal gold single crystal the resulting
energy levels are degenerate due to the cubic symmetry of the electric field tensors
in the fcc lattice. In the presence of an Er®" ion however this symmetry is broken
by the modified charge distribution near the erbium ion and by small lattice defor-
mations due to the different size of the erbium and gold ions. The resulting splitting
of the energy levels leads to an additional contribution to the specific heat in the
temperature range of interest |[Her0O| that increases with decreasing temperature
and is almost independent of small external magnetic fields. In metallic magnetic
calorimeters this effect can be observed as an additional fast signal decay when the
energy redistributes from the magnetic moments of the Er®" ions into the system of
nuclear quadrupole moments with a time constant in the range between 0.2 ms and
1 ms, depending on the applied magnetic field [Fle98, Ens00].

3.3.6 Alternative sensor material E:Er

As discussed in the previous section the use of gold as a host material for the pa-
ramagnetic Er®" ions has the disadvantage of an additional heat capacity due to
the quadrupole moments of the gold nuclei. With a nuclear spin of I = 1/2 both
naturally abundant silver isotopes 1°“’Ag and ®Ag lack a nuclear quadrupole mo-
ment, thereby making silver an interesting candidate for an alternative host material.

50ak Ridge National Laboratory, Oak Ridge, TE 37831, USA
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However, despite its possible benefits, the use of silver as a host material has the
disadvantage that it supports a stronger RKKY interaction between the Er®" ions.
This effect is expressed by a larger interaction parameter a that is expected to be in
the range of @ = 6.4 to @ = 13.7 [Bur08]. A value of a = 15 was used to describe
the experimental data in [Bur08|, where the use of silver as host material in a bulk
Ag:Er sensor was investigated. As the maXs30 detectors that were developed and
fabricated in the framework of this thesis make use of microfabricated Ag:Er sen-
sors, a numerical description of Ag:Er is needed. In [Dan05| it was shown that the
thermodynamical properties of such a temperature sensor can be derived by appro-
priate scaling laws for the small concentrations of a few hundred ppm that are of
interest for magnetic calorimeters. Based on the numeric simulations of the material
Au:Er, that were discussed in section 3.3.3 and which had been performed with an
interaction parameter of o’ = 5, a scaling for the specific heat

(B, T,2,0) = & X cg, (B,T, e, o/> (3.20)
[0 (8%

as well as for the magnetization

o Q@

M(B,T,z,a) =% x M <B,T, —,x,o/> (3.21)
« a

was performed to allow for a different parameter a for Ag:Er. Here, z denotes the

concentration of Er*" ions. Figure 3.7 shows both properties in dependence of the

temperature T for different parameters o for a sensor with an Er3* concentration of

x = 320 ppm in a magnetic field of B =5mT.
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Figure 3.7: Heat capacity (left) and magnetization (right) of a Ag:Er sensor with a
concentration of 320 ppm that is situated in a magnetic field of 5mT in dependence of the
temperature T and the interaction parameter .
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With increasing interaction strength the maximum specific heat cg, of the mag-
netic moments is reduced, however, for typical working temperatures of magnetic
calorimeters above 20 mK the specific heat increases. The stronger coupling between
the magnetic moments also reduces the magnetization M and, therefore, its temper-
ature dependence OM/OT. Accordingly, the increased interaction strength reduces
the total signal height in two ways, but nevertheless silver remains an interesting
candidate as a host material due to the absent nuclear quadrupole moments.

3.4 Sensor read-out and detector geometry

There are several possibilities of actually implementing the detection principle that
is shown in section 3.1, especially regarding the read-out of the magnetization of the
temperature sensor. Two of them are schematically shown in figure 3.8; together
with further geometries they are discussed in detail in [Fle05]. A simple approach
puts a cylindrical paramagnetic temperature sensor directly into the loop of a SQUID
magnetometer as depicted on the left-hand side of figure 3.8.

B

Sensor

| \ /\ P —

Substrate Absorber Substrate

Figure 3.8: Schematic view of two read-out geometries after [Fle05|. Left-hand side: A
cylindrical sensor placed directly into the loop of a SQUID magnetometer. The magnetic
field needed to operate the detector is generated by a separate coil. Right-hand side:
Gradiometric setup consisting of two planar sensors on top of two meander-shaped pick-up
coils. The detector is coupled to a separate SQUID current sensor while the magnetic field
is generated by a persistent current Iy inside the superconducting loop.
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The magnetic field that is needed to align the magnetic moments of the sensor has to
be generated by an external coil. This setup has been shown to achieve energy resolu-
tions down to 2.7 eV |Lin07]. However, such a setup has several drawbacks, especially
when aiming towards large detector arrays. Many of these problems are solved by the
setup shown on the right-hand side of figure 3.8 that has been used for the first time
in [Bur04] and consists of two parallel planar meander-shaped pick-up coils that are
connected in parallel to the input coil of a SQUID current sensor. The planar coils as
well as the planar sensors on top can be produced very reliably and in large numbers
using microfabrication techniques. Due to the very small distance between sensor
and pick-up coil the coupling between the coil and the magnetic moments of the
sensor can be improved compared to the cylindrical setup resulting in a larger signal
size. The gradiometric setup with two pick-up coils in parallel reduces the influences
of external magnetic fields as well as of variations of the chip temperature, as both
coils contribute to the signal with different polarities. As shown in section 4.3 such
a geometry allows the preparation of a persistent current in the superconducting
loop that is used to create the magnetic field which is needed to align the magnetic
moments of the paramagnetic sensor. Another disadvantage of the cylindrical setup
is the distribution of the magnetic field that is generated by the magnetic moment
of the sensor which, being a dipole field, exhibits a 1/r3-dependence. Therefore, the
magnetic crosstalk between neighbouring detectors is relatively large, making a large
spacial separation between individual detectors or additional structures for magnetic
shielding necessary. In some applications, however, it may be favorable to keep the
detectors closely packed. As we will see in the following section a detector array
based on meander-shaped pick-up coils is less prone to crosstalk due to the higher-
order multipole characteristic of the involved magnetic fields. The indirect coupling
to the SQUID current sensors via a separate coil allows the fabrication of detector
and SQUID on different substrates. In this way any influence of power dissipation
due to the shunt resistors of the SQUIDs (ref. section 5.2.1) on the detector can be
reduced. Due to the aforementioned advantages, the set-up with two gradiometric
pick-up coils together with planar sensors is used for the detectors that are discussed
in this thesis. In the following sections the magnetic field distribution within the
sensor and the dependence of the detector signal on the sensor magnetization are
discussed in further detail.

3.4.1 Generation of magnetic field

The highly inhomogeneous magnetic field that is created by a (persistent) current
Iy in the meander-shaped pick-up coil can be simulated using the methode of finite
elements. Figure 3.9 shows the simulation results for a 250 nm thick superconduct-
ing pickup coil with a center-to-center distance of p = 10pm and a stripe width



28 3. Theoretical background of metallic magnetic calorimeters

of w = 5 pm performed with the software femm”. The superconducting material is
assumed as a perfect diamagnet. Also shown is the outline of a 3.2 pm high, planar
paramagnetic sensor that is separated from the pick-up coil by a 250 nm thick insula-
tion layer. Due to its small susceptibility the sensor material itself was not included
into the simulation.

B/,
[MT/mA]
0.4

Figure 3.9: Cross-section through two lines of a meander-shaped pick-up coil (dark grey)
and the magnetic field lines generated by a persistent current Iy flowing in the pick-up
coil. The resulting field strength is shown in pseudo-colours. The contour of a 3.2 pm thick
sensor on top of a 250 nm thin insulation layer is also indicated.

The meander-like geometry leads to a strongly localized field whose strength de-
creases exponentially with increasing distance from the meander plane [Fle05]. One
can define a position-dependent dimensionless geometric factor [Bur04]

_ p B@)|

G(r/p) o 1o

(3.22)
that connects the field-generating current I, with the magnetic field B at a position
r. Here g = 47 x 1077 Vs/(Am) denotes the vacuum permeability. The length p
can be any characteristic length scale and has been chosen to be the center-to-center
distance of the meander stripes. To determine the change of magnetic flux that is
created by a change of sensor magnetization as discussed in the following section it
is not necessary to know the field configuration in 3-dimensional space. Instead it is
sufficient to know the probability distribution of the geometric factors. Figure 3.10
shows this distribution for a 3.2 m thick sensor, placed 250 nm above a meander-
shaped pick-up coil with pitch p = 10 pm, stripe width w = 5pm and a thickness of
250 nm.
"Finite Element Method Magnetics by David Meeker (http://www.femm.info)
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Geometric factor G corresponding volume is outlined in figure 3.9.

The average geometric factor for this case is (G) = 0.49 which is only slightly smaller
than the corresponding value for a cylindrical sensor inside a SQUID loop with
a diameter much larger than the sensor diameter, where (G) = 0.5 [Fle05]. For
meander-shaped pick-up coils with smaller center-to-center distances and thinner
sensors on top somewhat higher geometric factors are possible.

3.4.2 Signal read-out

In section 3.3 we have seen how a temperature change of the sensor influences its
magnetization AM (r). For each volume element dV at the position r this change
of magnetization couples into the superconducting pick-up loop and generates a
magnetic flux change

A(A®) = o C P Aoy av (3.23)

b

inside the meander-shaped pick-up coil with center-to-center distance p. The geo-
metric factor G(r/p) has already been defined in equation 3.22 and describes the
position-dependent coupling strength between the magnetic moment of a volume el-
ement dV and the magnetic flux in the pick-up loop. It should be noted that not
only the magnetic moments directly inside the superconducting loop contribute to
the magnetic flux, but also the magnetic moments that are outside the loop. By
integrating equation 3.23 and using equation 3.2 we get the total flux change inside
the pick-up coil
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r/p OM(B(r),T)
/ S AT(r)dV (3.24)
\%
— AT / r/p aM(a;) D gy (3.25)

following a temperature change AT (r) = AT = E/ (C’ + [, cax ( dV) of the sen-
sor. Here C, denotes the electronic specific heat of both, absorber and sensor and
we assumed the sensor with the additional location-dependent specific heat cg, (r) of
the Er®*" ions to be in thermal equilibrium. The resulting integral can only be solved
numerically and with a large amount of computation time due to the complicated
spatial dependence of both B(r) and G(r/p). However, the spatial distributions
and position dependences of these parameters are not needed and it is sufficient to
know the probability distribution P(G) which also describes the distribution of the
magnetic field strength. By introducing the weighted average

(A),, = / P(G)A(G) dG (3.26)

of a parameter A, we get the expression

A v < GaM> 327

E ~ CotViee \'°p oT

which can be calculated with reduced computing time and where V' denotes the
sensor volume.

3.4.3 Gradiometric design and coupling to SQUID current sensor

The detectors used in the framework of this thesis are based on the read-out scheme
depicted on the right-hand side of figure 3.8: Two pick-up coils are connected in
parallel to form a superconducting loop and are read out inductively by a SQUID
that is coupled to the loop via an additional parallel inductance. As the flux in a
superconducting loop is conserved, a change of flux A® driven by a magnetization
change of one of the two sensors evokes a supercurrent exactly negating the initial
flux change. According to Kirchhoff’s law and due to the flux conservation in the
individual loops a part

Ad
Al = 3.28
Ly +2(Li + Lp) ( )
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of this current also flows through the input coil of the SQUID and can therefore be
measured. It depends on the inductances L,,, L; and L, of a single meander, the

input coil of the SQUID and additional parasitic series inductances due to the wiring
between detector and SQUID.

The pick-up coils of the two sensors generate opposing currents Al; and Al for an

equivalent flux change. For a perfectly gradiometric detector the resulting current
in the input coil of the SQUID

— (A®; — Ady) / (L + 2(Li + Ly)) (3.30)
X ATI — ATQ = T1 - TQ (331)

is directly proportional to the temperature difference of the two sensors if we assume
that both sensors share a common heat bath and are, therefore, initially at the same
temperature. Here, A®; and A®, denote the flux changes in the two pick-up coils
given by equation 3.27. Therefore, X-ray photons absorbed by these two detectors
can be distinguished by the polarity of the resulting flux change A®, = M;;Al in
the SQUID, while the amplitude of the signal is proportional to the temperature
increase of the affected sensor. With the mutual inductance M;s between the SQUID
loop and its input coil we finally get

M,
AD, = = Ad, — AP 3.32
Lm+2(Li—|—Lp)( ! 2) (3:32)

for the measurable flux in the SQUID in dependence of the flux changes in the two
pick-up coils which are induced by a magnetization change of the two paramagnetic
temperature sensors.

3.5 Signal shape and energy resolution

To calculate the energy resolution of the detector not only the signal height that
was discussed in chapters 3.3 and 3.4 is important but also the actual shape of
the signal that will be discussed in the following section. Furthermore the different
noise contributions that will be introduced in section 3.5.2 have a large effect on the
achievable energy resolution. In section 3.5.3 we will derive a fundamental limit for
the energy resolution of microcalorimeters.
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3.5.1 Detector signal

To derive the actual detector response to an energy deposition E of a detected par-
ticle, we can approximate the detector as a thermodynamic system consisting of two
subsystems as depicted in figure 3.11 and as shown in [Fle05]. In this approximation
we neglect any heat capacities arising from nuclear quadrupole moments of the host

material.

fp(t) =EO()
G

Figure 3.11: Thermodynamic model of a

metallic magnetic calorimeter according to
[F1le05]. Shown are the two subsystems of the
electrons and the Er3* spin system together
with the associated heat capacities C, and Cey
and the thermal connections between the two
systems as well as to the thermal bath. Fur-
Thermal bath, To ther details are given in the text.

As the absorber and the temperature sensor are in close thermal contact we can
safely assume that electrons and phonons are in thermal equilibrium across the whole
detector and therefore we can treat them as a single thermodynamic system with
heat capacity C. 4+ Cpn. However, at the given working temperatures, this system is
dominated by the electrons and we can neglect the phononic heat capacity Cp,. The
system couples to the system of the magnetic moments of the paramagnetic sensor
which exhibits a heat capacity C., as derived in chapter 3.3. The coupling between
the two systems can be described by a thermal conductivity Ge./.. The system of
the electrons and phonons also couples to a thermal bath at temperature T via a
weak thermal link G .

The resulting system is described by the coupled differential equations

Ee=C.To = Gojo (Tor — T.) + Gopy (To — To) + ES(t) (3.33)
Eer - CerTer - Ger/e (Te - Ter)

for the energy contents F, and E., and temperatures T, and T, of the two subsystems
following an instant energy input Fd(t) into the electronic system as described in
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chapter 3.2.2. Solving for the temperature change

E

ATy =Ty —Ty=———
7 Cot Cu

. —t/To —t/7'1 _.
( e +e ) :

c 1rp(t) (3.35)

of the spin system that can be read out as shown in chapter 3.4 yields the funda-
mental detector response for ¢ > 0. Here, we also define the responsivity p(¢). The
temperature of the spin system increases exponentially with the time constant 7
up to a maximum value, before the detector thermalizes again to bath temperature
following an exponential decay with time constant 7. Both time constants obey a
complicated dependence on the heat capacities and thermal conductivities involved
in the system and are given in |[Fle05|. If we assume a detector that is weakly cou-
pled to the thermal bath (Gep < Gerje) and where C, = Cy,, we obtain the simple
expression

_ Ctot
G(e/b

(3.36)

T1

for the signal decay time with the total heat capacity Co = Cor + C, of the detector.
In section 3.5.3 we will see that the constraint C, ~ C., maximizes the energy
resolution of the detector. The rise time of the signal

70 = (1 — B)7x (3.37)

however depends on the time constant 7x oc 7! which is associated with the Ko-
rringa relation of erbium in the host metal describing the interaction strength be-
tween the magnetic moments of the spin system and the conduction electrons. Here,
B = Co/(Ce + C.) denotes the fraction of the total heat capacity that is located in
the spin system.

In the case of detectors with large volume absorbers it might be reasonable to intro-
duce an artificial thermal bottleneck between the electronic systems of sensor and
absorber as explained in section 3.2.2. In this case the interaction time between the
spin system and the electrons of the sensor is much faster than the time constant
associated with energy flow between absorber and sensor. Therefore, we can merge
the heat capacities of the spin system and of the electrons of the sensor to a single
subsystem of the detector. Together with the system of conduction electrons of the
absorber we receive an analogous system to the one discussed before and the result-
ing signal shape does not differ from equation 3.35. Assuming C; ~ C, for the heat
capacities of sensor and absorber as well as a much weaker thermal link between sen-
sor and heat bath compared to the one between absorber and sensor, we can derive
the associated time constants. While the signal decay time is still given by equation
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3.36, the rise time 79 = C,/(2G,/s) is now given by the thermal link with thermal
conductivity G, /s between the absorber and the paramagnetic sensor.

3.5.2 Noise contributions

In this section different intrinsic noise sources contributing to the total noise of
metallic magnetic calorimeters are briefly discussed. Together with additional noise
contributions from the SQUID current sensors, which are used for the detector read-
out and considered in chapter 5.2.1, they limit the achievable energy resolution.

Thermal fluctuation noise

A very fundamental contribution to the noise of all microcalorimeters results from
thermodynamic energy fluctuations between the different subsystems of the detector.
The fluctuations can be described as a frequency-independent noise source with a
spectral power density Sp = 4kgT?G which is proportional to the thermal conduc-
tivity G among the respective pair of connected subsystems. We can calculate the
resulting noise density using the thermodynamic model of the detector depicted in
figure 3.11 and discussed in the previous section. Omitting the energy input by an
absorbed photon and introducing the two corresponding noise sources P, 1, and P e
in parallel to the thermal links, the resulting thermodynamic system is described by

Ee = OeTe = Ger/e (Ter - Te) + C¥e>/b (TO - Te) + Pe/b - Per/e (338)
Eer = C1erj_7e1r = Ger/e (Te - Ter) + Per/e . (339)

Assuming C, ~ C,; and 1y < 71 and solving for the energy fluctuations in the spin
system we get after Fourier transform the spectral power density

St a (f) = kpCuT? ((1—6) il in )

1 + (27T7'0f)2 + 61 + (271"7'1f)2 (340)

as derived in [Fle05]. The spectral power density is depicted in figure 3.12 and
consists of two plateaus with cut-off frequencies (2775) ! and (2777) . Assuming a
spin heat capacity Ce, = 10pJ/K, a working temperature of 7" = 20 mK, a rise and
decay time of 7o = 1 ps and 71 = 1 ms as well as § = 1/2, the first plateau has a value
of Sg,.ta =4 x 1072 eV?/Hz. If we assume 0®/OF = 1072 @y /eV, this converts to a
flux noise Spq = (9P/(BOE))? Sk, 1a ~ 2 x 10* (n®g)? /Hz in the pick-up coil. The
actual flux change for a 10 keV photon in such a detector would be 10 ®.
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Magnetic Johnson noise

All non-superconducting metallic components in close vicinity of the superconduct-
ing pick-up coil or the SQUID contribute to the total noise by random electron
movements that arise from the finite detector temperature. The potentially most
dominant sources are the sensor and absorber of the detector itself as well as the
sample holder commonly made of brass or copper to obtain a good thermal con-
ductivity. According to Maxwell’s equations the Brownian motion of the electrons
leads to a changing magnetic field which couples to the pick-up coil or directly to
the SQUID. In [Pie08, Piel2] the spectral power density

Se(f) = %ungTaAp (e’Q“d/p — e’%(‘”h)/”) (3.41)
for the magnetic flux noise of a metallic cuboid at temperature T" with electrical con-
ductivity o and height h was derived based on a method described in [Har68, Ens00].
The cuboid is located in distance d to a meander-shaped pick-up coil with center-
to-center stripe distance p and an effective overlap area A. For a 5pm thick gold
sample with a residual resistivity ratio of RRR = 2.2 and, therefore, a conductiv-
ity of 54 x 10%A/(Vm) at a temperature of 20 mK which is located in a distance of
300nm from a 300 pm x 300 pm large detection coil with p = 10 pm pitch, we get
a noise density of Sp ; (f) ~ 0.7 (n®o)?/Hz. In first order this noise contribution is
frequency-independent. For high frequencies, however, only a fraction of the metallic
volume contributes to the noise due to the skin effect and a cut-off can be observed.
For the parameters given above the skin depth § = 1/2/(27 fuoo) is smaller than the
height of the noise-producing volume only for frequencies f above 100 MHz which is
much higher than the frequency range of interest and this effect can be neglected.
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Paramagnetic loss noise

An additional noise contribution that is very important in the low frequency regime
has been described in [Dan05] and could be traced back to the Er®" ions in the sen-
sor material. It obeys a frequency dependence of S g, o f~° where the exponent
¢ = 0.8...1 slightly depends on the geometry and preparation technique of the sen-
sor. This spectral noise power density surprisingly does not depend on temperature
between 30mK and 2K and is proportional to the number of erbium ions in the
sensor |Fle03]. A possible source could be fluctuations of the magnetic moments
that have been shown to generate a 1/f-noise in spin glasses [Kog81|. However,
the typical operating temperatures of metallic magnetic calorimeters are still more
than one order of magnitude above the spin glass transition of Au:Er. Moreover, in
contrast to the temperature-independent contribution in erbium sensors, the power
density for spin glasses drops rapidly with increasing temperatures. Measurements
of the suszeptibility of Au:Er sensors have shown that these noise contributions can
be described by the imaginary part of the suszeptibility [Hof12, Wi13], showing that
the noise is related to and resulting from the finite and broadly distributed response
time of the orientation of interacting clusters of magnetic moments.

Empirically, the resulting noise of a sensor made of gold containing Ng, erbium
ions that is read out by a meander-shaped pick-up coil with center-to-center stripe
distance p and geometric factor GG as described in chapter 3.4 can be described with
a power density

Sopr = 2 S (f) Nir (3.42)

with Sp(f) &~ 0.12 up? x (f/Hz)~¢ describing the fluctuations of the magnetic mo-
ment of a single erbium ion. For a detector with (G?) = 0.25, p = 10pm and
Ng: = 5 x 10" we get a noise contribution of Sg g, (1 Hz) ~ 5 x 10* (n®()?/Hz. Ac-
cordingly, this noise contribution is typically higher than the Johnson noise up to
frequencies in the 100 kHz range and it is in the same order of magnitude as the
thermodynamic energy fluctuations at low frequencies.

3.5.3 Fundamental limit of the energy resolution

Based on the signal shape that was discussed in section 3.5.1 and on the thermo-
dynamic energy fluctuations derived in section 3.5.2 one can calculate the expected
energy resolution of a magnetic calorimeter. By neglecting all noise sources besides
the fluctuations , i.e. neglecting noise sources described in the previous section as
well as the read-out noise, the result will be a fundamental limit on the energy



3.5. Signal shape and energy resolution 37

resolution. The achiveable resolution depends on the actual method that is used to
estimate the energy from a recorded signal. In [Fle03] the method of optimal filtering
is thoroughly described and applied to magnetic calorimeters. For the Gaussian line
broadening of the detector one derives

~ ~1/2

AFEpway = 2V21n 2 / SNR*(f)df (3.43)

0

for the full-width at half-maximum of the detector line broadening, where

SNR*(f) = % (3.44)

denotes the squared signal-to-noise ratio of the detector responsivity p(f) that was
defined in 3.35 in the frequency domain and the noise density Sg,, ta(f) of the ther-
modynamic noise. Given the thermal model shown in figure 3.11 this yields the exact
solution for the energy resolution

1/4
Gepy, G
AFpwiy = 2V21n 2\/4kBT2Oe (G //b + Gg/b> (3.45)
er/e er/e

as shown in [Fle03|, which approximates to

N _ 1 o\ V4

AEpwin & 2V21n 21/4ksT?C, (6(1 5 ﬁ) (3.46)
for § = Co/(Cor + Ce) = 1/2 and 79 < 71. As equation 3.46 shows, the energy
resolution is best for § = 1/2 and thus matching heat capacities of absorber and
sensor. To improve the energy resolution of a magnetic calorimeter one can moreover
decrease the heat capacity C, and operate the detector at low temperatures. A better
energy resolution could also be achieved by a faster signal rise time or a slower decay
time. However, the former is limited by the Korringa relation as explained in section
3.5.1 and can, therefore, not be increased arbitrarily, while increasing the decay
time would also increase the dead time of the detector and limit its capabilities for
high-rate applications.

The right-hand side of figure 3.13 depicts the signal-to-noise ratio for a micro-
calorimeter with an absorber heat capacity of C, = 10pJ/K, § = 1/2, a rise time of
1ps and a decay time of 1 ms which is operated at 20 mK. The associated respon-
sivity is shown on the left-hand side and the corresponding thermodynamic noise
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Figure 3.13: Responsivity |p(f)| (left) and signal-to-noise ratio SNR (right) for a detec-
tor with spin heat capacity Cey = 10 pJ /K, a rise and decay time of 79 = 1pus and 71 = 1 ms
as well as f = 1/2 at a working temperature of T'= 20 mK.

density is depicted in figure 3.12. According to equation 3.46 such a detector is
fundamentally limited to an energy resolution of around 2eV.
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In the framework of this thesis a new two-dimensional detector array based on metal-
lic magnetic calorimeters was designed, optimized, fabricated and characterized.
While the results of the characterization measurements will be discussed in chap-
ter 6.1, the design considerations, optimization and fabrication are discussed on the
following pages. On the one hand this new detector should bridge the gap of energy
ranges between the existing one-dimensional detector arrays based on metallic mag-
netic calorimeters maXs20 [Sch12, Heull| and maXs200 |Piel2] that are optimized
for the detection of X-rays with energies up to 20 keV and 200 keV, respectively. On
the other hand it should open a door towards new two-dimensional arrays and to
larger pixel counts.

The detector is optimized for X-ray energies up to 30 keV and aims especially for an
increased detection area while at the same time keeping the good energy resolution
of metallic magnetic calorimeters. It can be conveniently equipped with 10 pm to
50 pm thick absorbers depending on the application. In a configuration with a 30 pm
thick absorber made of gold it has an absorption efficiency above 80 % for X-rays
with energies up to 30keV. Apart from spectroscopy of highly charged ions this
detector can also be applied for example for the investigation of the 29.2 keV-doublet
of the isotope #2Th [Kazl4, Sch16, Ponl7]. With a stopping power above 40 %
for X-rays with energies up to 45keV (ref. figure 3.2) it is perfectly suited for the
high resolution spectroscopy of Ly,-transitions of hydrogen-like ions with a nuclear
charge up to Z = 65. The very interesting Ly,-transition of hydrogen-like U%* with
an energy of around 100keV is also still absorbed with an absorption efficiency of
25 %. The large energy bandwidth of the detector allows simultaneous measurements
of Balmer-transitions occurring at lower energies and therefore allows for in-situ
Doppler correction in beam-time experiments. At the same time the high energy
resolution allows a precise measurement of transition energies.

4.1 Detector optimization

As discussed in chapter 3 the key properties of a metallic magnetic calorimeter are
well understood and therefore its expected energy resolution can be calculated. Based
on the principles discussed in chapter 3.5 a complete numerical optimization of a sin-
gle maXs30 detector was performed for a given working temperature of 7' = 20 mK.
The data entering in the simulations are summarized in table 4.1 apart from the spe-

39
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cific heat and the temperature dependence of the magnetization of the temperature
sensor that were determined numerically, and in good agreement with experimental
values, as discussed in chapter 3.3.3.

Miscellaneous Meander-shaped pick-up coil
Working temperature 20mK Pitch 10 pm
Signal rise time 3pus Line width 5 pm
Signal decay time 3 ms Thickness 250 nm

Temperature sensor

Relative strength of RKKY interaction « 12.5

RRR of sputtered Ag:Er 2.4

1/f noise per erbium ion +/SE(1Hz) 0.117 n®,/vHz
Exponent ¢ of 1/f noise SE* o< f~¢ of erbium ions 0.9
Thickness of insulation between pick-up coil and sensor 250 nm
SQUID current sensor Absorber (made of Au)

Input inductance 1.7nH Active area 500 pm x 500 pm
Input sensitivity 12.5 pnA /g Thickness 30 pm or 20 pm
White noisey/Sy 0.2ndy /vHz  Specific heat 1.46 x 10~°J/Kmol
1/f noise@(l Hz)  5p®,/vVHz RRR 7-30
Exponent of 1/f noise 0.9

Parasitic inductance 0.5nH

Table 4.1: Parameters entering the optimization of the maXs30 detector array.

While the working temperature is limited by the cryostat that is used to operate the
detector, the absorber dimensions are given by the application as discussed at the
beginning of this chapter. The signal decay time was chosen such that a signal rate

I per absorber could easily be handled by the detector. Several

of more than 10s™
of the parameters are constrained by the microfabrication techniques that are used
to fabricate the detector array as discussed in section 4.4. These parameters include
the residual resistivity ratios RRR for sputtered Ag:Er and electroplated gold that
are a measure for the number of defects and determine the thermal conductivity
of these materials at low temperatures. With a typical residual resistivity ratio
between RRR = 7 and RRR = 30 for the electroplated absorber made of gold
we get a thermal diffusion constant of a = 0.1 mm?/ps to 0.5mm?/ps. Assuming a
maximum characteristic length scale of lgix = 1/(1/2)2 + (1/2)% + h? = 0.36 mm for
photon absorption in the corner of an absorber with length [ = 500 pm and height
h = 30nm, we get a characteristic time constant for thermal equilibration of the

planar absorber of the order of I%¢/a = 1.3 s to 0.3 ps. As discussed in section 3.2.2
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the rise time of 3 s was chosen such that no position dependence due to finite thermal
diffusion is expected even in the case of the smallest assumed residual resistivity ratio.
The thickness of the pick-up coil as well as the thickness of the insulation layer that
galvanically separates the temperature sensor from the read-out are also determined
by the microfabrication process. Principally smaller values for the center-to-center
distance p and the width w of the pick-up coil are possible, however, p = 10 pm
and w = 5nm were chosen to increase the fabrication yield for the large detector
arrays. For the SQUID current sensor typical parameters of state-of-the-art SQUIDs
produced by our group were assumed. For the parasitic inductance between pick-up
loop and SQUID current sensor a typical value of L, = 0.5nH was assumed.

Parameters that were varied during the simulation include the persistent current I,
in the pick-up coil that generates the magnetic field inside the sensor, the height h
and area Ay of the temperature sensor as well as its erbium concentration c¢. The
meander-shaped pick-up coil is assumed to occupy the complete area of the sensor.
For different sets of varied parameters the signal-to-noise ratio and the resulting
energy resolution were calculated according to equations 3.44 and 3.46. Here, not
only thermodynamic energy fluctuations but also all other noise sources as described
in chapter 3.5.2 and 5.2.1 were included. The resulting optimum values of these
parameters for a maXs30 detector with 30 pm thick absorbers are shown in table
4.2.

Temperature sensor Meander-shaped pick-up coil

Er*" conc. ¢ 119 ppm Inductance of single meander L,, 3.81nH
Thickness h 4.07 pm Coupling to SQUID 9®,/0® 2.0%
Area A (371 pm)? Optimal field current I 67.3mA

Heat capacity C,;  10.0pJ/K
— Energy resolution AFEpway = 6.15eV

Table 4.2: Resulting design parameters from a numerical optimization for a maXs30 de-
tector with an absorber thickness of 30 pm and an absorber heat capacity of 10.7 pJ/K at
a temperature 7' = 20 mK.

With the given constraints an energy resolution of AFEpwuy = 6.15eV could be
achieved for an optimal detector array. One finds that the heat capacity of the
sensor is optimal for C,, ~ C,, as suggested in section 3.5.3, leading to an equal
distribution of the absorbed energy between the two subsystems of the detector.

However, in contrast to previous detectors that were fabricated in our group and
that made use of a temperature sensor made of Auw:Er (e.g. [Sch12, Heull]), the
concentration of the erbium ions in the sensor material Ag:Er could not be varied
arbitrarily during fabrication with co-sputtering! techniques. Therefore, the erbium

!Simultaneous sputter deposition from two sputter targets, e.g. from a pure gold target and a
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concentration was restricted to ¢ = 320 ppm by the available Ag:Er sputter target
that was used to fabricate the sensors. Additionally an reduced sensor and mean-
der area of 298 pm x 298 pm was used to fabricate the maXs30 detectors that were
characterized in the framework of this thesis. Thereby enough space for the wiring,
that is necessary for the detector operation, could be created underneath the ab-
sorbers. The overall increased spin heat capacity C,, > C. leads to a slightly less
temperature-dependent signal height according to equation 3.19. With an absorber
thickness of 30 pm and the aforementioned sensor properties an energy resolution of
6.95eV would be expected. The very small deviation compared to the global op-
timum of the detector shows that small deviations of single parameters during the
detector fabrication have only a small influence on the detector performance.

Additionally, for the maXs30 detector arrays that were used in the framework of
this thesis we aimed for absorbers with only 20 pm thickness as no experiments with
X-ray energies above 60keV were planned for these detectors. The corresponding
design parameters of the fabricated detectors are shown in table 4.3. Due to the
reduced absorber heat capacity the expected energy resolution improves to 6.14 eV.

Temperature sensor Meander-shaped pick-up coil

Er?* conc. ¢ 320 ppm Inductance of single meander L,, 2.46nH
Thickness h 3.5 nm Coupling to SQUID 0®,/0® 2.4%
Area A (298 pm)? Optimal field current I 69.9mA

Heat capacity Cor 17.8pJ/K
— Energy resolution AFEpwgy = 6.14eV

Table 4.3: Design parameters of the actual maXs30 detector arrays fabricated in the
framework of this thesis with an absorber thickness of 20 pm and an absorber heat capacity
of 7.16 pJ /K at a temperature 7' = 20 mK.

Figure 4.1 shows the different calculated contributions to the noise of the detec-
tor signal that enter the simulation of the fabricated maXs30 detector discussed
above. For better comparability the different contributions that are discussed in
section 3.5.2 are recalibrated in terms of flux noise in the SQUID current sensor.
The SQUIDs themselves contribute to the total noise with a frequency-independent
white noise and a 1/ f-component that increases towards lower frequencies. Both con-
tributions are discussed in section 5.2.1. For high frequencies, above about 1kHz,
the white noise of the SQUID current sensors dominates while for frequencies be-
low 5Hz the SQUID noise and the 1/f noise of the erbium ions with the power
density So, g = (00s/ 8@)2 So pr are the most important contributions. The inter-
mediate frequency range is dominated by the thermodynamic energy fluctuations

Sp.1a = (0D /0D) (0P (BOE))? Sk, +a between the different thermal subsystems of

highly doped Au:Er target.
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the detector. The Johnson noise Sg, ; = (9®/0®)* Sp.; of the absorber and sensor
is negligible in the complete frequency range.

1 — Total noise
— Thermodynamic |
— E* ions

— SQUID
Johnson noise

Flux Noise VSg [u®y/VHz]
=)

Ny Figure 4.1: Calculated total magnetic flux

10—1 = . - moise in the SQUID and contributions of the
. S R

N, individual noise sources for the maXs30 de-

tector with an absorber thickness of 20 pm

10° 10" 102 10° 10* 10° 10° described in tables 4.1 and 4.3 at a working

Frequency f [Hz] temperature of 7' = 20 mK.

4.2 Design

The maXs30 detector array consists of 64 absorbers that are connected to 64 para-
magnetic temperature sensors? made of Ag:Er. Pairs of two sensors are read out by a
superconducting niobium loop? implemacing the gradiometric read-out scheme de-
scribed in chapter 3.4.3. The array and all the necessary wiring are microfabricated
in a cleanroom on a silicon substrate as will be discussed in detail in section 4.4.

The left-hand side of figure 4.2 shows a technical drawing of a complete maXs30 chip
including the detector array and all connection lines that was done with the software
Virtuoso® 4 and that was used to fabricate the detector. A photographic image of
the final chip is shown in the following chapter in figure 5.9. Each absorber (1),
shown in transparent color, features an area of 500 pm x 500 pm and is designed to
have a thickness of about 30 pm. Depending on the exact application the thickness
of the absorber may however be varied. Alltogether the 64 pixels provide a total
detection area of 16 mm?. With the gap between the absorbers being only 20 pm
wide, a filling factor of 93.3% is achieved in the active region of the detector chip.

2In the following the combination of an absorber and the attached temperature sensor will also

be referred to as 'pixel’.
3The combination of two pixels and their common pick-up loop will also be called a ’(sin-

gle/gradiometric) detector’.
4Cadence Design Systems, Inc., Bagshot Road, Bracknell, Berkshire, RG12 OPH, United King-

dom
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Together with the high stopping power of each single absorber only few X-rays are
therefore expected to hit the substrate where they might deposit heat leading to
additional unwanted signals in the surrounding detectors. Underneath the absorbers
the associated planar temperature sensors (2) are depicted in orange. In the corners
of the chip four dedicated squares made of gold (3) can be seen on which flexible
clamps may be positioned to mechanically press the chip to an experimental platform.
The 32 detectors channels (i.e. micro-calorimeter pairs) are divided into four almost
identical groups of eight detector channels that share common lines for preparing
the persistent current in the way that is shown in section 4.3. The right-hand side
of figure 4.2 depicts a detailed view of one such group.

NHXE\-!ﬂ@ﬁ;! ﬂ
CHIP-NR.O1 ﬁ" L]

O— :

& rllxs;:n@{!

CHIP-NR. 01
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o /& |8 \
u
I 1+ Niobium [_1Aupd [ sensor [ stems
B No insulation 12 Niobium [Ithermalization [ lAbsorber

Figure 4.2: Technical drawing of the complete maXs30 detector chip with a close-up
showing one quadrant of the chip: (1) absorber (shown in transparent color); (2) planar
temperature sensor; (3) squares for easier handling and pressing of the chip; (4) read-out
lines; (5) connecting lines to simultaneously prepare the persistent current in all eight single
detectors of each quadrant; (6) pads to contact the individual lines via wire bonding.

The active area of the detector array is surrounded by the wiring which includes
the lines for the read-out (4) of the detectors as well as for the preparation of the
persistent current (5) that creates the magnetic field needed for the operation of
the detectors. All the lines can be connected by wire bonding to the appropriate
bonding pads (6) at the edge of the chip. The complete pick-up coil as well as all the
connecting lines that are required to support large electric currents up to 100 mA to
prepare and carry the persistent current are marked in black in figure 4.2 and are
routed in such a way that they can be fabricated in a single continuous layer without
the need of a superconducting connection between two different layers. The meander-



4.2. Design 45

shaped pick-up coils of the individual pixels are hidden underneath the planar sensors
(2). The read-out lines (4) connecting the pick-up coil of each single detector to the
bonding pads (6) that can be connected to the current-sensing SQUID, however, are
realized as microstrips as they only have to carry currents in the 10 pA-range. By
layering the go-and-return line of each detector read-out on top of each other the
inductance of this line is greatly reduced, leading to less electromagnetic crosstalk
between the different detector channels as well as a reduction of parasitic inductances
in the read-out circuit. The inductance of a microstrip with length [, width w and an
insulation thickness g between go-and-return line is given by Lns = uolg/w. With
typical parameters of the maXs30 detector we therefore get L,s < 50pH which is
small compared to the other involved inductances which are in the nH range.

Two out of the 32 micro-calorimeter pairs are prepared in a special way. One of them
allows to drive a current through a small additional extension of the sensor, thereby
creating a thermal pulse and providing a specific and controllable energy input. In
absence of an appropriate external X-ray source with a large enough count rate in
a single line, such pulses could be used to monitor drifts of the signal height that
may arise due to temperature fluctuations during longer detector operations. The
other special detector is not fully gradiometric as the size of one of the two sensors
is reduced to 90 %.

I 1+ Niobium [ sensor
- No insulation :'Thermalization
[ JAuPd [ stems

12" Niobium [JAbsorber

(5)

Figure 4.3: Technical drawing of a non-gradiometric single maXs30 detector. On the right
a close-up of the central region is shown. Depicted are: (1) absorber (shown in transparent
color); (2) paramagnetic temperature sensor; (4) read-out lines; (5) connecting lines to
prepare the persistent current; (7) superconducting pick-up coil; (8) superconducting loop
enclosing each meander; (9) persistent current heater; (10) stems connecting absorber and
sensor; (11) thermalization. For better visibility the absorbers as well as the second niobium
layer have been suppressed in the close-up image.

Therefore, the detector is slightly sensitive to changes of the bath temperature and
can thus be used to correct the signal height for such temperature changes as de-
scribed in detail in [Sch16]. This is especially important as the design of all the
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other detectors is highly gradiometric as will be shown in the following as well as
in section 6.1.7. Figure 4.3 shows a detailed view of such a non-gradiometric detec-
tor. The superconducting pick-up coil (7) as well as the connections for supplying
the persistent current (5) are depicted in black. Each of the two meander-shaped
pick-up coils is enclosed by an additional superconducting loop (8) to shield against
fluctuations of external magnetic fields and to decrease electromagnetic crosstalk
between neighbouring detectors. Designing the meander-shaped coils in a diagonal
way as shown in [Fle05| increases this effect as the currents flowing at the edge of
the sensor cancel each other. The pick-up coil is drawn with a linewidth of 6.5 pm
to achieve the desired linewidth of 5 nm after a potential overetching during the mi-
crofabrication of this layer. In between the two pixels the pick-up loop has a small
extrusion. On top of this extrusion a small resistor (9) shown in light orange and
made of the alloy AuPd with a ratio of approximately 1:1 is situated to prepare
the field generating persistent current as described in section 4.3. The resistor is
contacted by a second layer of niobium lines shown in light grey that is galvanically
isolated from the first layer by a thin insulation layer made of silicon oxide. Where
an electrical contact between first and second layer of wiring is needed this insulation
layer has an opening depicted in purple. The extrusion is partly covered by a small
superconducting niobium plane to minimize its inductance. As explained above the
read-out lines (4) that are ultimately connected to the input coil of a SQUID current
sensor are designed as microstrips. In contrast to earlier microcalorimeters that have
been produced in our group (e.g. [Piel2, Sch12, Heull|) both contact points of the
microstrips to the pick-up loops are completely symmetric, leading to a significantly
improved balancing of the two calorimeters of each channel as we will see in sec-
tion 6.1.7. This highly gradiometric design again reduces crosstalk between different
detectors and facilitates the preparation of the persistent current at temperatures
below 1.2 K as shown in section 4.3.

On top of each pick-up coil, separated by the insulation layer, the paramagnetic
sensor (2) made of Ag:Er is located, depicted in dark orange. Each sensor is connected
to the associated absorber (1) via three stems (10). With a diameter of 20 pm the
three stems only cover 0.38% of the absorber area, thereby greatly reducing the
probability of loosing athermal phonons as explained in section 3.2.2. Each stem in
turn only has direct contact to a small part of the sensor which is connected to the
main part of the sensor by three thermal links made of Ag:Er. This limits the signal
rise time to ensure a complete thermalization of the larg? volume absorber as shown
in chapter 3.2.2. The thermal connection (11) from the sensor to the heat bath is
done by a layer of 300 nm thick gold with well defined dimensions that should lead
to a thermalization time of around 3ms at a temperature of 20mK. Due to the
two-dimensional and close-packed design of the array, in contrast to earlier designs
(e.g. [Piel2, Sch12, Heull|) the thermal bath itself can no longer be provided by a
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large heat sink made of gold at an edge of the chip that is then connected to the
experimental holder with bonding wires made of gold. However, the thermalization
has to be done in the third dimension through the substrate of the silicon chip.

Pick-up coil

Microstrips for read-out

Material Nb Material Nb
Thickness 250 nm Bottom line width 30 pm
Line width 5 pm Top line width 24 nm
Pitch 10 pm Thickness bottom line 250 nm
Thickness top line 400 nm
Thickness insulation 250 nm
Temperature sensor X-ray absorber
Material Ag:Er (320 ppm) Material Au
Area 298 um x 298 pm Area (500 pm)?
Thickness* 3.5 m Thickness* 30 pm
Number Er®*" ions* 5.9 x 102 Heat capacity™ 11pJK!
Persistent current heater Stems
Material AuPd Material Au
Length 20 pm Diameter 20 pm
Width D pm Height 7 pm
Thickness 60 nm Fraction of abs. area 0.38%
Resistance 8.81)
Link to thermal bath Link between absorber and sensor
Material Au Material Ag:Er +Au
Signal decay time 3ms Signal rise time 3ps

Table 4.4: Design parameters of the maXs30 detector to be operated at T' = 20mK. The
parameters marked with a star (*) depend on the thickness of the absorber which may be
adapted to experimental needs. In this case the thickness of the sensor can be changed
accordingly during fabrication without changing the lateral design of the detector to keep
an optimized energy resolution.

Therefore, it is planned to etch holes through the silicon to fill them afterwards with
gold or copper in order to achieve a very good thermal contact to the backside of
the chip which can then be thermally connected to the experimental holder. The
first step to create these thermal links — the etching of the holes — was developed
in the framework of this thesis and is explained in section 4.4. As the filling of the
holes with gold was not yet available, the etching of the silicon was omitted for the
detectors that are discussed in this thesis. Instead a large heat bath made of Ag:Er
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and a passivation layer made of gold has been sputter deposited on the backside of
the chip. With the large heat capacity of the Er®" ions this layer should act as a
thermal reservoir that absorbs any heat that is created by the absorption of an X-ray
in a detector in such a way that neighbouring detectors do not suffer from thermal
crosstalk. In table 4.4 the most important design parameters of the relevant detector
structures are summarized.

Next generation While the detectors characterized and used in the framework
of this thesis exhibit the design shown above, an improved design has already been
drawn and fabricated in the cleanroom. The new generation exhibits not only one,
but four non-gradiometric detectors, one in each corner of the detector array as well
as four detectors with the ability to create thermal pulses. Thereby it should be
possible to better correct for temperature gradients on the chip when correcting for
temperature fluctuations. Additionally, the bonding pads for the SQUID read-out
have been modified to match the novel symmetrized 3-bond-pad scheme of the new
SQUID current sensors produced in our group and to further decrease the suscepti-
bility to fluctuating external magnetic fields.

4.3 Preparation of the persistent current

The magnetic field that is needed to operate the paramagnetic sensor as discussed
in section 3.3 is created by a persistent current [, circulating in the superconducting
niobium loop underneath the sensors. Figure 4.4 schematically depicts the process
of the preparation of this current. When the current Iy is first supplied (step 1) it
mainly flows through the boxes surrounding the individual pick-up coils® due to their
much smaller inductance compared to the inductances of the meanders. By feeding
a short current pulse Iy to the resistor on top of the persistent currrent switch, i.e. a
the small extrusion of the pick-up loop, the switch is locally heated above the critical
temperature of niobium of 9.2 K (step 2). Therefore, the current I, flows through
the only remaining superconducting connection and thereby through both meanders.
Due to the thermal pulse also one of the two read-out lines is driven normalconduct-
ing as it contacts the pick-up coil in the center of the extrusion next to the resistor.
Therefore, even at temperatures below 1.2 K where the connecting bonding wires
made of aluminium between detector and SQUID chip are superconducting the di-
rect path through both meanders remains the only superconducting connection and
preparing the persistent current at such temperatures should be more reliable. After
the short heat pulse the chip cools down again and the niobium becomes again su-
perconducting. Due to the flux conservation in superconducting loops the persistent

5In the following the meander-shaped coils will also be referred to as 'meander’.



4.4. Microfabrication 49

current I is flowing through the meanders even if the current source supplying the
field generating current is now switched off. In the maXs30 detector array the field
current and heater lines of all eight detectors of each quadrant are connected in series
and therefore in all these detectors the persistent current is prepared simultaneously.

Step 1: Applying field generating current Step 2: Short heater pulse

I tod, TR t

|

L
} to SQUID } to SQUID
Successfully prepared persistent current
1/2 1/2
<« <+
/24 [ ] $1/2
| toSQuID

Figure 4.4: Preparation of the persistent current that is needed to operate the detec-
tors. The different lines fabricated in the first and second niobium layer are colored in:
(black /grey) 15¢/2" layer without current; (dark/light green) 15¢/2"4 layer with field cur-
rent; (dark/light orange) 15¢/2"9 layer with heater current. A description of the individual
steps is given in the text.

4.4 Microfabrication

The detector arrays used in the framework of this thesis were produced with micro-
fabrication techniques that are explained in more detail in [Zao06, Pie08| in a multi-
layer-process on a silicon substrate. The use of 2inch and 3 inch silicon wafers® allows
the simultaneous fabrication of up to 16 and 36 maXs30 detector chips, respectively.
The wafers are thermally oxidized with a 240 nm thick SiO, layer.

6Gi-Mat Germany Silicon Materials, Viktor-Frankl-Str. 20, 86916 Kaufering, Germany



No Layer Material Photo resist Technique RRR
1 Pickup-coil and first layer 250 nm Nb 5214E Sputter dep. and > 5.1
of wiring dry /wet etching
2 First insulation 25nm to 50 nm NbyOj 5214E IR Anodisation and n.a
Lift-off
3 Second insulation 250 nm to 300 nm SiOq 5214E IR Sputter dep. and n.a
lift-off
4 Persistent current switch 60 nm AuPd 5214E IR Sputter dep. and 1.2
heater lift-off
) Second layer of wiring 400 nm Nb 5214E IR Sputter dep. and > 64
lift-off
6 Third insulation 250 nm SiOq 5214E IR Sputter dep. and n.a
lift-off
7 Thermal links to heat bath 300nm Au 5214E IR Sputter dep. and 2.1
lift-off
8 Etch stop on front side 500nm Au 5214E IR Sputter dep. and 2.1
lift-off
g = # | Temperature sensors 3.5pm Ag:Er + 100nm Au nLOF 2070 Sputter dep. and 2.4
- o lift-off
10 Heath bath on back side 2pm Ag:Er + 500 nm Au - Sputter dep. -
11 B ™ | Stems Au 6632 Two-layer process  7-30
> ° B S with absorbers
12 Absorbers 20 pm to 30 pm Au 125nXT Electroplating 7-30
and lift-off

0¢
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Table 4.5: The different layers and their materials of the maXs30 detector that was fabricated and characterized in the framework of
this thesis. Also shown are the photoresist and the techniques that were used to process each layer as well as the residual resistivity
ratio of each layer where applicable. The latter has was on test structures from the same wafer as the actual maXs30 detectors apart
from the electroplated gold. A larger version of the images can be found in appendix A. Photoresists marked with IR’ are processed
as image reversal resists.
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All of the fabrication is done in-house, most of it in a cleanroom environment to
minimize the number of defects on the chip due to micrometer-sized dust particles.
Table 4.5 summarizes the 12 layers of the maXs30 detector array. Microscopic pho-
tographs of each layer are shown in the table and can be found in a larger version in
appendix A. The photoresists” that are used to transfer the design of the different
detector layers to the actual wafer can either be exposed with UV light in a mask
aligner® as described in [Piel2] or by a new maskless aligner” that allows contactless
exposure as well as an automated alignment of the different layers of the detector ar-
ray. Apart from the first insulation layer and the absorber layer including the stems,
the deposition of the different materials is done by sputter deposition. The primary
UHV sputtering system!® that is situated in the cleanroom and reaches base pres-
sures down to 2 x 10~ mbar is equipped with the necessary targets to produce the
layers made of Nb, AuPd, Ag:Er and Au. Each layer except the first one is fabricated
using a lift-off process, while the first niobium layer that contains most of the wiring
and all structures that are required to carry supercurrents in the 10 mA to 100 mA-
range is fabricated by sputter depositing a continuous niobium layer on the bare
substrate followed by an etching process. The latter can either be done by wet etch-
ing with a solution of hydrofluoric acid (HF), nitric acid (HNO3) and water in a ratio
of 1:6:10 or by a dry etching process using SFg in the ICP-RIE! plasma etcher SI
500C*? as described in [Mh15]. The first insulation layer is done by an anodizing
process resulting in a 25 nm to 50 nm thick NbyO5 layer. For that purpose the wafer
is put in a solution of ethylene glycole (CoHgOs), water and ammonium pentaborate
(NH4B50g) in a ratio of 25:19:4 and a voltage of 25V is applied between the first
niobium layer and a second electrode in the solution. During this process all parts
that have to provide an electrical contact to the second niobium layer or act as a
surface for contacting the chip are protected by a layer of photoresist. The addi-
tional SiO, insulation layers can either be deposited by reactive rf-sputtering in the
DCA system or in a sputtering system'® outside the cleanroom that reaches a base
pressure around 5 x 10”7 mbar. The paramagnetic sensor material Ag:Er is covered
in-situ with an additional thin layer made of gold to prevent oxidation and to thereby
enable a better sticking of the stems to the sensor. The erbium concentration of the
Ag:Fr sensor is determined in an independent measurement in a commer