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Abstract

This thesis presents the development of electronics for operation at cryogenic tempera-
tures, with particular emphasis on the cryogenic electronics required for the Antimatter
Experiment: Gravity, Interferometry, Spectroscopy (AEgIS) experiment at the European
Organisation for Nuclear Research (CERN). The research is focused on a highly sensitive
charged particle detection system for a Penning trap, on cryogenic low-pass filters and
on a low-loss DC-contact RF switch. The detection system consists of a high quality fac-
tor tuned circuit including a superconducting coil, and a low-noise amplifier. Since the
experimental setup of the AEgIS experiment requires it, the developed electronics must
reliably operate at 4.2 K (~ —269°C) and in high constant magnetic field of more than
1 Tesla. Therefore, the performance of the cryogenic electronic designs were carefully
evaluated at low-temperature/high magnetic field, the result of which have important
implications for the AEgGIS experiment. Moreover, a new possibility of replacing the
superconducting coil by a very high quality factor crystal resonator is presented and its

possible application in experiments with charged, trapped particles is described.

Kurzfassung

Diese Dissertation beschreibt die Entwicklung und den Aufbau von Tiefsttemperatur-
Elektronik (Kryoelektronik), die fuer das Antimaterie-Experiment AEgIS (Antimatter
Experiment: Gravity, Interferometry, Spectroscopy) am Forschungszentrum der Eu-
ropéischen Organisation fuer Kernforschung (CERN). Diese Elektronik-Komponenten
beinhalten ein sehr empfindliches Detektionssystem fiir geladene Teilchen, gefangen in
einer Penning-Falle, kryogene Tiefpassfilter und einem verlustarmen Hochfrequenz-Schalter
mit ohmschen Kontakt. Die Detektionseinheit ist aus einem Resonator mit supraleiten-
der Spule und einem rauscharmen Verstirker aufgebaut. Da das AEgIS-Experiment
bei 4.2 K (ca. —269°C) und in einem hohen Gleichmagnetfeld von mindestens 1 Tesla
betrieben wird, miissen auch die vorher genannten Komponenten in dieser Umgebung
zuverldssig funktionieren. Um dieses Ziel zu erreichen, wurde die entwickelte Elektronik
bei kryogenen Temperaturen und im hohen Magnetfeld getestet. Die Ergebnisse dieser
Evaluierung sind sehr wichtig fuer das Experiment. Es wurde auch eine neue Mdoglichkeit

aufgezeigt, wie man die vorher genannte supraleitende Spule durch einen Quarzresonator




ersetzen kann und somit Vorteile fiir Experimente mit gespeicherten, geladenen Teilchen

bieten konnte.
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Antihydrogen

Antineutron; antiparticle of the neutron

Antiproton; negatively charged proton

Vacuum permittivity; ey ~ 8.854187 x 1072 F/m
Complex reflection coefficient plane

Complex impedance plane

Positron or anti-electron; positively charged electron
Ruthenium dioxide

Speed of light in vacuum; ¢ = 299792458 m/s
Boltzmann’s constant; k ~ 1.380648 x 10723 J/K

Magnetic field

AC voltage/current Alternating electrical voltage/current

ADS
AEgIS
CERN
CPT

dBm

Advanced Design System

Antimatter Experiment: Gravity, Interferometry, Spectroscopy
European Organization for Nuclear Research

Charge conjugation, Parity inversion, Time inversion

Absolute power in dB referred to 1 mW

DC voltage/current Direct electrical voltage/current

DUT

EIA

Device Under Test

Electronic Industries Alliance
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ESD Electrostatic discharge

eV Electronvolt; unit of energy 1eV =~ 1.6 x 1071 J ~ 11604.5 K
GaAs Galium arsenide

GND Electrical ground potential (signal or power supply)

GPIB General Purpose Interface Bus

IL Insertion Loss

LC filter Inductor-Capacitor filter

LF Low Frequency

LHe Liquid helium; boiling point at 4.2 K under atmospheric pressure
LN Liquid nitrogen; boiling point at 77 K under atmospheric pressure
MEMS Microelectromechanical Systems

mil thousandth of an inch (25.4 um)

MMIC Monolithic Microwave Integrated Circuit

NbTi Niobium-titanium

NPO, COG Class of low dielectric constant material; Negative Positive Zero Capaci-
tance/Temperature Dependence

PCB Printed Circuit Board

PEM Plastic Encapsulated Microcircuit

Ps Positronium; meta-stable bound state of positron and electron
PZT Lead Zirconate Titanate

Q-factor Quality factor of resonating systems

RC filter Resistor-Capacitor filter
RF Radio Freqeuncy
RRR Residual Resistivity Ratio

SA Spectrum Analyzer
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Si Silicon

SMD Surface Mounted Device

SMT Surface Mounted Technology

SMU Source Monitor Unit

SOIC Small Outline Integrated Circuit

SPICE Simulation Program with Integrated Circuit Emphasis
UHV Ultra High Vacuum

VNA Vector Network Analyzer
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Motivation for Cryogenic Electronics Research

Cryogenic environments are defined to be below —150 °C or ~ 123 K in temperature.
Since decades, low-temperature is considered as design parameter for improving the per-
formance of electronic systems. For instance, microwave receivers used for radio as-
tronomy (noise reduction) or supercomputers (higher clock rates) are operated at liquid
nitrogen temperature (77 K). Other applications such as deep-space mission equipment
or experiments conducted at cryogenic temperature represent an environment where elec-
tronics has to operate. Since conventional electronic components are usually not specified
for temperatures below —55 °C or ~ 218 K, those devices have to be characterized at low-
temperature. Usually, material properties and device behavior change significantly upon
cooling. Therefore, all important changes in the device behavior have to be carefully eval-
uated and considered in the low-temperature (compatible) electronic design. Moreover,
usually there are no models for simulation of electronic components, especially semicon-
ductors, available at cryogenic temperatures. As a consequence, a lot of effort has to be
invested into the parameter extraction of materials and devices in order to describe the
effective changes upon cooling. Another very important point is to design cryogenic elec-
tronics such that they are very reliable, since low-temperature environments are usually

inaccessible for maintenance especially in case of a running experiment.
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1. Introduction

There remain many open questions concerning the universe and all the matter in it. One
of the biggest mystery is "where is all the antimatter gone?" since matter and antimatter
"always" appear in pairs. Under the assumption of perfect symmetry between matter
and antimatter, every particle would either have had to annihilate with its antiparticle,
leading to a photon-dominated universe, or else, large domains of the universe have to
consist exclusively of antimatter. Neither of these options appears to be realized. A
difference has been found between the behavior of matter and antimatter, but it is too
small to explain our observed matter dominated universeﬂ Another question is the grav-
itational interaction of matter and antimatter. "Will antimatter fall up or down in the
gravitational field of our earth?" The following two sections will present an introduction
to the most important findings concerning antimatter and the AEgIS experiment at the
European Organization for Nuclear Research (CERN). The AEgIS collaboration pro-
poses to perform the very first direct measurement of gravitational interaction between
matter and antimatter using antihydrogen (H) atoms. Antihydrogen is the bound state
of an antiproton (p) and a positron (e*) and represents the simplest stable system of
bound antimatter. Furthermore, high precision tests performed with H could lead to

deeper understanding of the laws of nature.

1.1. Antimatter and Antimatter Experiments - A brief

historical review

The history of antimatter began with its first prediction by Paul Dirac in 1928 when he
combined Einsteins’s special relativity with quantum mechanics [1]. It took four more

years in order to show the first evidenoeﬂ that the the positively charged electron - the so-

!Symmetry (CP) violations were found in the kaon and B-meson systems. However, they are too small
to explain the large asymmetry.

2 Already in 1923 photographs of cloud chamber experiments showed tracks of positrons but no one
could interpret them as positively charged electrons [2].
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called positron (e™; also called anti-electron) - exists |3|. Figure [1.1{shows a photograph
of cosmic ray tacks in a cloud chamber. The picture was taken in 1932 and published in
1933. It shows a positron moving upwards through a 6 mm thick lead plate. The positron
was produced by a high energy cosmic ray hitting an atom below the lead plate. When
passing through the plate, the positron looses energy and its curving becomes tighter in
a 1.5 T magnetic field. In 1955 and 1956 the remaining anti-particle constituents of bulk
matter known at this time were experimentally discovered, namely the antiproton [4]
and the antineutron |5]. Thereafter, more fundamental particles - so-called quarks - were
discovered. Quarks are the fundamental constituents of matter and they also have their
corresponding antiparticles, so-called antiquarks |6-8|. For instance, the proton is formed
by two up quarks and one down quark and the antiproton by two anti-up quarks (also up
antiquarks) and one anti-down quark (also down antiquark) respectively. The Standard
Model of particle physics is the theory which describes fundamental interactionﬁﬂ At this
point I would like to refer to [11,12] where detailed information about other fundamental
particles and their antiparticles can be found since they are beyond the scope of this

thesis.

Figure 1.1.: Photograph of a positron passing through a lead plate (horizontal line) in a
cloud chamber. The track is curved due to the surrounding 1.5 T magnetic
field. (Reprinted from [3])

Since the discovery of antimatter scientists have developed experiments to measure its
properties. Particles and antiparticles are produced in pairs when energy is converted into

mass. This emergence of substance from pure energy is described in Einstein’s famous

3Note that the Standard Model is not a complete theory of fundamental interactions since for instance
it does not incorporate gravitation by means of general relativity. There are more deficiencies in the
Standard Model which hints at "physics beyond the Standard Model" which is treated for instance
in [9,/10].
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equation

E” = (mé®)? + (pe)?, (1.1)

which gives the energy of a massive object, with the kinetic energy (left term) when this
(massive) object is moved (right term) [2]. Equation gives the total energy of an
object in motion, where m is its mass, c is the speed of light in vacuum and p is the
momentum. It takes at least 2mc? in order to synthesize a particle - antiparticle pair.
For instance, in order to produce an antiproton, one has to provide energyﬁ of at least
2 x 0.938 GeV/c? = 1.876 GeV /c?. This amount of energy is produced by accelerating
protons almost to the speed of light and shooting them against a target which could be
a piece of metal, where the energy contained in the protons and their kinetic energy is
converted into another set of particles and antiparticles emerging from this spot. This
way antiprotons are produced but they escape after conversion and annihilate by hitting
surrounding matter. In order to do experiments with antiparticles, they have to be

somehow contained away from matter and they have to be cooledﬂ

Bruno Touschek proposed in 1960 to store and collide electrons and positrons in one
storage ring |13|. Electric and magnetic fields keep the particles on their circular path
in the ring and the vacuum prevents the particles from unwanted collisions. The first
storage ring to store antiparticles was the "anelllo di accumulation" (ADA), which was
built close to Rome. Gersh Budker proposed in the early 1960s to use electrons in order
to cool protons and antiprotons by means of Coulomb scattering [14]. The idea is to
load charged particles e.g antiprotons, into a storage ring and at certain positions they
interact with a dense cloud of electrons (so-called electron gas). The electrons have less
energy then the antiprotons and in this way the antiprotons are "slowed down" since
they transfer kinetic energy to the electrons. Electron cooling was first tested in 1974

with protons at NAP-M, a storage ring in Novosibirsk [15].

In the early 1970s Simon van der Meer at CERN invented another method to cool charged
particles called stochastic cooling |16]. A group of particles is often referred to as beam
and this beam spreads around a central momentum since some particles are faster and
others are slower. Using a high bandwidth low-noise amplifier connected to a so-called

pick-up, the position and phase of the particles can be determined and the aforementioned

4Since E = mc?, energy and mass is exchangeable. It is common in particle physics to express mass in
terms of energy (1GeV/c® = 1.783 x 107%" kg).

5The term cooling is often used in particle physics for deceleration and reduction of the energy spread
of charged particle beams.
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spread can be reduced by correcting the average position of the particles by means of a
kicker [16|. Figure shows the principle of stochastic cooling.

transverse
pick-up

transverse
kicker

Figure 1.2.: Schematic of the principle of stochastic cooling of a particle beam (dashed
line). The pick-up detects the position and phase of the particles and corrects
their momentum spread with a kicker. (Reprinted from [17])

In 1975 the first proof-of-principle was carried out in the intersecting storage rings (ISR)
at CERN |18] where the world’s first proton-proton collisions were produced in 1971.
After several successful experiments using stochastic cooling, the first antiproton accu-
mulator (AA) was built at the end of the 1970s. Later, the AA was supplemented by
a second ring, the antiproton collector (AC), which lead to the antiproton accumulator
complex (AAC). The AAC produced antiprotons at CERN until 1996.

Another very important facility at this time was CERN’s low energy antiproton ring
(LEAR) where stochastic and electron cooling were used in a complementary manner
since stochastic cooling works well for high energy beams and at lower energies electron
cooling is more efficient. LEAR was assembled in 1982 and it was in this facility in 1995
that the first (hotﬁ) antihydrogen atoms were produced when antiprotons collided with
xenon atoms [19]|. Later, parts of LEAR’s functionality were replaced by the antiproton
decelerator (AD) which was the result of the reuse of the AC and the removal of the
AA. The AD is called the "antimatter factory" and has been in operation since the year
2000. Up to now, the AD at CERN is the only facility worldwide providing low energy

antiprotons for antimatter experiments. However, the antiprotons ejected from the AD

5The term hot is used for energies higher than several MeV.
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still have a kinetic energy of 5 MeV (~10% of speed of light) which makes precision exper-
iments with them impossible. Hans Dehmelt invented the so-called Penning trapm named
after the Dutch physicist Frans Penning, who inspired Dehmelt to use a combination of
magnetic and electric fields within high vacuum in order to store charged particles (see
Figure [L.3). The Penning trap allowed Dehmelt to isolate single electrons [20] for high
precision measurements of the electron magnetic moment and mass in the early 1970s

and later on he did the same measurements with positrons [21].

-1
V=5Vo
2| 2
r4 —Ep
Zo =VC
i
|
-EVO
EAA

|
a) V=5Vo

Figure 1.3.: Schematic of two common Penning trap types. a) Cylindrical Penning trap
(also called Malmberg-Penning trap) with three electrodes. The field config-
uration is almost the same as for the parabolic Penning trap. b) Parabolic
Penning trap consisting of two endcap electrodes and one ring electrode.
The magnetic field B confines the charged particles in radial direction z and
the static electric field forms a minimum in the center of the trap. (Figures
reprinted from [22])

Combining a Penning trap and the aforementioned cooling techniques for antiprotons
lead to the first trapped, cold antiprotons in 1986 [23| at the LEAR facility. The an-
tiprotons ejected from LEAR still had a kinetic energy of 5 MeV and only the usage of
so-called degrader foilﬂ reduced the kinetic energy of the antiprotons so that they could
be captured by rising voltages of some kV. At this point all the "ingredients" neces-
sary for producing cold antihydrogen atoms were theoretically in place - cold antiprotons
and positrons. The first low energy antihydrogen atoms were produced in 2002 by the
ATHENA collaboration [24] and later the same year confirmed by the ATRAP collab-
oration [25| both based at CERN’s AD . Thereafter, in 2005 ATHENA was disbanded
and many of the former members started to work on the ALPHA experiment. In 2010

the ALPHA collaboration was successfully trapped antihydrogen atoms in a magnetic

"Throughout this thesis the term Penning trap is used also for the Malmberg-Penning trap.
8Thin metal foils in the range of some few up to several tens of pm thickness placed in the beam line
toward the Penning trap.
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’ CERN ID ‘ Experiment Name ‘ Comment
AD-1 ATHENA® disbanded in 2004
AD-2 ATRAPP TRAP experiment was the predecessor
AD-3 ASACUSA¢ antiprotonic helium
AD-4 ACE4 antiprotons used for cancer therapy
AD-5 ALPHA® is being upgraded to ALPHA-2
AD-6 AEgIsf constructed and operational since spring 2012
AD-7 GBARS planned

http://athena.web.cern.ch/athena/
Phttp://public.web.cern.ch/public/en/research/ATRAP-en.html
¢http://asacusa.web.cern.ch/ASACUSA/
dhttp://public.web.cern.ch/public/en/research/ACE-en.html
¢http://alpha.web.cern.ch/

fhttp://aegis.web.cern.ch/aegis/

&http://gbar.in2p3.fr/

Table 1.1.: List of recent antimatter experiments at CERN.

trap |26] and demonstrated the first antimatter spectroscopy by "shining" microwaves on
the trapped antihydrogen atoms in 2012 [27]. The long term goal of the ALPHA collabo-
ration is to apply the spectroscopic techniques developed for the study of hydrogen, which
is one of the most precisely studied systems in physics, to the study of antihydrogen. |28].
Antimatter provides the opportunity to test experimentally one of the foundations of the
Standard Model of particle physics, the so-called CPT-theorem. The theorem states that
there is a fundamental symmetry of physical laws under the simultaneous inversion of
charge, parity and time (CPT). In other words, it means that there is an invariance of
the behavior of a particle if the spatial coordinates are reversed (parity inversion), time
flows backwards (time inversion) and the particle is replaced by its antiparticle (charge
conjugation). The CPT-theory also states, that every particle type has a correspond-
ing antiparticle type |2|. Another important application of antihydrogen is to test the
currently unmeasured gravitational interaction between antimatter and matter. The fol-
lowing section will show how the AEgIS collaboration wants to measure the effect of

gravitational acceleration on antihydrogen.

For completeness’ sake, Table[L.I]shows a list of recent antimatter experiments at CERN
using the antiprotons ejected from the ADE].

9The AD will be extended by an additional ring called extra low energy antiproton ring (ELENA) for
further cooling of antiprotons. ELENA is scheduled to be operational in 2017 |29].
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1.2. The AEglS Experiment at CERN

The weak equivalence principle (WEP) is based on the universality of the free-fall which
has been tested to be valid to a very high precision [30]. The WEP is one of the cor-
nerstones of general relativity and makes no distinction between matter and antimatter
particles. However, there has never been a direct verification of the WEP with antimat-
ter. Since there are different predictions about the response of antimatter to gravitational
fields the validity of the WEP in antimatter systems will finally be given by ex-
perimental evidence. The antimatter experiment: gravity, interferometry, spectroscopy
(AEgIS) proposes to perform the first direct measurement of the gravitational interaction
between matter and antimatter using an antihydrogen beam ,. AEgIS’ primary sci-
entific goal is to measure the Earth’s local gravitational acceleration @ on antihydrogen
with 1% relative precision. The gravity measurement will be carried out by detecting the
vertical displacement of the fringe pattern produced by the antihydrogen beam travers-
ing through a classical Moiré deflectometer by means of a position-sensitive detector [34].
Figure shows the principle of the proposed antihydrogen (H) production and the H

beam formation by means of an accelerating (inhomogeneous) electric field.

position-sensitive
detector

positronium (Ps) grating 1 grating 2
oo converter
e+
Ps Ps
laser
excitation
Ps*
Ps*
H* H* H beam
() %% N idd Q
S Y.
ultra-cold accelerating
a) trap electric field

g+

Figure 1.4.: a) Schematic of H production by laser-controlled, resonant charge exchange
between excited state positronium (Ps*) and antiprotons. b) Schematic of
the Moiré deflectometer with grating distance L combined with a position-
sensitive detector.

The H production takes place during a charge exchange process between excited state

10The gravitational acceleration is usually denoted as g, but in case of interaction between matter and
antimatter it is referred to as g.
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positroniun]] and antiprotons [35}/36]:

Ps*+p— H +e . (1.2)

Equation shows the only H formation reaction mentioned in this thesis. A more
detailed account of other H production methods can be found in [37]. Positronium is
produced by bombarding a nanoporous material (Ps converter or Ps target) with an
intense bunch of e™ |38]. The Ps emerging from the target is excited to the Rydberg
state by a two-step laser excitation, in order to increase the H production efficiency and
to increase sensitivity to the time varying electric fields used to create the H beam [35].
Moreover, the laser excitation increases the Ps average lifetime, so that the Ps does not

(self)annihilate before the collision with the antiprotons.

To perform a g measurement with 1% precision it is crucial to store antiprotons (p) in
a Penning trap and to cool the antiprotons to 100 mK since the temperature of the
antiprotons dominates the H temperature [33]. The requirement for the ultra-cold H
is motivated by the allowed vertical spread of the H beam after acceleration. To reach
such low energies requires the development of new techniques to cool the antiprotons.
Two promising techniques are sympathetic cooling with e~ and evaporative coolingjﬂ
Sympathetic cooling of p’s could be realized by storing them together with e~ so that
they overlap. The e~ may be coupled to an external tuned circuit in order to be resistively
cooled (see section and the cold plasma of e~ in turn could cool the p by coulomb
interaction. In order not to drive (heat) the trapped particles, there is the need for
a cryogenic low-noise environment. Developing low-noise electronics coupled to these

trapped particles, is the main goal of this thesis.

The temperature of the Penning traps in the current AEgIS apparatus is 4.2 K, but this
will be lowered to 100 mK in a future upgrade by means of a dilution refrigerator |33].
Figure [1.6] shows an overview of the AEGIS experimental setup at CERN. The AEgIS
apparatus mainly consists of the 1 T and 5 T magnets embedded in liquid helium (LHe)
vessels and connected through the central region. Furthermore, liquid nitrogen (LN)
vessels are surrounding the LHe container in order to provide a thermal shielding so that
the heat input is decreased. Penning traps are placed inside the magnet bores in the

cryogenic ultra-high vacuum, where they are thermally and mechanically anchored to

HPositronium (Ps) is a meta-stable exotic atom which consists of the bound state of an electron (e™)
and positron (e™).

12Evaporative cooling is a method were the trapped particles are cooled by releasing the "hottest" ones
by lowering the trap potential.

10
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the LHe vessel at the base temperature of 4.2 K. About 3 x 107 p’s are ejected every 100 s
from the AD. After passing through degrader foils, in order to reduce the kinetic energy,
about 10° p’s are trapped in the catching trap. The catching trap is housed in the 5 T
magnet bore and contains high-voltage (HV) electrodes where a trapping potential up to
9kV is appliedE Afterwards, the stored p’s are transferred further down stream through
transfer traps into the ultra-cold trap in the 1 T magnet. It in this trap, the ps have to be
stored and cooled in order to produce cold H atoms in the next step. Note that the tuned
circuit (described in Section is connected to the ultra-cold trap and the cryogenic
amplifier (described in Chapter @ is thermally anchored to the trap support. About 103
et are produced@ and collected in a Surko-type positron accumulator. The positrons are
transferred into the 1 T magnet in front of the the double stack trap at the place of the
sectorized electrode (see Figure . This sectorized electrode is used to invoke a radial
displacement of the positrons [39] in order to store them in the off-axis trap. The final
step for the H production is to accelerate the positrons towards the porous target where
the conversion from positrons into positronium (Ps) takes place. The Ps is then laser

excited and diffuses down to the cold ps and the H formation is triggered (see Figure

)

radial displacement ff_gxis * trap

of e
Z Ps conversion
— . = (.
\ J dn-axis trap

sectorized electrode ultra-cold p trap

Figure 1.5.: Schematic of the trap system placed in the 1 T magnet used for the H
production.

At this point, the voltage applied to the ultra-cold trap is switched in order to give a
(non-linear) accelerating electric field, so that the H atoms are "shot" towards the Moiré

deflectometer.

13The high voltage electrodes are specified up to 20 kV but so far antiprotons were caught at 9 kV.
The positrons are produced by a so-called positron-emitter sodium-22 (**Na) where positrons are
released by a radioactive decay.
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2. Theoretical Basics

2.1. Charged Particles in a Penning Trap

Charged particles can be spatially confined in a stable manner by the superposition of a
homogeneous magnetic field B in axial direction and a perpendicular electrostatic field
E. This special field configuration was named "Penning trap" by Hans Dehmelt who
received the Nobel Prize for his development of the ion trap technique. Dehmelt was
inspired by Frans Penning who refined techniques in order to keep electrons longer in
a discharge tube [22]. A charged particle with charge ¢ and velocity v is pinned to
a magnetic field line by means of the Lorenz-force F = ¢(E + v x B). This leads to
a circular orbit perpendicular to the magnetic field resulting in the cyclotron motion

oscillating with the free cyclotron frequency w. given by

4q
. = —|B]|. 2.1
we=-L1B| 1)

for a particle with mass m and charge q. The cyclotron motion is small in radius and
high in frequency |22|. Due to the electrostatic potential well the stored particle bounces

back and forth along the magnetic field (z direction) with the axial frequency w, given

by
2
w, = 1/ 24D, (2.2)
m

Vo is the amplitude of the trapping potential and d a constant related to the specific

trap geometry and is called effective electrode distance. This equation shows that the
axial frequency of a trapped particle can be varied by "shaping" the potential well (V).
The axial frequency of electrons is about ~ 20 MHz for a potential of about 1 kV.

Since Protons are much heavier than electrons, their axial frequency for the same Vj is

13



Chapter 2. Theoretical Basics

~ 500 kHz. The third eigenmotion of a trapped, charged particle is a slow E x B-drift

called magnetron oscillation with the magnetron frequency w_ calculated by
1
wo =35 (wc —Vw?— wg) . (2.3)

Since the magnetron motion interacts with the cyclotron motion, the net result is the

so-called modified cyclotron motion with frequency w4 given by

1
w4+ = =

5 (wc + Vw2 — wg) : (2.4)

Figure 2.1 shows the three superimposed motions of particles in a Penning trap and their

respective angular eigenfrequencies.

Figure 2.1.: Cartoon of the motion of charged, trapped particles and the projection to
the xy plane. (Adapted from )

Furthermore, there is an invariance theorem that states

14



Chapter 2. Theoretical Basics

2

w? = wl +w? +w? (2.5)

and a frequency hierarchy wi > w, > w_ [22].

2.2. Smith Chart - A brief Introduction

When it comes to high frequency signals it is meaningful to define electrical quantities as
traveling waves rather than static currents and voltages. For this purpose the reflection
coefficient T is defined as the ratio of the electrical field strength of the reflected wave

divided by the forward traveling wave. Another definition for I" is

(2.6)

with Z = R + jX being a general complex impedance and Zy as the characteristic
impedance (i.e. 50 Q). For a one-port the reflection coefficient I is equal to the scattering
parameter (S-parameter) S;;. Phillip Smith invented the smith chart as a graphical
representation of T' in order to help to solve problems involving radio frequency (RF)
circuits and transmission lines . The smith chart is a bilinear Moebius transformation

which is mapping the complex impedance plane (Z-plane) to the complex I'-plane (see

Figure .

X=imag(Z) imag(F’)

S R=real(Z)

. S,

8

Figure 2.2.: llustration of the bilinear Moebius transformation of basic shapes from Z-
plane to I'-plane. (Adapted from )
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Chapter 2. Theoretical Basics

2.3. Parallel Tuned Circuit and the Quality Factor

Since the terms loaded and unloaded quality factor (Q-factor) are often mixed up with
each other it is worthwhile to define these quantities at this point and to show some
interesting aspects which make measurements easier. Figure [2.3| shows the equivalent
circuit for a parallel tuned circuit. The resistor I, represents loss mechanisms and is no

existing hardware component.

Figure 2.3.: Equivalent electrical circuit of a RLC parallel tuned circuit.

Assuming an ideal signal source (Rs — 00), the impedance Z of the equivalent circuit is

calculated by

1
sz1 + jwCp + (jwL)~!

Z(w) = (2.7)
and its trace is depicted in Figure In the complex Z-plane the tuned circuit creates
a circle starting in the so-called detuned short position (v = 0 and ¥ — 00). Resonance

occurs when the inductive and capacitive reactance (Xr and X¢) tune each other out

X, =wL = X¢c = (wCp)~ ! at the resonance frequency vy = wo/(27) = (2m/LC,) L.
In addition to the resonance frequency the quality factor is a figure of merit of tuned

circuits and is calculated by

Q=2 = (2.8)

Vigap — Vi sqp AV

where the difference I/ir3 aB — V_sqp represents the 3 dB bandwidth which is equivalent
to the drop in signal level by a factor of 1/v/2.

There are three different quality factor defined for a tuned circuit [42]:

e Qo or unloaded Q: Q-factor of the unperturbed system (i.e. a stand alone resonator)
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imag(Z) )

V=V.34B
l
|
v=0 |

45 l V=V,
3 |
: real(Z)

|
Vo0 :
l
|

V=Yg

Figure 2.4.: Trace of the parallel tuned circuit in the complex impedance plane. (Adapted

from )

e 1, or loaded Q: Q-factor of the resonator when connected to a source (generator)

and/or measurement device

® (Qcyt or external Q: Q-factor that describes the degeneration of the unperturbed

resonant circuit when connecting peripheral components (e.g. generator)

The three Q-factors are connected in a parallel manner by

1
QL= m- (2.9)
The coupling coefficient « is defined by the unloaded Q divided by the external Q (k =
Qo/Qext). Figure illustrates the graphical representation of the Q-factor definitions
in the Smith chart. This schematic could represent a real measurement result displayed
on a network analyzer and one could easily measure the figure of merit of the tuned
circuit with markers positioned at the dedicated frequencies. The Q-factor definitions
and the corresponding points in the Smith chart are summarized in Table 2.1} Note that
the measurement of Qeyt and Qg is performed in the complex Z-plane and )y, in contrast

is measured in the I'-plane (equivalent to S1; for a one-port).
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locus of real(Z)=imag(Z)

e e 0%
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Figure 2.5.: Frequency points in order to determine the Q-factors of a tuned circuit repre-
sented in the Smith chart. Note that in case of measuring vs5, vg to determine
Qo and v3, v4 to determine Qext the data has to represented in the complex Z-
plane and for v1, v, the data has to be put to the complex I'-plane. (Adapted

from )

‘ definition ‘ symbol ‘ condition ‘ corresponding frequencies in Figure |2.5| ‘
unloaded Q Qo real(Z) = imag(Z) vs and vg
loaded Q Qr maz(limag(S11)]|) v1 and vo
external Q Qext Z=+4j vz and vy

Table 2.1.: Summary of Q-factor definitions and their representation in the Smith chart.
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3. Cryogenic Filter

Since the AEgIS experiment consists of a cryogenic vacuum environment nested in a high
magnetic field, special care has been taken in designing electronic circuits. In order to
provide low-noise DC biasing of the Penning trap electrodes , every connected cable has
to be low-pass filtered. There is a trade-off between removing as much noise as possible
(very low cut-off frequency) and having the possibility to change the electrode potential
in short time (high cut-off frequency). For instance, the axial frequency of the trapped
particles is dependent on the applied potential. In order to change this parameter within
a reasonable time span, the time constant of the electrode bias netvvorkE] should not be
larger than 1 ms, which gives in turn the cut-off frequency of 1 kHz.

All electronic components mentioned in this section are surface mounted technology
(SMT) devices due to spatial constraints inside the 1 T region of the AEgIS apparatus.
Furthermore, when it comes to cryogenic electronics, special care has to be taken when

choosing the devices.

3.1. Behaviour of Electronic Components at Cryogenic

Temperatures and General Considerations

Generally speaking it is better to use low dielectric constant (low-K) capacitors like
NP0/CO0G ceramic dielectric capacitors than high-K ones such as BX, X7R and Z5U. Low-
K material does not change capacitance significantly at cryogenic temperatures [43-45].
For resistors it is advised to use thin film devices rather than thick film ones and metal film
if possible |43|. In some cases where the properties of thick film resistors are appreciated,
for instance because of high voltage rating, then the low temperature behavior has to
be evaluated. Usually thick film resistors show significant increase of resistance around
and below a temperature of 4.2 K [43/46]. Due to this fact they can even be used as low

temperature thermometers [47]. Since cryogenic systems are in general very inaccessible

!Gemma Testera, private communication
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Chapter 3. Cryogenic Filter

the reliability of systems operated in such an environment is tremendously important.
This leads to another important design rule for cryogenic electronics, which is to use

redundancy, if there is space, in order to increase reliability.

3.2. Cryogenic Low-Pass Filter

For the AFEgIS experiment filtering of the cables connected to the recombination trap is
crucial. Since any noise pick up could drive the trapped particles, all lines for biasing

and signal routing connected to the trap need to be low-pass filtered.

3.2.1. Filter Type and Component Selection

Usually low-pass filters with low cut-off frequencies incorporate inductors with ferrite
beads in order to increase the inductance. Such low-pass filters are called LC (inductor-
capacitor) filters and show higher filter performance than RC (resistor-capacitor) filters.
However, ferrite materials lose their permittivity in high magnetic fields and the induc-
tance is basically the same as the inductance of an air coil. Air coils need to be physically
large in order to obtain large inductance values (see chapter [4.1)). As described in section
the cryogenic electronics are operated in a 1 T magnetic field, thus ferrite cores
are not an option. Furthermore, the LC combination in bias networks may cause filter
performance degradation due to resonance effects.

An additional difficulty is that standard 0603 chip resistors have voltage ratings up to
150 V maximum due to degradation caused by high internal electric fields [48]. This
voltage limitation is too low since the electrode bias voltages may be raised up to 200 V
and /or fast pulses for H acceleration or trap clearing pulses with amplitudes up to 200 V
may be applied. Thus there is the need for special high voltage rated chip resistors. A
new type of thick film resistors produced by Ohmcraft (a division of Micropen Tech-
nologies Corporation) has reduced internal electric fields due to higher trace spacing and
thus much higher voltage rating than common chip resistors [48]. The key technology
is to implement narrow lines (fine lines) and narrower spacing by means of high speed
precision direct write deposition [48]|. Table outlines the voltage rating improvements
for different chip packages.

The high voltage chip resistors are available as HVC series from Ohmcraft and chosen
to build a RC low-pass filter. These thick film HVC resistors are typically made of

ruthenium dioxide (RuOg2) mixed with powders of glass |[49]. Ruthenium dioxide is
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chip | trace dimensions |mils| voltage rating [V]
size | conventional ‘ fine line | conventional ‘ fine line
0502 15 x 30 4 x 120 30 300
0603 25 x 40 4 x 160 40 400
0805 40 x 50 4 x 240 50 600
1206 50 x 100 4 x 1000 100 1000
2512 50 x 230 4 x 2600 100 2500

Table 3.1.: Overview of Ohmcraft voltage rating improvements for different EIA chip
sizes (data taken from [48]). The trace dimensions are in thousands of an
inch (1 mil = 25.4 pm).

known to change its electrical resistance significantly [50], which has to be considered in
the filter design. References [50,/51] show that RuOs thick film resistors increase their
resistance value from room temperature to 4.2 K by a factor of two. Chip capacitors in
0603 packages are commonly available with voltage ratings up to 250 V which is high
enough for our purposes. If there is in the future the need for higher electrode bias
voltages beyond 250 V, there are special high voltage capacitors with NPO dielectric
available from Johanson Dielectrics with 0805 capacitors up to 1 kV [52].

o Tel® ol

Figure 3.1.: Schematic of second order low-pass filter.

The general transfer function G(s) of a passive second order RC low-pass filter is

Vout(s) . . 1
- G(S) - (1 + SRlcl)(l + SRQCQ)’

(3.1)

where s = jw in order to obtain the transfer function as a function of frequency. Typically
the resistance times the capacitance is called time constant 7 = RC and is linked to the
corner frequency by w. = 1/(277). Calculating the absolute value of the transfer function

leads to

1
\/(1 + w2R12C1%) (1 + w2Ry2Cy%)

G(jw)| = (3.2)
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3.2.2. Filter Design and Layout

The low-pass filter is directly attached to the Penning trap electrodes which means that
the corner frequency should not be too low in order to apply voltage changes within a
reasonable time. As mentioned at the beginning of this chapter, a good choice for the
time constant of the bias network connected to the ultra-cold trap in the 1 T region is
about 1 ms. Hence, the corner frequency v, (see Figure is set to 1 kHz (angular

frequency w. = 27v,) and is calculated by

_ 1 Ri=Ro=R_ 1
21/ R1RoChCy C1=Ca=C 2rRC”

(3.3)

Ve

Note that the corner frequency of the second order low-pass filter is the same as for a first
order low-pass filter. Since the second order filter shows steeper fall off after the corner

frequency v, the —3 dB cutoff frequency has to be corrected for higher order filters by

/1
Veutoff,—3dB = Ve 2n —1 (34)

where n denotes the filter order.

The 0603 NPO capacitor with a voltage rating of 250 V is commercially available with
a capacitance of at most 100 pF. Plugging the capacitor value of 100 pF into equation
for the corner frequency of a second order low-pass filter under the assumption that
Ry = Ry and Cy = (s, gives a resistance value of Ry = Ry = 1592 k2. As mentioned
at the beginning of this chapter, it is advised to use redundant electronic designs in
cryogenic environments. In case of the low-pass filter the choice is to implement every
component twice in parallel. Furthermore, due to the fact that the RuOs thick film
resistors double their electrical resistance when cooled from 290 K down to 4.2 K, the
effect of putting resistors in parallel is compensated, and the change of the capacitance
value over the temperature is negligible. This leads to a final theoretical value for the

resistors R; and Ry of 796 k2 for a corner frequency of 1 kHz and 200 pF capacitance.

However, the chosen resistance is 681 kQ with 0.5% tolerance (Ohmecraft product identifi-
cation HVC0603E6813DT) because these resistors were available as samples for prototyp-
ing. Plugging the resistor value into equation (3.3) gives a theoretical corner frequency
of 1.168 kHz at 4.2 K temperature.
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The final filter design is shown in Figure 3.2 The filter PCB layout for two low-pass
filters on one board is depicted in Figure 3.3

681kQ 681kQ
I —

1
| | |
681kQ 681kQ
Vm — p—
100pF 1

—— Vou
100pF  100pF OOpFl '
i 1 1 i

Figure 3.2.: Schematic of the final low-pass filter design.

25 mm

10 mm

Figure 3.3.: PCB layout of the final low-pass filter design.

3.2.3. Cryogenic Low-Pass Filter Performance Measurement

The first value to verify was the estimate that the 681 k{2 RuOs thick film resistor doubles
its electrical resistance when cooled from 290 K to 4.2 K. For this purpose the filter PCB
shown in Figure [3.2] was assembled with two 681 k() in series in order to obtain a closed
electrical circuit (compare R; and Ry in Figure . The PCB was directly cooled by the
convection of helium gas in a cryostat. The result of the resistance measurement from
room temperature (index 290 K) to 4.2 K is summarized in Table The theoretical
value for Ry and Ry in series is (1362 £6.81) k2 at room temperature.

The measured resistance values are in good agreement with the results presented in [50,51]
for thick film RuOs, resistors at cryogenic temperatures. Using the measured increase of

the resistance and updating the corner frequency at 4.2 K temperature gives 1.025 kHz.

The filter performance was measured by means of a high impedance vector network
analyzer (VNA) Agilent E5061B. Usually the filter transfer characteristics would be
measured using a 50 2 measurement environment. Since the designed filter has more
than 1 M) impedance this would lead to an immeasurable voltage drop on a 50 €2 input
impedance due to the given voltage divider. The network analyzer E5061B has an input
impedance of 1 M2 and can measure signals from 5 Hz to 30 MHz [53]. Figure shows
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temperature K| ‘ R1 + Ry [kQ] ‘ (Ry + RQ)/(RLQQOK + R27290K) ‘

290.0 1361 1.00
12.0 1578 1.16
10.0 1616 1.19
8.0 1690 1.24
6.0 2310 1.70
5.1 2750 2.02
4.9 2846 2.09
4.7 2938 2.16
4.6 2993 2.20
4.5 3037 2.23
4.4 3069 2.25
4.3 3098 2.27
4.2 3104 2.28

Table 3.2.: Summary of resistance measurement of Ohmecraft 681 k{2 RuOs resistors
(HVCO0603E6813DT) as a function of temperature.

the measurement setup and the schematic for the filter transfer function measurement.
For this purpose the filter is housed in a metal box and connected via SMA sockets
soldered onto it. The ground (GND) connection is realized with two screws. The VNA
is running in T/R (transmit/receive) mode in order to measure directly the transfer
function of the filter. This is done by using the input T and R as high impedance
probes while the output LE OUT is providing the filter input signal (Viy). In order to
obtain accurate and flat transfer function measurements the signal path has to be thru

(transmission) calibrated.

Esoe1B _ _ _ _ _ _ _ _ _ _
| 1
| 500 '
| Mo M| LFoutV !
oS D S A I = ]
—
[Pl
1 T

Figure 3.4.: (left) Measurement setup for Network Analyzer in T/R mode. (right)
Schematic for filter transfer function measurement with Network Analyzer.

Figure shows the measured transfer function (T/R traces) for 290 K and 4.2 K
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temperature. Note the offset of more than —8 dB at 4.2 K (and about —4.5 dB at
290 K) temperature is produced by the resistive divider 681 k2 x 2.28 = 1.552 M (filter
impedance between input and output) and 1 MQ (network analyzer input impedance;
compare Figure . The theoretical value for the offset at 4.2 K is calculated by
1 MQ/(1 MQ + 1.552 MQ) = 0.392 in linear terms and 20 log(0.392) = —8.14 dB on a
logarithmic scale. The ripple between 10 and 100 Hz is an artifact of the VNA calibra-

tion.

magnitude [dB]

- - -second order low-pass @ 4.2K
——second order low-pass @ 290K

_130””\1 I \\\\\\\‘2 I \\\\\\\‘3 I \\\\\\\\4

10 10 10 10
frequency [Hz]

Figure 3.5.: Measured transfer function of the second order low-pass filter at 290 K and
4.2 K temperature.

The offset corrected transfer function as well as the comparison to the theoretical filter
curve is illustrated in Figure [3.6l The extrapolated lines are meant to guide the eye to

the corner frequencies.

Note that the slope of —40 dB/decade is in perfect agreement with the theory . Table
[3-3] summarizes the corner frequency values. The reason for the discrepancy between the
theoretical and the measured values is caused by the measurement setup, including the
VNA input impedance of 1 MQ/30 pF and the used coaxial cables. The reader
is referred to chapter for more details on the measurement setup and the filter
simulation. The following section describes how the low-pass filter is modified in order

to bypass fast voltage pulses or sinusoidal signals.
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Figure 3.6.: Offset corrected transfer function of the second order low-pass filter at 290 K
and 4.2 K temperature shown with theoretical filter curves.

| temperature [K] | theorectical v, [Hz] | measured v, [Hz] |

290.0 2337 1667
4.2 1025 867

Table 3.3.: Summary of the characteristic values of the second order low-pass filter.

3.3. Cryogenic Amplitude Dependent Low-Pass Filter

In chapter 2.1] it was mentioned that particles stored in a trap may be manipulated
by externally applied electric signals. In general these signals are either fast pulses or
of sinusoidal waveform. However, in either case these signals would be rejected by the
low-pass filter described in section [3.2.2] In order to overcome this limitation, Schottky
diodes in parallel with the low-pass filter (see Figure can be used to bypass signals
that have a larger amplitude than the threshold voltage of the diodes. These filters are
commercially available by Stahl-Electronics for instance, but they were not used since
a different filter specification is needed for the AEgIS experiment. Since diodes exhibit
nonlinear current versus voltage behavior or in general nonlinear transfer behavior (see
Figure , the amplitude dependent filter utilizing diodes is also called a nonlinear

26



Chapter 3. Cryogenic Filter

filter.
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Figure 3.7.: Schematic of the nonlinear low-pass filter design without redundancy.

3.3.1. Component Selection

The low-pass filter design and its components are identical to the one shown in section
[3:2:2] The selection of the Schottky diode is done by minimizing its impact on the low-
pass filter performance. Usually special semiconductors with a small band gap [56] are
chosen for operation at cryogenic temperatures. One of the most common semiconductors
for cryogenic electronics is gallium arsenide (GaAs) since it does not suffer from the carrier
freeze-out effect like silicon (Si) does [56|. There are GaAs Schottky diodes available, like
DGS 20-015A and GS8DI25104 from IXYS company. These devices may work very well
at temperatures below 10 K, but their junction capacitance is very large (of the order of
4 to 10 pF at negative biasing voltages of more than 100 V; for details see [57,/58|). Since
the diodes’ junction capacitance is in parallel with the low-pass filter it tremendously
reduces its performance by bypassing it permanently. This effect gets even worse at
higher frequencies. Thus, the choice of the diode is limited to devices with a small junction
capacitance. Fortunately, Si Schottky diodes exhibit very low junction capacitance values
of <2 pF at zero bias voltage like, for example, the the Infineon BAS70 [59]. The freeze-
out of Si below 30 K is not an issue in this case since the device is passive and an increase of
the resistance due to reduced charge carrier density does not influence the diode behavior
in a negative way. In other words, the Si diode works at 4.2 K temperature.

Another important diode parameter is the maximum forward current, which is 70 mA
for the BAS70. The load current i, for a 200 V pulse with a rise time of about 100 ns

into a Penning trap capacitance Cirap of 20 pF is approximately given by

. dv
le = EC’trap ~ 40 mA, (3.5)
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where dv/dt denotes the change of voltage with time. Thus, the Si Schottky diode BAS70
is suitable for the purpose of bypassing the low-pass filter.

3.3.2. Filter Design and Layout

In order to increase reliability by redundancy, the Schottky diodes are implemented
threefold which reduces the forward current for each diode and to have more leeway for
upcoming more demanding requirements. In this section a pair of Schottky diodes is
referred to as one diode since they have to appear for the purpose of bypassing in pairs.
The schematic of the nonlinear filter design is shown in Figure [3.8] its PCB layout in
Figure and Figure shows a photograph of the populated filter PCB bolted into
a shielded box with two and three diodes.

Ds
D3 ENE‘:IDG
D
D

2

1
| I

681kQ 681kQ
1 ] .
| I | I

681kQ 681kQ

Vin j— — Vout
100pF 100pF 100pF IOOpF
1

Figure 3.8.: Schematic of the nonlinear low-pass filter design.

23 mm

19 mm

Figure 3.9.: PCB layout for the nonlinear low-pass filter.
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Figure 3.10.: Photograph of the filter PCB mounted in a shielding box.
3.3.3. Filter Performance Measurement

The nonlinear low-pass filter is again housed in a metal box and the transfer function
is measured as already described in section Since the diodes should not bypass
any signal for this measurement, the LF OUT source power (see Figure was set to
—20 dBm (=10 pW). Figure [3.11] shows the nonlinear low-pass filter transfer function at
290 K and 4.2 K temperature with two and three diodes for bypassing. For comparison,
the transfer function of the low-pass filter is inserted in the same figure to show the
performance degradation in detail. The filter transfer function shows a minimum and
then converges to a constant value. This feature is caused by the diode capacitance in

parallel to the low-pass.

Table summarizes the nonlinear filter performance. While at 290 K one additional
diode reduces the filter performance by about 10.8 dB, at 4.2 K the gap is only 3.5 dB.

Moreover, the nonlinear filter performance with two diodes is closer to the normal second
order low-pass one (see Figure [3.11)).

Since the current overhead with two diodes is large enough for a Penning trap with 20 pF
capacitance and the nonlinear filter performance is much better than with three diodes,

the two diode design is chosen for the experiment.
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——nonlinear filter with 3 diodes @ 290K
——nonlinear filter with 2 diodes @ 290K
-40r- —nonlinear filter with 3 diodes @ 4.2K
——nonlinear filter with 2 diodes @ 4.2K
second order low-pass filter @ 290K
——second order low-pass filter @ 4.2K

magnitude [dB]

10’ 10° 10° 10* 10°
frequency [Hz]

Figure 3.11.: Normalized transfer function of the nonlinear low-pass filter and the second
order low-pass filter for comparison.

magnitude at 100kHz
temperature [K| | 2 diodes [dB]| ‘ 3 diodes [dB]

290.0 —-36.4 —25.6
4.2 —47.2 —43.7

Table 3.4.: Summary of the measured characteristic values of the nonlinear filter.

Another interesting aspect of the nonlinear filter is the bypassing performance in the
time domain. For this purpose a signal generator is attached to the filter input and
an oscilloscope with 1 M) input impedance at the filter output. Figure shows the
electrical measurement setup. The test signal is a sine wave Vi, with 1 MHz frequency
and the peak-to-peak amplitude (Vinpp) is swept. Note that for this measurement no

pulser was used.

The result of the input voltage sweep versus output voltage measurement is shown in
Figure The threshold voltage of the diode BAS70 is shifted towards higher voltages
upon cooling to 4.2 K temperature which gives higher suppression of spurious signals

with amplitudes up to 100 mVy,.

Figure [3.14] shows the filter output signal at 290 K and 4.2 K temperature for a voltage
pulse of 20 V amplitude, 400 ns pulse width and 5 ns rise and fall time. The plot depicts
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Figure 3.13.: Input voltage sweep versus output voltage for IMHz sine wave signal.

an average over b0 pulses taken with a repetition rate of 100 Hz. The ripple on the data
is due to mismatches in the signal chain, especially between cable and oscilloscope as well
as cables and filter (see Figure . The filter impedance is quoted as approximately
1 MQ in Figure [3.12] since the resistive part is about 681 kQ at room temperature and
about 1.5 M at 4.2 K. A pulser was used in order to amplify the signal generator output
signal to an amplitude of 20 V. Table 3.5 summarizes the rise and fall time measurement
results for the nonlinear filter with 2 and 3 diodes. The 20% to 80% rise and fall time
definition are chosen in order to reduce the influence of the ripples. The pulse rise and fall
time is degraded by the nonlinear filter, but both quantities are significantly well below
the specified maximum of 100 ns. Note that there is practically no difference between

the timing behavior of the nonlinear filter with two diodes at 290 K and 4.2 K.
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condition temperature [K]| ‘ rise time [ns] ‘ fall time |ns| ‘
without filter 290.0 28 30

2 diodes 290.0 67 45

2 diodes 4.2 66 44

3 diodes 290.0 65 59

3 diodes 4.2 65 59

Table 3.5.: Summary of the rise and fall time measurement of the nonlinear filter.

22r

20~
19F

17~

15~

amplitude [V]
©
T 1

~
T

- - -290K 3 diodes
——4.2K 3 diodes
-=- 290K without filter
4.2K 2 diodes
-+ 290K 2 diodes

_ | | | |
—gOO -450 -400 -350 -300 -250 -200 -150 -100 -50 0 50
normalized time [ns]

|
100

150 200 250 300 350 400 450 500

Figure 3.14.: Pulse response of the nonlinear filter for different conditions.
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4. Design and Construction of a Tuned

Circuit

Tuned circuits connected to a Penning/ion trap may be used to obtain information about
the particles confined in the trap. The most important advantages of using a tuned circuit

are:
e Narrow bandwidth of noise coming from connected devices.
e High impedance values at relatively high frequencies are possible.

e Trapped particles are strongly coupled to the environment within a narrow band-

width only.
e Parasitic trap capacitance is tuned out.

A tuned circuit is in general realized as an inductor (L), which gives an RLC parallel
resonant circuit. The R component is referred to as effective resistance R, and C' (here
() is denoted as parallel capacitance. Usually C' is a parasitic capacitance and should be
reduced. Often a tuned circuit connected to the electrodes of a Penning trap is referred
to as a tank circuit. The tuned circuit and a simplified cylindrical Penning trap with
three stacked electrodes are shown in Figure As already described in chapter
one of the three eigenmodes of trapped particles is the axial motion along the magnetic
field (B-field).

Penning trap

iP
B % to further signal

Vo DR" —c, L processing

Figure 4.1.: Simplified schematic of the axial detection system with a cylindrical Penning
trap.
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These particles are confined, moving charges which induce mirror charges on the trap
electrodes. The conducting electrodes of the Penning trap can be represented by a
parallel-plate capacitor in a simplified manner [60]. A single charged particle between

this parallel-plate capacitor induces a current

. qUug
Iy =7

(4.1)

where ¢ is the particle’s charge, v, stands for the particle’s velocity perpendicular to the
capacitor plates and d is the separation of the capacitor plates. In general, i, is a tiny
quantity which depends on the trap geometry and the number and charge of the stored
particles. However, this induced current 7, produces a voltage drop v, across the RLC

circuit, which is calculated by

Up = ipRp = iprLQL (4.2)

in this case the particles’ axial frequency w, and the detector resonance frequency wy =
2mvy = 2m(LC,) ™! are identical. In order to maximize the voltage drop and to obtain
high sensitivity, one has to increase the system’s loaded quality factor (;, by means of
reducing losses since the Q-factor is defined as the ratio of stored energy to energy loss
per cycle. The reader is referred to section for details on Q-factor definition.

The differential equations describing ions bound in a Penning trap are identical to an L.C
circuit (I, and ¢,) [60]. Figure shows the equivalent circuit for harmonically bound
ions in an ideal Penning trap, where the Penning trap itself (compare Figure is
represented as a parallel-plate capacitor. The voltage noise source ey, g, represents the

thermal noise of the effective parallel resistor R,,.

Ip

o

XL |
il

Figure 4.2.: a) Penning trap represented as parallel-plate capacitor with confined ion. b)
Equivalent LC circuit for the trapped particle(s) at resonance. Note that R,
in b) is ideal (noiseless).

a)
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The detection principle is based on the shorting of the resonant system’s thermal noise
spectrum in case of matching resonance between resonator and trapped particles (vy =
v,). This shorting of the detector’s noise spectrum is also referred to as "particle-dip"
or "noise-dip". Figure shows examples for such noise spectra for different numbers
of trapped particles. Without particles stored in the Penning trap, the noise spectrum
exhibits a Lorentzian shape. Already a single confined particle shorts the noise spectrum
[61]. The separation of the two newly created maxima is a function of the number of
particles n stored in the trap. For few particles the separation of the peaks is directly
proportional to the number of particles stored in the trap [62]. Thus, the use of a
detection system gives information about the number of the stored particles and whether

they are in thermal equilibrium with the ambient temperature.

n=10°

amplitude

—_—
-400 -300 -200 -100 0 100 200 300 400
frequency - v, [Hz]

Figure 4.3.: Shorted noise spectra for different particle numbers n. The x-axis is normal-
ized to the particle’s axial frequency v,. (Adapted from [62])
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In addition to detecting trapped particles, a high-Q detection system performs so-called
resistive cooling on them. The ions’ kinetic energy Ey;, is dissipated in the tuned circuit
effective parallel resistance R, by means of Pyiss = if,Rp. The damping is proportional to

the velocity of the ion motion, and the energy in this mode decays exponentially by [63]

2
et R
Fiin = Ege Mt withy = — =2, 4.3
k 0 with 7y m d2 (4.3)
where Fy stands for the initial energy before cooling, v is the cooling time constant, d

denotes the effective Penning trap diameter, m the ion mass and ¢ the ion charge.

At low temperatures a dense cloud of charged particles will form a plasma with the Debye

~1/3

length Ap and the interparticle spacing ng which is much smaller than the size of

the plasma [|64]. The Debye length gives the scale over which charged particles screen

out an external electric field and is calculated by

eokT
= 4.4
AD =/ 2110 (4.4)

where q is the particle charge and 1" its temperature, ng stands for the particle density,

€0 is the vacuum permittivity and k is the Boltzmann constant. In a Penning trap such
a non-neutral plasma has a spheroidal shape (see Figure and it performs oscillating
motions which are called plasma modes. The observation of these plasma modes is used
as a nondestructive method for obtaining information on the plasma density and shape

(aspect ratio) [65].

non-neutral plasma

b

Figure 4.4.: Schematic of an ion cloud and its spatial dimension (aspect ratio oo = b/a).
(Reprinted from [66])
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4.1. Resonator with Superconducting Coil

The resonator specification for AEgIS for detection and cooling are: a resonance fre-
quency 20 MHz, a loaded quality factor (Qp larger than 2000 and a trap capacitance Cr
of aboutE] 20 pF. These values already give the coils’ inductance L ~ 3uH and thus its
ideal geometry for a high Q-factor (high-Q), since

D d
~ 15, Brb+ > Qo ~ 2D/ and D~ 0.55, (4.5)

Ul o

where D is the diameter of the resonator (inner shield diameter) and B the inner shield
length, d the inner coil diameter and b the coil length. The geometric dimensions are in
mm and the resonance frequency vg is given in MHz. The rule of thumb equations for
an ideal high-Q helical resonator are taken from [67]. These equations were empirically
developed for a single-layer copper coils, housed in a copper shield and supported by

means of a low-loss material. Figure shows a sketch of a helical resonator.

D

A
A

d

Figure 4.5.: Outline sketch of a helical resonator.

In order to show why it is meaningful to use superconducting (SC) wire for the helical
resonator, the aforementioned values (Qo = 2000 and vy = 20 MHz) are plugged into
equation and an inner shield diameter D ~ 227 mm is obtained. The resonator Q-
factor is clearly a geometrical factor and the larger the resonator, the larger its Q-factor.
Moreover, it is not feasible to increase the resonator’s parallel resistance by means of

a ferrite core since the resonator will be embedded in a 1T magnetic field. In such an

!Gemma Testera, private communication
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environment a ferrite core would saturate, and the coil’s inductance would be too large in
order to maintain a resonance frequency of 20 MHz. The ultra-cold region of the AEgIS
experiment is very limited in space. For that reason the coil inner diameter was chosen as
d ~ 10 mm. Table summarizes the design parameters of the superconducting helical
resonator. The design rule of d/D = 0.55 was modified to 0.5 in order to allow for more

space for the coil cabling inside the shield.

The number n of turns needed in order to obtain an inductance of 3 uH is about 24,

when using the equation for air coils taken from [68]:

n?d®

LluH = %
WH] = o154

(4.6)

Since a metallic shield is used to complete the resonator, the effective resonator induc-
tance is reduced due to the mutual inductance of the shield, which is expressed as a

correction term [69]:

2n?d® |, d\* b >
The effective inductance is about 20% smaller than the theoretical inductance of an air

coil, thus the number of turns has to be increased to about 29 in order to obtain the

specified inductance of 3 pH.

parameter value
inductance ~ 3uH
resonance frequency 20 MHz
trap capacitance to tune out 20 pF
coil inner diameter 10 mm
coil length ~ 15 mm
coil turns ~ 29
shield inner diameter 20 mm
shield inner length 26.5 mm

Table 4.1.: Summary of resonator’s design parameters.

There are other groups [61-63,70./71] who have developed tuned circuits with high quality
factors in order to incorporate them into a cryogenic detection system. Unfortunately
none of them matches in size, resonance frequency and material used for a direct com-

parison. Some of them are made of copper wire since it is believed that there is no
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higher Q-factor achievable when using a superconducting (SC) wire [70]. This opinion is
motivated by the fact that the increased surface resistance of a type II superconductor,
e.g. niobium-titanium (NbTi), will not allow higher Q-values than using a highly pure
copper wire with a high residual resistivity ratio (RRR = p(4.2K)/p(300K); p stands for
the electrical conductivity) value. The surface resistance of NbTi is a function of tem-
perature, frequency and magnetic field [70], and it is not clear from the literature which
material could lead to an increased Q-factor at higher frequencies. However, in order to
reduce the size of the resonator, a polytetrafluoroethylene (PTFE) insulated NbTi wire
with a metal diameter of 250 um (GVLZ012 from GVL Cryoengineering company) was
chosen. PTFE (brand name teflon) is a very useful material for a resonator due to its
very small dielectric loss tangent tan(d) ~ 107 at 4.2 K and 90 MHz [72]. Furthermore,
teflon is machinable and cheap. That is why every non-metal part of the resonator like
the coil body was made out of teflon. However, the amount of teflon used in a resonator
has to be minimized since it has been shown that dielectric losses scale with the teflon

volume [73].

Figure [4.6]shows the exploded view of the resonator with the shield and the bottom made
of oxygen free (OFE) copper. The screw connecting the coil to the copper support at the
bottom and the coil body are made of teflon. Note that the connection wires and the SMA
socket are not shown. Furthermore four screws are needed to complete the resonator by
screwing the copper can to the support. A photograph of the resonator is shown in Figure
[4.7 The copper shield was polished in order to reduce surface roughness and remove
impurities. The NbTi wire is fixed with a PTFE adhesive tape since the wire is quite

stiff and it would be almost impossible form a coil without fixing the wire additionally.

4.2. Characterization of the Superconducting Resonator

Since the tuned circuit has to be evaluated at 4.2 K temperature, the measurements
necessary for the characterization of the superconducting resonator were conducted in a
liquid-helium cryostat. The sketch in Figure shows the cryogenic measurement setup
to obtain the characteristic values of the resonator. Note that the network analyzer
Agilent E8358A is coupled capacitively to the resonator by means of a low-loss coupling
capacitor (Johanson Technology) C. = 0.2 pF and that there is only one cable connected

since the measurement is done in reflection mode. Details of the cryogenic measurement
setup are shown in section
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Figure 4.6.: Exploded (left) and cross-sectional view (right) of the resonator with copper
shield.

In this way, the network analyzer reads the complex reflection coefficient I' of the con-
nected device, and its complex impedance is calculated by T' = (Z — Zy)/(Z + Z).
The measurement system has a characteristic impedance Zy = 50 € thus the complex
impedance Z can be deduced and all three Q-factors are obtained as described in chapter
23] In order to measure the unknown coil inductance L and its self-capacitance Cy the
resonator was operated at its self-resonance v and then tuned to vy ~ 20 MHz by means

of a known parallel capacitance Cp,. Thus, the two equations

1 1

d vo =
T S JI(Cs 1 Cy)

(4.8)

with the two unknown values L and C; can be solved by
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Figure 4.7.: Photograph of the resonator with copper shield.

2 2
= () - () ) L ade, = —S
211 2TV, Cp <$)2 1

After having characterized the resonator, the Q-factors were measured. Note that there

is not only the advantage of having only one measurement cable when characterizing

the resonator by means of reflection measurement, it also allows to measure the loaded

and unloaded @ (Qr and Qq) at the same time. The alternative would be to measure

either the loaded @ or unloaded @ in transfer mode by using two measurement cables.

Moreover, the coupling capacitance C. would have to be changed for either measurement,

which is quite time consuming since the device under test (DUT) is placed in a 4.2 K

environment. For the reflection measurement and the calculation of the Q-factors the

following measurement protocol was applied:

1. Calibrate the whole signal path of the cryogenic measurement setup including ca-

bles, feedthroughs and connectors at room temperature.

2. Measure the complex reflection coefficient I' and represent the data as complex

impedance Z with the DUT connected at 4.2 K.

3. Correct the positive offset due to reduced loss, thus normalize the measured trace to

0 dB. In the Smith chart this normalization is equal to the shrinkage of the circular

trace in order not to exceed the chart which is impossible for passive devices.

4. Rotate the Z trace by ® to the detuned short position. Note that this operation is

not an electrical delay but a rotation by means of Z,,; = Zel® since an electrical

delay changes the parametrization of the Z trace.
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network analyzer

3 feed-thru

resonator

e

Figure 4.8.: Sketch of the cryogenic measurement setup to obtain the resonator’s charac-
teristics. Note that support structures are not indicated.

5. Identify the frequencies points that satisfy the conditions shown in Table to
obtain Yy and Q.

The measurement protocol was implemented in Matlab (MathWorks) and verified with
synthetic data generated with Advanced Design System (ADS) from Agilent (see section
for details). Figure shows the result of the amplitude normalization step 3
in the Smith chart and the magnitude mapped on linear frequency axis normalized to
resonance frequency 1. Note that the amplitude is normalized so that it would reach

0 dB asymptotically.

The trace of Z, rotated to the detuned short position in the Smith chart, as well as its
real and imaginary part are shown in Figure[d.10] At the two points where the difference

between real(|Z|) and imag(]Z|) equals zero, the condition for unloaded Q) is given.
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Figure 4.9.: Amplitude normalization of the Z trace a) shown in the Smith chart and b)

shown as magnitude mapped to linear frequency axis (step 3).

The measurement result for two resonators (# 7 and # 10) is summarized in Table
and [£3]

The measured factor of ~ 0.82 of the reduced inductance due to the presence of the copper
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Figure 4.10.: a) Rotation of Z to the detuned short position. b) Absolute values of
real(Z), imag(Z) and real(Z) — imag(Z) (step 5).

shield is in good agreement with the calculated value of 0.8 using equation (4.7)).

Mounting the resonator, made of a superconducting coil, in a high magnetic field may
lead to a reduction of the quality factor by about 20% at 1 T external magnetic field due
to dissipative losses caused by the perturbed superconductor [70].
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parameter value
| |

without copper shield

inductance 2.82 uH
self-capacitance 2.9 pF
equivalent parallel resistance 2.2 MQ
tuned resonance frequency | 20.102 MHz
unloaded Q 19310
loaded Q 7660
self-resonance frequency 55.621 MHz
unloaded Q 3020
loaded Q 1330

Table 4.2.: Summary of resonator # 7 properties on teflon support without copper shield.

] ‘ without copper shield | with copper shield

inductance [puH]| 2.2 1.8

self-capacitance |pF] 1.6 2.2
tuned resonance frequency [MHz| 23.304 25.230
unloaded Q 3614 8426
self-resonance frequency [MHz] 84.422 80.545

Table 4.3.: Summary of resonator # 10 properties on teflon support without and with
copper shield.

4.3. Crystal Resonator

As described in more detail in |74] it is proposed to connect a crystal resonator to the
Penning trap instead of the aforementioned LC circuit. This leads to several advantages,
such as smaller physical dimensions for the same or higher Q-values, and no Q-factor
degradation when mounted in high magnetic fields. Furthermore, the quartz resonator
can be operated continuously over temperature, which gives the possibility to perform
upfront measurements/optimization at room temperature . Crystals are widely used as
oscillators because of their precise resonating frequencies. A crystal resonator exhibits a
very high Q-factor due to the mechanical resonance of a vibrating piezoelectric material.
Quartz materials are the most commonly used crystals. The orientation of their cuts from
a natural crystal results in different piezoelectric properties, e.g. resonance frequency and
temperature coefficient [75]. Figure shows the orientation of such crystal cuts. The
most common crystal cuts are single rotation (so-called AT-cut; ¢ = 0° and © = 34°)
and the double rotation (so-called SC-cut; ¢ = 22° and © = 34°) |75].

45



Chapter 4. Design and Construction of a Tuned Circuit
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a) b)
Figure 4.11.: a) Orientation of different cuts in natural quartz crystal. b) Definition

of the crystal cuts by two rotation angles ¢ and © with respect to the
crystallographic axes. (Figures adapted from )

Once the quartz crystal is cut with respect to its crystallographic axes (see Figure [4.11)),
the crystal element is mounted on a holder which also provides the electrical connection

to the electrodes plated on the quartz as shown in Figure a).

glass housing

crystal disc

crystal holder

|
\

Z(v)
leads Cs L Ri

a) b)

Figure 4.12.: a) Quartz resonator in evacuated glass housing. b) Equivalent electrical
circuit of a crystal resonator.

The electrical equivalent circuit (so-called Butterworth Van-Dyke model) of a crystal

resonator including the holder is shown in Figure b). Its components are:

e () is the shunt capacitance - parasitic capacitance including capacitance between

electrodes, crystal holder, leads and enclosure.
e (] represents the motional capacitance which originates from mechanical elasticity.

e [ stands for the motional inductance caused by mechanical inertia.
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e [, is the motional resistance which represents the mechanical losses of the resonat-

ing system.

The definition of a frequency-dependent complex impedance Z,,(v) is used later on in

order to simplify electrical schematics and is calculated by

[(801)_1 +sli + Rl] (SC{))_l
(sC1)~' 4+ sLy + Ry + (sCp)~ !

Z,(s) = (4.10)

for s = jw = j27v. This equivalent circuit represents a series and a parallel tuned circuit

with the respective resonance frequencies

1 i . C1
s = ———— and v, = vg/1+ —. 4.11
v VL O and v, = v, +C (4.11)

The parallel resonance, also called anti-resonance, occurs when the inductance L; tunes
out the parallel combination of Cy and C;. Note that the equivalent circuit only describes
one pair of resonance frequencies (v, and /,). Since the aim is to obtain high impedances,
the series resonance is not interesting for this purpose. Quartz resonators may exhibit
higher-order spurious modes which are described by different equivalent component val-
ues. Usually crystal resonators are sealed within an inert gas atmosphere e.g. nitrogen
(N). This would lead to a problem when used at environmental temperatures below the
freezing point of the gas. Hence, a quartz resonator operated at 4.2 K has to be sealed
under vacuum. The resonator 404-29/231 produced by KVG Quartz Crystal Technology
is a vacuum sealed, AT-cut quartz which resonates at 19.44 MHz (see Figure . It
has been shown that quartz crystals are operable at cryogenic temperatures and in high
magnetic field |76,77]. Typical values for equivalent components of the 19.44 MHz quartz
are given in Table [f:4] The nominal load capacitance of this quartz is 25 pF in order to

obtain the nominal series resonance frequency of 19.44 MHz.

’ equivalent component ‘ value ‘
Ly 13 mH +20%
R, max. 40 Q
Ch 5.15 fF +20%
Co max. 2.5 pF

Table 4.4.: Typical values for the KVG quartz resonator 404-29/231. Values are taken
from the datasheet.
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Moreover, the parallel resonance frequency of the quartz resonator can be tuned by means
of an additional parallel capacitance. In order to allow for dynamic tuning, a varactor
diode is used. Figure[£.13]shows the schematic of the whole tuned circuit setup including

quartz resonator, varactor diode and signal sources.

X
\D\
[ ]]

Y z
e, vl
Vs Ce C diode (Vdiode)

Rs

Zs

Vdiodei

Figure 4.13.: Quartz resonator schematic with varactor diode for tuning the parallel res-
onance frequency. See text for the component values.

The tunability of the resonating circuit is calculated by inserting the additional parallel
capacitance C}, into equation (4.11)), yielding

with § := 4 | W tov, = . (4.12)
P

C), represents the series combination of the DC blocking capacitance Cy and the varactor

diode capacitance Cgjoqe and is calculated by

CyCliode

= Cp + Cdiode (419)
¢ is defined as tunability factor (see equation ) which gives £ ~ 1.00103 for C}, — 0
at the nominal parallel resonance frequency v, (for the case without parallel tuning
capacitance) and § = 1 for C), — oo at the nominal series resonance frequency v,. In other
words, the tunability span theoretically ranges from vy = 19.44 MHz to 1.00103 x vs =
19.46 MHz. Thus, the theoretical tuning span is about 20 kHz (see Figure . The
diode capacitance is a function of the applied voltage Cqiode(Viiode). In order to achieve
a tunability of the quartz resonator comparable to the bandwidth of the LC circuit
shown in Table the parallel capacitance C}, has to be chosen in order to change the
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parallel resonance frequency by at least 3 kHz. Moreover, the blocking capacitor Cj has
to be larger than the minimal diode capacitance Cgiode,min Since the lower capacitance
dominates in a series configuration. However, the theoretical frequency change versus the
added C), is shown in Figure . This leads to the specification of C), to lie between
0 pF and 3 pF. Since no varactor diode provides a Cgiode,min €qual to 0 pF, a diode
with a very small Cgiode,min and a wide tuning range (large Cgiode max/Cdiode,min) has
to be chosen. A wide tuning range also allows to operate the varactor diode in its low-
loss states without compromising the minimal bandwidth of 3 kHz. Moreover, the diode
should be operable at 4.2 K without major changes in the tunability, thus devices based on
silicon have to be avoided [78,79]. The GaAs varactor diode MA46461 from M/A-COM
Technology Solutions Inc. was chosen because it has a high total capacitance ratio of
Cdiode,max/Cdiode,min = Cdiode,2v/ Cdiode,20v = 5.6 With a Cgiode,min = Cdiode,20v ~ 1.3 pF
(see Table , it is a low-loss device and since it is made of GaAs it is expected not to
substantially change its properties when cooled to 4.2 K |7§].

capacitance [pF] \ diode voltage [V] ‘

7.12 2
4.54 4
1.27 20

Table 4.5.: Specification of the M/A-COM varactor diode MA46461 given in the
datasheet.

The blocking capacitor was chosen as Cj ~ 2 pF since Cj, > Cgiode,min, and the tuning
range in terms of frequency should be more than 3 kHz (see Figure [4.14]).

Plugging the specification of the MA46461 diode into equation (4.13|) gives a capacitance
range of the parallel capacitance from C)p min = 0.78 pF to Cp max = 1.56 pF.

4.4. Characterization of the Crystal Resonator

The cryogenic measurement setup described in chapter was used for the charac-
terization of the quartz resonator. In order to measure the high impedance behavior of
the crystal resonator at its parallel resonance frequency, the quartz including the block-
ing capacitor and tuning varactor diode or varicap (see Figure was measured in
transmission mode within the 50 Q environment of the highly sensitive vector network
analyzer (VNA) E5071C from Agilent. Figure shows the electrical equivalent circuit

of the measurement system. Note that the DUT is shown as a 2-port and the source (Vy
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Figure 4.14.: Theoretical tuning range of the parallel resonance frequency v, by means
of a parallel capacitance C,. Note that the y-axis is normalized to the
maximum v, for Cj, = 0 pF

ans Z,) and load (Z1) are inside the VNA. Port 1 and 2 designate the two measurement
ports of the VNA.

Figure 4.15.: a) Equivalent electrical circuit of the measurement system without DUT.
b) Measurement system with the DUT represented as complex impedance
Zy,.

The output voltage Vg is a complex quantity and is calculated by

Zy,

Vo=Voo 2t
2 "Zs+ 71

(4.14)
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where Z;, and Zg are real numbers and without DUT. Since the VNA provides a 50 ()
source and load impedance (Z = Zg = 50 2), the output voltage Vo = V/2 =: V.
Using the reference voltage in order to normalize the measured potential, the transmission

scatter parameter is expressed by

V, 27y,
Sor — _ _ 415
U Vit Zs+Zu+ L (419)
Thus, the crystal resonator impedance Z,, (see Figure 4.12)) is calculated by
1
Loy = < - 1> x 100 (4.16)
S21

for Z;, = Zg = 50 Q).

Table gives an overview about the measured series and parallel resonance frequencies
of the quartz resonator for room temperature and 4.2 K as well as the magnitude of the
impedance at parallel resonance. Note that v, is not exactly 19.44 MHz because the
load capacitance was lower than 25 pF and that vs changes by a factor of about two
more than v, when cooled. A possible explanation for the reduced resonance frequency
is the crystal’s frequency-temperature dependence which is primarily determined by the
cut angle |75]. Below the so-called lower turnover point (see Figure of the crystal’s
frequency-temperature dependenc{]7 the relative frequency change is negative |80]. Fur-

thermore, the magnitude of the impedance at parallel resonance doubles from 290 K to

4.2 K (see Figure [4.17)).

’ condition ‘ vs [MHz| ‘ v, [MHz| ‘ mazx(|Zy,|)[MQ]Qy, ‘
290 K 19.438128 | 19.480148 6.0
42K 19.383062 | 19.455524 12.4

| abs. change 290 K to 4.2 K [ 0.055066 | 0.024624 | 6.4 |

Table 4.6.: Overview of the measured characteristic frequencies of the crystal resonator
without tuning capacitance.

Since the measured parallel resonance frequency differs from the theoretical one by
~ 2 kHz, the crystal shunt capacitance Cy has to be corrected. Thus, the maximal
datasheet value of Cyp = 2.5 pF is reduced to Cy = 1.2 pF using the measured v}, at
room temperature and solving equation . Taking the measured parallel resonance

2The frequency-temperature dependence is described by a third order parabola.
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Figure 4.16.: Typical frequency-temperature characteristic of an AT-cut crystal near
room temperature. The unit of the relative frequency change is parts per
million (ppm).

values (see Figure at 290 K, and solving equation for Cp, gives a parallel
capacitance of C) oy = 1.82 pF for 2 V diode bias and C}, 20y = 0.91 pF for 20 V, re-
spectively. These deduced parallel capacitance values for 2 and 20 V bias voltage are
in good agreement with the calculated values of 1.56 pF and 0.78 pF respectively. The
difference may be due to the tolerance of the blocking capacitance and the setup. The
measured tunability of the crystal resonator is given by the difference between parallel
and series resonance frequency. Using the measured values in Table for room temper-
ature, the tuning range is about 40 kHz, which is about twice the theoretical expected
value (see Figure . The reason for this discrepancy is the reduction of the shunt
capacitance (Cy = 1.2 pF instead of Cyp = 2.5 pF). Plugging the reduced Cj value into
equation , the theoretical tunability at room temperature is ~7.2 kHz. This value
is in excellent agreement with the measurement (see Figure between Viioqe = 2 V
and Viode = 20 V).

Figure [f.1§ shows the quartz resonator impedance for different tuning voltages at 290 K
and Figure [4.19] at 4.2 K, respectively. In order to directly compare the two before
mentioned plots, Figure [£.20] depicts the tunability as a function of the tuning voltage in

a normalized manner. The figure is created by taking the parallel resonance frequency
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Figure 4.17.: Magnitude of the crystal resonator impedance at parallel resonance at 290 K
and 4.2 K. Note that the frequency is normalized to the respective parallel
resonance frequency v, for each temperature and that there was no parallel
capacitance connected.

points from Figure and and plotting them against Vgjoge-

As already indicated in Figure[4.17] the impedance is significantly increased when cooling
the quartz resonator to 4.2 K. Compared to room temperature, the GaAs varactor diode
shows at 4.2 K almost the same frequency tuning behavior up to a diode voltage of
Vdiode = 15 V. Furthermore, the absolute difference of v, when cooling is preserved since
the frequency shift of about 24.62 kHz (see Table is measured between 24.38 kHz
and 24.58 kHz for Vgigqge = 0 V to Viiode = 10 V. This allows to draw the conclusion, that
there is no significant capacitance change of the varactor diode at cryogenic temperature.
However, a slight reduction of the capacitance occurs and the parallel capacitance at 4.2 K
is quantified as 1.01 pF for Vgioqe = 0 V and 0.57 pF for Vgioqe =20 V. This result is in
agreement with the data presented in ref. [79] and [81] where the decrease in capacitance
at low temperatures was found to originate from the depletion width increase. The
parallel capacitance values are summarized in Table[d.7] Above 15 V diode bias voltage,

the saturation effect becomes apparent because of the fully depleted diode junction.

The measured quality factors of the crystal resonator were larger than 10° (see details in
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Figure 4.18.: Magnitude of the crystal impedance at 290 K for different tuning voltages

Viiode at 4.2 K. Note that Vgjode is increased in 1 V steps until 20 V and
then in 5 V steps.

Cp [pF]
Vaiode [V] | 4.2 [K] | 300 [K]
0 1.01 1.82
20 0.57 0.91

Table 4.7.: Overview of the deduced parallel tuning capacitance values Cp,.

ref. |74]) at 4.2 K. However, the more important figure of merit is the peak impedance
(maz(|Zy,|)) at parallel resonance (see Table[d.6]), which are higher than those measured

for the superconducting coil.
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Figure 4.20.: Quartz resonator tunability as function of the tuning voltage. The line is
meant to guide the eye. Note that the y-axis is normalized to the lowest
parallel resonance frequency v, oy at zero diode voltage.
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5. Cryogenic Switch

In low temperature environments there is often the need to switch signals. A typical
application is shown in Figure where a Penning trap should be connected and dis-
connected to/from readout electronics. One use case could be to disconnect the whole
readout electronics with switch swl in order to measure the resistive cooling effect of the
tuned circuit. Another application could be to disconnect the cryogenic amplifier with

switch sw2 in order to see if there is amplifier noise driving the trapped particles.

The straightforward solution for signal switching at cryogenic temperatures is to use,
for instance, evacuated relays such as the Teledyne RF180 series or special cryogenic

microelectromechanical systems (MEMS) switches [82].

Penning trap
sw1

B % 5 to further signal
1 L| Sw rocessin

L

Figure 5.1.: Typical application for a switch that electrically connects/disconnects the
whole readout electronic chain (swl) or the cryogenic amplifier only (sw2).

It is important that the switch is not sealed with an inert gas atmosphere which could
freeze when cooled below its freezing point. An additional difficulty occurs when op-
erating such switches in a cryogenic environment and a high magnetic field. Relays,
which are in general switched by means of electromagnetic actuation, cannot operate in
high magnetic field environments. MEMS switches are operable if the used materials
are non-magnetic and the activation takes place by electrostatic potentials. Another
technology, suitable for low temperature application and high magnetic field, are GaAs
monolithic microwave integrated circuit (MMIC) switches. The disadvantage of MMIC

switches is that their on-resistance is several ohm. An example is the GaAs switch SW-
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Chapter 5. Cryogenic Switch

239 (M/A-COM Technology Solutions Inc.) which has an on-resistance of aboutﬂ 2 Q at
290 K. In the following section the performance of DC contact MEMS switches at 4.2 K

is presented.

5.1. Microelectromechanical Switch

Microelectromechanical systems have been studied for more than a decade because of
their small size, superior radio frequency (RF) performance and low power consumption
over a broad band of frequencies. There are MEMS switches commercially available from
two manufacturers, Omron (e.g. 2SMES-01) and RadantMEMS (e.g. RMSW101). Both
producers use hermetically sealed switches within a nitrogen atmosphere. The nitrogen
freezes out at temperatures below 77 K, thus these switches are not suitable for operation
at 4.2 K. Since there is no commercial product available which would work at 4.2 K,
switches from a research institution were obtained. The DC performance of RF MEMS
switches, designed and manufactured by the Micro System Components Section, CEA-
LETI, Grenoble, France [83|, was evaluated. Furthermore, the on-resistance R,, was
chosen as a figure of merit since the switches are designed to operate at GHz frequencies
and the frequency range of interest is up to about 30 MHz. Moreover, the on-resistance
gives very useful information about the switch state. Figure [5.2] shows the DC-60GHz
RF-MEMS switch. The switch contact is made of ruthenium (Ru) and is held by a
silicon nitride (SiN) membrane which is fixed at two points forming a bridge (see Figure
)). Underneath the contact there is a coplanar waveguide. The two waveguide
segments are shorted by the metallic contact when an actuation voltage of V.. = 50 V is
applied between the two electrodes (electrode 1 and 2) and the ground plane due to the
pulled-down membrane [83|. The switch is released when the actuation voltage turns to

Vee = 0 V since the membrane returns to its original position.

Since the switch is a mechanically moving part, it has to be protected from contamination
by a cap made of silicon. The silicon cap is attached to the surface by means of a polymer
glue (see Figure a) and c)). This glue seals the switch within a nitrogen atmosphere
but it is not hermetic. The switch dice (see Figure[5.2|c)) was glued with Stycast 2850FT
(by Emerson & Cuming Inc.) into a 8-lead small outline integrated circuit (SOIC) surface
mount package SOIC150-08-OP-01 produced by Sempac Inc. (see Figure . Stycast
2850FT (round shaped black spot in Figure is a black resin which is commonly used

in cryogenic applications because of its good thermal conduction and stability at low

'Holger Kracke, private communication
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800 uym metallic contact

Vce

silicon nitride

membrane metallic contact silicon cap

800 um

Coplanar waveguide
ground-signal-ground;
g gnal-g

electrode 1 coplanar waveguide ©lectrode 2

(ground-signal-ground)

Vcec  coplanar waveguide
a) b) (ground-signal-ground) c)

Figure 5.2.: CEA-Leti MEMS switch. a) Schematic in cross section view. b) Top view
photograph. ¢) Photograph of the silicon dice. (Figures adapted from )

temperatures . Since the MEMS switches are equipped with gold pads, gold ball
bonding was chosen to connect the switch to the package in order to match the material.
The bonding was done at the EPFIEl in Lausanne, Switzerland, because there is only
aluminum wedge bonding available in the bonding lab at CERN.

)
-2

GND signal

ww ygg
ww g

G

c) 3.86 mm

Figure 5.3.: Bonding of the CEA-Leti MEMS switch into an 8-lead package. a) Photo-
graph of the package and the bonded MEMS dice. b) Close-up of MEMS
switch and its gold ball bonded leads. ¢) MEMS switch bonding scheme.

Note that the MEMS switch is rotationally symmetric and therefore there is no need to
use signal in and out nomenclature of the wave guide pads enclosed by the signal ground
(GND). The SOIC package is slightly magnetic due to its 0.76 wm thick nickel plating on
the copper leadframe and underneath the top gold layelﬂ Moreover, the package body

is made of a semiconductor grade plastic and it is therefore not expected to outgas sub-

2Dr. Pavel Kejik from Electronics and Signal Processing Laboratory performed the gold ball bonding.
3Information taken from Sempac product data sheet - SSOP/SOIC (Document # MKT-SOIC-DS-01-
R2)
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stantiallyﬂ Outgassing properties of similar chip packages made of plastic is summarized

in [85] where these packages are referred to as plastic encapsulated microcircuit (PEM).

Five MEMS switches (labeled 116, J16, K16, L16 and O16) were tested at 290 K and
4.2 K. The cryogenic measurement setup (described in section was used for the
room temperature and cryogenic measurement. In order to ease the changing of the
device under test (DUT) - the MEMS switch - a 14-pin SOIC adapter socket LEW903
(Lewmax programming) was used. This socket was soldered with its vertical through

holes onto a printed circuit board (PCB), which was used for the wiring and mounting

(see Figure [5.4)).

ahd measurement

- e —
; a—— —————.
‘/

P

Figure 5.4.: Inset for the MEMS switch measurement. The SOIC adapter is mounted
on the inset which in turn was inserted into a cryostat. (Details about the
cryogenic measurement setup are given in section |A.1.1)

The on-resistance of the switches was measured with a Keithley 2000 multimeter in 4-
wire configuration. Since the switch measurement setup, including the SOIC socket and
cabling, is smaller than the inset diameter of about 50 mm, the cryostat was kept at 4.2 K
and the inset with the DUT was pulled out. Doing so, a lot of time was saved because the
cryostat was not warmed up when changing the DUT. Usually it takes about 12 hours

to boil away the liquid helium and to warm up the cryostat with a heater mounted on

*http://outgassing.nasa.gov/
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the inset. Care was taken when reinserting the inset into the cold cryostat in order not

to thermally shock the switches too much.

at 290 K at 4.2 K
switch | Ron [ | Vee [V] | Ron [ | Vee [V]
116 3.0 40 11.0 70
J16 2.8 40 4 60
K16 3.3 30 13.8 50
L16 3.3 50 4.8 50
016 3.6 40 8.0 40

Table 5.1.: Overview of the measured on-resistance (Rop) values at 290 K and 4.2 K.

The on-resistance results of the MEMS switches are summarized in Table 5.1l Note that
the different activation voltages V.. were chosen in order to read a stable Ry, since some
switches showed fluctuations at 290 K and 4.2 K. As a consequence of cooling, there is
in general the need to apply higher activation voltages due to the stiffer membrane in
order to maintain the force for pulling down the contact. Looking at the measured Ryy
values, the higher activation voltage cannot fully compensate the reduced force. Since
the conductivity of ruthenium increases when cooled [86], the increased R,y results from
less contact force. Another finding is the increase of the on-resistance over timd’| due to
contamination of the contact since the switch is not sealed hermetically. One can com-
pensate this effect by applying even higher activation voltages. After the Ry, evaluation
at cryogenic temperatures, the next measurement was to study the switch performance in
a high magnetic (B) field. Since there was no measurement setup available for measure-
ments in high B-field and cryogenic temperatures, the evaluation was conducted at room
temperature. The measurement setup for the switch evaluation in a B-field is described
in section[A.2] At the time the switches were evaluated in the B-field, there was only one
switch (L16) out of five working reliably. The activation voltage was increased to 130 V
in order to obtain reliable switching behavior at room temperature. First, the switch
was positioned in the fringe field of the magnet in order to test its function. Already at
this point, the on-resistance was fluctuating due to the presence of a B-field of about
14 mT. The switch was then moved into the magnet bore and the B-field was ramped
up to about 200 mT. At a field strength of about 50 mT, the switch snapped on and
was stopped working. Some two hours later, the switch was operable again and the same

test was repeated. This time, the switch was operable up to 250 mT and the R,, was

5The time span between the evaluation of the switch at cryogenic temperature and in high magnetic
field was more than one year.
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reduced from about 9 2 without B-field to 5.4 Q at 239 mT. The dependence of the
switching behavior and hence the on-resistance may be caused by the magnetization of
the contacts since ruthenium is paramagnetic. However, due to the fact that the tested
MEMS switch demonstrated unreliable switching behavior in a high B-field, a different

device has to be chosen for signal switching.

5.2. Piezoelectric Switch

A single pole single throw (SPST) switch (see Figure b)) made of a piezoelectric
(piezo) activated bender (see Figure a)), designed for cryogenic temperature and
high magnetic field has been characterized. The piezo bender PL140.10 is made of the
ceramic material - lead zirconate titanate (PZT) - and is produced by Physik Instrumente
(PI) GmbH & Co. In the low temperature properties of this piezo bender made of two
different ceramic materials (PI nomenclature: PIC251 and PIC255) were evaluated and
it was shown that they work at 4.2 K with reduced deflection performance. Taking the
nominal deflection of +1 mm at room temperature as reference, this deflection is reduced
by a factor between 6.4 (PIC255) and 16.6 (PIC251) when cooled to 4.2 K [87].

The switch contact is realized by a 150 nm gold layer sputtered on the piezo bender (see
Figure a)) and the two permanent contacts of a Teledyne magnetic-latching radio
frequency (RF) relay (RF180 series (see Figure [5.5|b)). The piezo bender and the relay
contacts are mounted on an aluminum support. Since the RF relay is fixed directly on

the aluminum surface, the leads have to be insulated by means of a kapton foil. The

piezo bender is held by two screws and an aluminum bar (bottom right in Figure

b)).

aluminum support

kapton insulation b)

Figure 5.5.: a) Photograph of the piezo bender with the gold sputtered area. b) Photo-
graph of the assembled piezo switch.
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Note that there was the need for an additional insulation layer - spacer - (see Figure
of about 0.34 mm thickness between the piezo bender surface and the gold contact
since the ceramic material introduces additional loss and the switch RF performance
deteriorates (see Figure a)). The spacer material is standard printed circuit board
(PCB) laminate (FR-4) and it provides sufficient decoupling between the gold surface and
the lossy piezo bender. In order to deflect the piezo bender, two DC voltages (Vhias and
Vawiten) have to be applied in the range of 0V < Viyitch < Vhias. Taking the piezo bender
orientation in Figure a), the electrical configuration of Viyiten = 0V and Wyas = 40V
deflects the piezo bender vertically downward and closes the electrical connection by
touching the relay contacts. Applying Viwitch = Vbias = 40 V moves the piezo element
up, and the switch opens. The switch default position is Viwitch = Vbias = 0 V. In this
case the bender is not polarized and its mechanical setup determines whether the switch
is "normally closed" or "open". Note that all measurements presented in this chapter

were taken with a default closed switch.

soldered contacts
N

==

b) i
Vbiasl ivswitch . displacement piego bender

wires piezo bender

gold

a) c) spacer

Figure 5.6.: a) Electrical connection of the piezo bender in order to perform vertical
displacement. b) Schematic of the piezo bender with sputtered gold surface
on the bottom. ¢) Piezo bender with spacer glued to the bottom with gold
surface on the spacer. Note that the spacer and the gold surface dimension
is not to scale with respect to the piezo bender.

Figure [5.7] shows the piezo switch RF performance with spacer at room temperature for
open and closed positions. The insertion loss (IL) of the switch is below 0.2 dB within
a bandwidth of about 100 MHz and the isolation performance in this frequency band is
limited by the capacitive coupling of the relay contacts (see Figure b)). The switch
is suitable for DC switching applications as well as for RF signals and it has a DC on-
resistance at 4.2 K of 0.13 ©Q and 0.21 Q at room temperature. Due to the galvanic
isolation and low switch capacitance, the switch has a high insulation. Note that the
on-resistance was measured with the relay leads, thus the contact resistance is smaller

than the aforementioned values.

The switch performance at cryogenic temperature is shown in Figure[5.8l Since the piezo

bender has reduced deflection at 4.2 K there is the need to apply higher switching voltages
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compared to 290 K in order to get the excellent isolation performance. While applying
Vawitch = Vbias = 40 V' leads to an isolation of about —67 dB at room temperature and
20 MHz frequency (see Figure b)) one has to apply Viwitch = Vibias = 100 V at 4.2 K
(see Figure [5.8/ b)) to reach the same isolation value.

The RF performance of the piezo switch was measured with the Agilent vector network
analyzer (VNA) E8358A which had been full 2-port calibrated with the female SMA
calibration kit 85033D. Since the system (VNA and cables) was calibrated at room tem-
perature, the insertion loss trace is shifted to about +0.5 dB when cooled to 4.2 K (red
trace in Figure a)) due to the reduced loss. The shifted trace was obtained by replac-
ing the switch by a short. This offset is used in order to correct the measured insertion
loss data of the switch at 4.2 K. The result shows an insertion loss of less than —0.1 dB
within a 100 MHz bandwidth. The switch performance at low temperature was eval-
uated using the cryo-cooler measurement setup (detail are provided in Section .
Furthermore, the switch was evaluated in high magnetic field of about 0.5 T without

performance degeneration. Details about this measurement are shown in chapter [A-2]
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Figure 5.7.: Piezo switch RF performance at 290 K. a) Switch in closed position with
and without spacer. b) Switch in open position (blue) and switch contacts

without piezo bender.
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Figure 5.8.: Piezo switch RF performance at 4.2 K. a) Switch in default closed position
Vawitech = Vhias = 0V with and without correction as well as the reference
trace (red) in order to correct the measured insertion loss (green). b) Switch
in open position for Viwitch = Vbias = 80 V and 100 V.
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6. Cryogenic Detection System

6.1. Cryogenic Amplifier Design and Component Selection

This section describes the design and implementation of a cryogenic low-noise amplifier
which together with a tuned circuit gives a non-destructive particle detection system for

ions confined in a Penning trap (see chapter . The amplifier design requirements are:

e high input impedance in order not to degenerate the quality factor;
e low-noise in order not to heat the stored particles;
e low power consumption[] of about 10 mW and small in size;

e compatibility with ultra-high vacuum and cryogenic temperatures.

Figure [6.1] shows the equivalent circuit of the detection system including the resonator
and the amplifier with its noise sources. The equivalent input noise of the amplifier
is modeled as voltage noise source (e,) and current noise source (i,), and the input

impedance is represented by Rj, and Ci,.

ideal
en amplifier
|| P
| *x
Cc R in
Ry —/C, L Cin:: in
||
resonator real amplifier

Figure 6.1.: Simplified equivalent circuit of the detection system operated at 4.2 K.

IThe total power dissipation in the 4.2 K environment of the AEgIS experimental setup is about 100 mW
and 10 % are accounted for the amplifier.
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As a consequence of the first point in the list, there is no chance to use bipolar transistors
for high input impedance amplifiers in the range of at least several M{2. The next limi-
tation is given by the ambient temperature of 4.2 K or below, since most semiconductors
are silicon (Si) based and they are not operable at such low temperatures. Si is known
to experience insufficient amounts of available charge carriers — so-called freeze-out effect
— when cooled below 40 K [56|. The reason for the (charge carrier) freeze-out of Si is a
high band-gap (at low temperatures) in combination with the reduced thermal energy for
dopant ionization. Thus, "good” transistor candidates for the amplifier input stage are
field field effect transistors (FETs) based on material with a low band-gap at cryogenic
temperatures. Gallium arsenide (GaAs), for instance, is a material with a low band-gap
and it was shown that GaAs F ETﬂ are operable at 4.2 K and below [56]. Using a FET
as an impedance transformer leads to a common-source amplifier design. This invokes
two additional parameters concerning the choice of the transistor which is a low input
capacitance Cy, in order not to put additional capacitive load to the tuned circuit (along
with detuning) and a low feed-back capacitance Cy, in order not to feed back noise to
the Penning trap. The first transistors tested in amplifier prototypes were single gate
GaAs FETs ATF 35143 (Avago). These transistors are known to work well at cryo-
genic temperatures and their performance is promising to build an amplifier satisfying
the above mentioned requirements [88]. The ATF 3x143 series transistors are microwave
devices working at several GHz frequency. Furthermore, they are extremely electrostatic
discharge (ESD) sensitive and already small feed-back loops lead to auto-oscillation. For
instance, simple DC current-voltage (IV) measurements on standard RF-4 PCBs lead to
auto-oscillation. Hence, special care has to be taken in the design of PCBs to provide
short paths without loops to ground (GND) for HF signals. Another important design
rule is to minimize the inductance connected to the source lead of the transistor. A
systematic analysis of how to prevent oscillation of HF semiconductor devices is given in
reference [89]. The ATF 35143 turned out not to be suitable for a transimpedance ampli-
fication stage directly coupled to the tuned circuit due to high input capacitance (Miller
effect). Eventually, two less ESD sensitive dual-gate GaAs FETs were chosen, namely the
NE25139 (NEC) and the CF739 (Siemens). Both transistors are operable at cryogenic
temperatures and suitable for low-noise applications [56]. The transconductance g, of
the device was chosen as a figure of merit in order to find a suitable operation point and

is defined as the ratio of the drain-to-source current (Izs) change to the gate-to-source
voltage (Vgs) change (see Figure [6.2)):

2The term FET is used in this thesis generically, also for heterostructure FETs (HEMTs or MODFETS).
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Al
9m = Ay

(6.1)

Figure shows the transconductance (calculated from the IV-curves) of the two tran-
sistors for 290 K and 4.2 K. The positive threshold voltage shift (see Figure of the
GaAs HEMTs (CF739 shows this effect more significantly) at low temperature is typical
and involves several effects including charge trapping and the piezoelectric effect [56].
Furthermore, g, of the GaAs FETs is either slightly increased ( NE25139) or decreased
(CF739) upon cooling. The IV-curves were measured with source monitor units (SMUs,
Keithley 2400) connected to the cryogenic measurement setup described in . In
order to estimate the input impedance of the transistors, simple DC resistance measure-
ments at room temperature are sufficient. Systematic measurements of equivalent input
noise voltage (e), DC input impedance (Ri, pc) and input capacitance (Ci,) and the
feed-back capacitance (Cyq) were carried out in [40] and the result is that the NE25139
transistor is slightly better (see Table than the CF739 as an amplification stage
directly coupled to the resonator. Another reason for the choice of the NE25139 is the
higher gain at lower power consumption when operated at 4.2 K (see Figure .

| transistor | Ciy [PF] | Rinpc IMQ] | Cyq [PF] | €n [nV/Hz"] |

NE25139 0.95 48 0.03 0.83
CF739 1.1 52 0.055 0.85

Table 6.1.: Overview of transistor parameters measured at 290 K. For details see text.
(data taken from [40])

A two stage amplifier design was selected in order to have a first high input impedance
stage with high gain and a second (buffer) stage for matching to 50 2. The amplification
stage was chosen as a common source topology with the second gate of the transistor in
cascode. The cascode amplifier provides improved electrical decoupling (very small Cyq)
and higher input to output isolation than an amplifier without cascode [90]. Moreover,
the cascode eliminates the Miller effect and the amplifier stage has higher stability due
to the reduced back-action from the drain to the gate. The buffer stage was implemented
as source follower (common drain amplifier) to provide unity gain and about 50 2 output
impedance. Figure [6.5] shows the electrical circuit diagram of the two amplifier stages
including the component values. The coupling capacitance C. plays a very important
role since it is the interface between the tuned circuit and the amplifier and its value
determines the coupling strength between them. Therefore, the coupling capacitor has

to be a low-loss device (also called high-Q), thus a multi-layer ceramic capacitor from
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Figure 6.2.: IV-curves of the GaAs FETs NE25739 (top) and CF737 (bottom) at 290 K
(red) and 4.2 K (blue).

Johanson-Techchnology (S-Series) with NP0 temperature characteristic was chosen. For

the evaluation of the amplifier performance, C. = 10 nF was chosen in order provide
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Figure 6.3.: Transconductance gp, as a function of the gate-to-source voltage (Vs of GaAs
FETs NE25139 (top) and CF739 (bottom) at 290 K (red) and 4.2 K (blue).

a low impedance path at 20 MHz. The amplifier input was 50 € terminated to avoid

reflections within the 50 2 measurement environment, hence the measured voltage gain

70



Chapter 6. Cryogenic Detection System

25~

V, =05V
V, =0.6V
V, =07V
.V, =08V
.V, =09V
V=10V

e

P

a

6€1523aAN

LV =10V
.V, =09V
.V, =08V
V, =07V
LV, =06V
eV, =05V

m

6€240

power dissipation [mW]

Figure 6.4.: Transconductance ¢g,, as a function of the power dissipation for GaAs FET
NE25139 (blue) and CF739 (green) at 4.2 K.

values have to be corrected by +6 dB. The theoretical voltage gain Gv,lﬁ of the first stage

is given by

Raras
Goil = gm | =———— 6.2
Gual ~ o (e 62)

with Ry being the drain resistor and rgs for the differential drain-to-source resistor.
Choosing Rg = 910 Q and deducing 745 from the IV-curves (drain voltage sweep at
constant gate bias; not shown) the theoretical voltage gain is obtained |G, 1| ~ 13.65
= 22.7 dB. The buffer stage gain with drain resistor Ry = 16 {2 and source resistor
Rs =620 Q) is calculated by

with RL Rs(Rd + 7"ds)

N — = — 6.3
’ gmBRr +1 Rg+rgs + Rs ( )

3The common-source amplifier is inverts the input signal (G,,1 < 0), hence only the absolute value is
written.
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and results in Gp2 = 0.85 = —1.4 dB. Hence, the theoretical overall voltage gain
(Geryo-amp) of the cryogenic amplifier is about 20 dB at an adequate operating point.
The amplifier is housed in a metal shield, and commercial feed-through filters (FF1 to
FF5; Tusonix) are connected to every biasing pin in order to reduce HF noise. The low
frequency (LF) noise is reduced by using 1 uF foil capacitors (ECPUEL Panasonic) in the

biasing network.

16 Q
10 kQ 910 Q
]
e [
1 ”F 10nF Signa|
' ‘E1 620 O 10nF 5 output
signal ° ||
input C
L soma 1 10 MQD
T‘]{pF 1 uF

7 |FF1 7 | Frs

Vg1g1i Vg1292i

Figure 6.5.: Electrical circuit diagram of the two stage cryogenic amplifier including feed-
through filter (FF1 to FF5) on every bias lead. T1 is a NE25139 and T2 a
CF'739 transistor.

Since the amplifier is coupled to the high quality factor tuned circuit, the same loss
reduction considerations apply for the amplifier design. Thus, the printed circuit board
(PCB) of the amplifier has to have low dielectric loss. A good choice of the base material
is a high-performance RF laminate, therefore Arlon DiClad880 teflon (PTFE) laminate

4Foil capacitors as ECPU, ECHU and PPS are known not to degenerate significantly the capacitance
at cryogenic temperatures [45].
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18.5 mm

Figure 6.6.: PCB layout of the cryogenic amplifier.

was chosen. The laminate is 1.52 mm thick with a top and bottom layer of 70 um copper.
It has a dielectric constant of 2.17 and a dielectric loss tangentﬂ ODiCladsgo = 0.0008 at
1 MHz. Figure shows a photograph of the amplifier housed in a metal box. The
PCB was made by milling (ProtoMat S63, LPKF Laser & Electronics AG) the copper
surface of the low-loss laminate in order to avoid possible chemical residuals from etching
which could reduce the RF performance. Numerous vias for a proper ground connection
on the board were inserted (see Figure manually (LPKF EasyContac). Special care
had to be taken while populating the PCB with components since the very thin copper
structures tend to detaclﬁ from the surface especially when heated during the solder

process.

Different operation points (op) of the low-temperature amplifier are shown in Table
They are used to identify specific properties, such as high-Q, low noise or high gain.
Figure [6.8] shows the amplification in dB as a function of the frequency for the op 1
condition shown in Table The amplifier power dissipation is less than 10 mW for a
voltage gain of about 18.4 dB at 20 MHz. These values are within the specifications and

in agreement with the theoretical value.

The noise spectrum of the cryogenic amplifier taken in op 2 condition is shown in Figure
In order to obtain the equivalent input noise voltage (e,) the amplifier input is
shorted (compare Figure and the noise at the output is measured with a spectrum
analyzer (SA; Agilent N9010A). The measured output noise is given by

5The dielectric loss tangent is a quantity which describes the RF quality of a material and is defined as
tan(d) = 2nCs Rs being the ratio of reactive power (in Cy) to dissipative power (Rs). This expression
defines the loss tangent for a series equivalent circuit.

5Traces on the PCB were disconnected upon cooling.
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Figure 6.7.: Photograph of the cryogenic amplifier in a shielding box.

6l?neas,out = (BnGCryo—amp)2 + 6%A (6.4)

assuming independent noise sources where esa is the SA noise and Geryo-amp the total
cryogenic amplifier gain. Since Geryo-amp and ega were measured, the equivalent input
noise was calculated by solving equation for e,,. Note that there was no current noise

in, measurement done, since the contribution to the amplifier noise is marginal [91].

6.2. Measurement Results of the Cryogenic Detection

System

The detection system, consisting of the cryogenic amplifier connected to the high quality
factor tuned circuit, has to be stable. Therefore, the superconducting resonator (includ-

ing coil # 10) described in Section was connected by means of a coupling capacitor
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| op ID | Vgig1 [V] | Vizgr [V] | Voi2g2 [V] | Zaar [mA] | Geryo-amp [dB] @20 MHz

op 1 -1.45V -0.45 1.2 1.22 18.4
op 2 -1.54V -0.7 1.2 1.47 18.8
op3 | -1.34V -0.7 1.2 2.64 16.3
op4 | -1.80V -0.7 1.2 0.12 -

Table 6.2.: Cyogenic amplifier bias configuration (operation point; op) at 4.2 K. Vs =
3V and Vygo = 2.5 V and the resulting Ij59 = 2.29 mA were constant in all
operation points.
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Figure 6.8.: Cryogenic amplifier voltage gain spectrum measured at 4.2 K.

C. = 1 pF to the cryogenic amplifier described in the last section. At this point, the
system may tend to oscillate due to small feed-back loops. During the operation of the
detection system at 4.2 K no stability problem was identified. Figure [6.10] shows the
spectrum of the detection system at 4.2 K with —20 dBm excitation loosely coupled to
the resonator. The amplifier was in op 3 (see Table condition during this measure-
ment and the spectrum was evaluated with a vector network analyzer (VNA; Agilent

E5061B).

The next step was to evaluate the quality factor of the resonator and its dependence on
the amplifier bias. Therefore, the gate 1 voltage of the input stage V141 (see Figure |6.5))

was chosen as the parameter to vary since many other important parameters, such as
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Figure 6.9.: Equivalent input noise spectrum in the frequency range of interest. Note
that the noise peak between 18 and 20 MHz is a spurious signal coupled to
the measurement setup. The same peak was measured with an antenna in
the laboratory.

amplification and input capacitance, are directly influenced. A second order effect is the
influence on the quality factor of the resonator. The effective parallel resistance R, of

the tuned circuit at resonance is defined as

Vo

Rp =2myLQ with Qp = Ay

(6.5)
where 271y denotes the angular resonance frequency, Av the 3 dB bandwidth and Qj,
the loaded (effective) quality factor of the resonator. Figure shows @)1, and the
corresponding R, as a function of Vj141. The measured data can be explained by coupling
negative feed-back to the resonator [92]. The feed-back loop is given by the drain-to-
source resistance (Rgs) by means of the drain-to-gate Cyq capacitance. This feed-back,
although tiny, reduces the effective quality factor of the tuned circuit by reducing the

input impedance of the amplifier.

Since the resonator contains a superconducting coil, its quality factor is strongly de-

pendent on temperature, especially around the so-called critical temperature where the
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Figure 6.10.: Spectrum of the detection system. The x-axis is normalized to the resonance
frequency vp. The arrows show the measurement of the (loaded) quality
factor (Qr = 20409.422 kHz/10.945 kHz ~ 1864).

niobium-titanium (NbTi) wire becomes superconducting. Figure shows the effective
quality factor ()7, and the corresponding effective parallel resistance R, as a function of
temperature. The amplifier was operated in op 4 condition (see Table , hence there
should not be a heating effect of the amplifier on the tuned circuit. However, there is a
temperature gradient between the superconducting coil and the measured temperature
due to the difference of roughly 1 K between the measured and the theoretical critical
temperature of NbTi, which is 9.2 K.
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Figure 6.11.: Quality factor and equivalent parallel resistance of the detection system as

function of the gate 1 voltage V141 of the amplification stage.
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7. Summary and Outlook

In this thesis, research on electronic devices operable at 4.2 K temperature and in high
magnetic field was presented. The design, implementation and performance of a highly
sensitive, non-destructive particle detection system was shown. The equivalent input
voltage noise of the amplifier contained in the detection system was ~ 1 nV/Hz"® at
20 MHz. The resonator on top of this system develops a quality factor of almost 2000

with the connected amplifier.

A new possibility of replacing the resonator made of a superconducting coil with a crystal
resonator was demonstrated and the system’s performance was presented. The crystal
resonator shows higher quality factor values than the coil, hence this option is promising

for further research concerning resistive cooling of charged particles in Penning traps.

The development of a new piezoelectric switch was presented since there is no satisfying
commercial low-resistance DC-contact RF switch available which is operable at 4.2 K
and in a magnetic field of at least 0.5 T. This piezo switch showed very low insertion
loss of less than —0.1 dB within a bandwidth of 100 MHz when operated at 4.2 K. This
type of switch could also be used to mechanically disconnect and connect parts from one
another. Furthermore, the switch was designed in such a way that even biasing networks

e.g. for amplifiers may be switched.

Cryogenic low-pass filters were designed and their low temperature performance was
shown. These filters offer the possibility of bypassing fast voltage pulses when needed

and their filter performance is better compared to a commercial product [55].

Every electronics prototype presented in this thesis has the potential for further improve-
ment. The equivalent input noise of the detection system could be reduced through noise
matching between the resonator and the cryogenic amplifier. Furthermore, the buffer
stage consumes in access of 50% more power than the amplification stage. This could be
improved by replacing the GaAs FET CF739 with a NE25139 or a voltage follower using
bipolar transistors since they have higher gain and lower output impedance [90]. In the

future, when the AEgIS apparatus is going to be extended by a dilution refrigerator in
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order to reduce the base temperature of the ultra-cold trap to 100 mK, the cryogenic
amplifier may be split into two parts. The first one could be a buffer, made of GaAs
JFETs with a very high input impedance and dissipating less than 10 uWH The second
part could be the same cryogenic amplifier as shown in this thesis, being thermalized
to an intermediate temperature stage at 1.5 K or directly at 4.2 K. The buffer and the
amplifier could be connected by means of a superconductor in order to reduce the heat
load at the 100 mK stage.

The piezoelectric switch may be further miniaturized by using a small piezo bender made
of different material in order not to reduce substantially the deflection at low temperature.
The switch presented in this thesis was made of PIC251 which has a factor of about 6
less deflection than PIC255 at 4.2 K. Hence, an improved switch could be made smaller

by using PIC255 material without reducing its deflection.

The cryogenic low-pass filter is rated for electrode bias voltages of up to 250 V. If neces-
sary, the filter could be redesigned by using components rated for much higher voltages,
in the range of kV, have to be usedﬂ Since the axial frequency of electrons stored in a
Penning trap is less than 10 MHz using an electrode bias of 250 V, the detection system
could be tuned to lower frequencies by means of additional capacitance connected to the
tuned circuit. In order not to degrade the quality factor of the resonatore, it is important
to use low-loss capacitors or even semi-rigid coaxial cables made of highly conductive cop-
per with teflon insulation. Since the amplifier incorporates GaAs FETs, the noise floor is
not expected to increase significantly down to ~1 MHz [40,93,94]. Below this frequency
1/f noise may degrade the performance of the detection system and different transistors
have to be used. The aforementioned GaAs JFETs could serve as low-noise input stage at

low frequencies because they were designed for 1/f corner frequencies below 1 kHz [95].

'The estimated total power dissipation of the dilution refrigerator is about 100 uW, and 10% are
allocated for the amplification/buffer stage.

2There are SMD capacitors available which are rated up to several kV (e.g. 3 kV Kemet GRM Series).
The same applies for SMD resisitors (e.g. 1.5 kV ohmcraft HVC Series)
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A. Appendix

A.1l. Cryogenic Measurement Setup

A.1.1. Cryogenic Measurement Setup with LHe

All cryogenic measurements within this thesis were performed with the same setup which
consists of a cryostat, a pressurized helium bottle, a transfer line, the rack with instru-
mentation and measurement devices, and an inset where the device under test (DUT) was
mounted (see Figure except the piezo switch measurement and the detection system

performance. The measurements were conducted in the cryo lab facility at CERN.

flange—

Y|
I :l
i

heat shield, «
. N J'

bottle

G
b)

Figure A.1.: a) Close-up of the inset. b) Photograph of the cryogenic measurement setup.

A typical measurement scenario starts with the mounting of the device under test (DUT)

onto the inset and connecting its wires and cables to the measurement equipment in the
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rack. Note that the inset is fixed in a movable manner to the flange which seals the
cryostat. The next step is to insert the inset into the cryostat and to close the cryostat
by bolting the flange onto it. Now, the cryostat has to be evacuated by means of a rotary
pump and flushed with helium gas coming from a balloonE Valves, shown in Figure
a), are used to connect/disconnect the croyostat to/from the balloon and pump. After
the flushing of the cryostat with helium gas, the setup is ready for the liquid helium (LHe)
transfer. Figure shows a sketch of the setup including its main parts for providing

the cryogenic measurement environment.

exhaust &;//(—/
to helium balloon storage dewar

and pump
~——_| transfer tube
to deliver

helium
helium gaslu
flows over
the DUT
and to the
exhaust

pressurized helium bottle

o N

cryostat

Figure A.2.: Schematic of the cryogenic setup.(Figure adapted from [96])

In order to do a LHe transfer, the cryostat is connected with a flexible transfer line to
the storage dewar, which contains the LHe. To start the LHe transfer, the storage dewar
is pressurized by means of a helium bottle containing highly compressed helium gas at

room temperature. The pressurized helium gas pushes then the LHe through the transfer

!The balloon for helium recuperation has a volume of several m® and is placed in a separate building
outside of the cryo lab.
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line into the cryostat. The gas and LHe flow are symbolized by arrows in Figure [A72]
during the transfer. The transfer speed is regulated by the pressure reducer connected
to the helium bottle. An overpressure of about 150 mbar was the typical setting at the
pressure reducer. After having reached the desired LHe level inside the cryostat, the
transfer is interrupted by disconnecting the helium bottle and removing the transfer line.
The inset and the DUT mounted on it are now thermalized to 4.2 K and the setup is
ready for measurements. Note that the temperature inside the cryostat was monitored
by means of a Lakeshore thermocoupler (CERNOX) and the LHe level was measured
with a level gauge. The entire read-out and measurement equipment was housed in a
rack and it was remote-controlled by a personal computer (PC) (see Figure b) at the
bottom of the rack) via the general purpose interface bus (GPIB). Matlab was used for

the data acquisition and data post processing and plotting.

A.1.2. Cryogenic Measurement Setup using a Cryo-Cooler

In the above mentioned cryogenic measurement setup the thermalization of the DUTs
was not important since they were immersed in LHe. The measurement of the piezo
switch and the detection system was performed using a cryocooler system (SRDK Series;
Sumitomo Heavy Industries, Ltd.) in order to reach LHe temperature. The cryo-cooler
consists of two main components: a compressor unit (F-50 Series) and a two stage cold
head (RDK-408D2), connected to a copper rod for each stage, inside a vacuum chamber.
The cryo-refrigeration is based on a Gifford-McMahon cooler, which compresses helium
and through the variation of valves in the cold head, between high-pressure and low-
pressure helium, a cooling effect takes place. Note that the helium gas in the closed cycle
is always at room temperature. Figure a) shows the measurement setup including
the cold head mounted on a 6-way cross connected to the compressor (not shown) with
flexible lines (bottom and top left). Figure[A.3|b) shows a more detailed view of the parts
inside the vacuum chamber (not shown). The vacuum chamber is a stainless steel pipe
which is sealed on the bottom with a copper gasket and a DN200 flange and whose top is
bolted onto the 6-way cross. In order to reduce the heat load on the second stage, there
is an aluminum heat shield (not shown) thermalized to the first stage copper rod. The
cryo-cooler is specified for a power load of 40 W at 43 K (first stage) and 1 W at 4.2 K
(second stage). Before cool down, the chamber has to be evacuated to a level of about
10~* mbar by means of turbo pump (isolation vacuum). Afterwards, the water cooled
compressor is switched on and after about 90 minutes the second stage of the cold head

reaches 4.2 K. The pressure is measured by means of a full range pressure gauge (Peiffer)
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and is about 5 x 1078 mbar inside the chamber at this temperature. The DUTs are
directly bolted onto the copper body of the second stage and thermal conducting grease
is used to avoid temperature gradients between them. The temperature is measured by

means of diode temperature sensors (DT-670; LakeShore).

a)

Figure A.3.: a) Photograph of the cryo-cooler measurement setup in order to evaluate
device under test (DUT) at 4.2 K. b) Close-up of the photograph of the
cryo-cooler measurement setup.

A.2. Setup for Measurements in High Magnetic Fields

In this thesis, results are shown from electronics parts operated in high magnetic field.
Unfortunately, these measurements were done at room temperature only, since there was
no facility available for cryogenic temperature and high magnetic field. However, the two
available room temperature magnets provide a magnetic field strength of about 1 T and
0.5 T respectively. Figure[A4 shows a photograph of the 0.5 T magnet and the measure-
ment setup for the piezo switch. The magnetic field was measured with a gauss/tesla
meter (F.W. Bell Model 4048). Multimeter, source monitor units (SMU) and network

analyzer are placed on the table in front of the magnet and used as instrumentation.
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a)

Figure A.4.: a) Close-up of the magnet bore. b) Photograph of the entire measurement
setup for the evaluation of DUTs in high magnetic field.

Massive aluminum blocks were used to support the cables and magnetic parts, for instance

clamps or screws, in order to fix them in the magnetic field.

A.3. Simulation of the Cryogenic Low-Pass Filter

The measurement setup including the filter (see Figure[3.4in chapter[3.2.3)) was simulated
with with the RF simulation environment Advanced Design System (ADS) from Agilent.
The schematic used for the simulation is shown in Figure

First, the low-pass filter without diodes was simulated. Since the calibration of a network
analyzer cannot remove the effect of cable capacitance, the cable capacitance has to be
inserted by hand into the model. In our case the cables used in the cryogenic measurement
setup add a capacitance of 400 pF to the filter output. The simulation result in Figure
shows very good agreement between simulation and measurement. Note that for
changing the filter specification with respect to the temperature of 290 K and 4.2 K only
the resistor values were multiplied by a factor of 2.28 (see chapter .

The next step was to add the diodes using the SPICE (Simulation Program with Inte-
grated Circuit Emphasis) diode model with standard parameters for the NXP
Semiconductors silicon Schottky diode BAST70 El It turned out that the zero bias junc-

tion capacitance Cjo and the saturation current Is are diode model parameters which

2Diode SPICE model parameters were taken from http://www.nxp.com/documents/spice_model/
BAS70_04.prm
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Figure A.5.: ADS schematic of the model used for simulating the cryogenic low-pass filter.

are sufficient to describe and adapt the changes of the filter characteristics in case of
putting diodes in parallel to the low-pass filter. The default diode model parameters are
Cjo = 1.655 pF and Is = 3.22 nA and Table summarizes the parameter values for
Cjo and Ig in order to fit the measured filter characteristics shown in Figure @ Note
that both fitted parameters for 290 K and two diode pairs are in excellent agreement
with the nominal simulation parameters. The room temperature measurements were
done with different cables, thus the added capacitance was 20 pF compared to 400 pF in

case of the cryogenic measurement setup.

When cooled to 4.2 K, the diode saturation current and junction capacitance are reduced
by several orders of magnitude. This result is in good agreement with the data presented
in where silicon carbide (SiC) rectifier diodes were measured down to 77 K. In the
same reference the change of other diode parameters with temperature are identified such
as the so-called ideality factor n (also called emission coefficient) and the barrier height

®p (also called energy gap). These additional parameters may be needed in order to
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Figure A.6.: Comparison of simulated and measured low-pass filter characteristic for
290 K and 4.2 K.

OF—==F I L T T T T T

---2 diodes @ 4.2K measured
=30+ - - 3 diodes @ 4.2K measured
-~ 3 diodes @ 290K measured
—2 diodes @ 290K measured
—— 8 diodes @ 290K simulated
- - 2 diodes @ 290K simulated
50} ---2 diodes @ 4.2K simulated

3 diodes @ 4.2K simulated

magnitude [dB]

_70\\\\\ | wwm\a | L

10' 10° 10 10° 10°
frequency [Hz]

Figure A.7.: Result of simulated and measured nonlinear low-pass filter characteristic for
290 K and 4.2 K and with 2 and 3 diode pairs in parallel.

describe the diode low temperature effects even more accurately. The bottom line of the

filter measurement and simulation is that every capacitance has to be accounted for since
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our low-pass filter represents a high impedance environment.

temperature [K] | Cjo [pF] | Is [pA] |

2 diode pairs
290.0 1.597 4.461
4.2 0.302 0.076
3 diode pairs
290.0 1.576 4.169
4.2 0.284 0.050

Table A.1.: Diode fitting Cjg and Ig parameters for 290 K and 4.2 K as well as 2 and 3
diode pairs.

A.4. Verification of Quality Factor Calculation with Matlab

The Q-factor calculation from measured reflection coefficient measurement was verified by
feeding synthetic data into the calculation framework. The test set data was synthesized
with ADS. Figure shows the simulation model which contains the following parts:

e "Term" is a terminal element with a specified characteristic impedance Z; that al-
lows to measure the scattering parameter (S-parameter) and represents the network

analyzer in reflection measurement mode.

An amplifier in order to simulate reduced losses when cooling to 4.2 K with respect

to the room temperature calibration of the measurement setup.

The coupling is realized by means of a coupling capacitor Cp, = 0.2 pF like in the

real measurement setup.

The tuned circuit equivalent circuit (RLC) is used to define the resonance frequency
(LC) and the Q-factor (R).

ADS offers a data save tool which allows to export the simulated values in standardized
Touchstone format which is in turn read in with Matlab. Depending on the frequency
resolution of the data (measured and simulated) the calculation error was smaller than

5%. The simulation result for a resonator with an unloaded Q of 10* is shown in Figure

A9l
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