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Abstract

Resonators are the core of many Penning trap experiments. They are used to cool and detect
trapped ions. Current resonators are tedious to manufacture and have limited Q-values. In this work,
a new superconducting spiral design for a cyclotron resonator was developed and characterized.
The new design is smaller than previous designs, allowing it to be implemented inside of the trap
chamber. High Q-values were measured, that surpass the typical value of the old designs by an order
of magnitude. An additional test of the resonator in a strong external magnetic field of 280 mT was
conducted, that did not show a reduction of the Q-value. Also a design of a cryogenic amplifier was
adapted to fit the posed requirements and then manufactured and tested for its amplification at room

temperature, to be implemented together with the resonator in the future.

Zusammenfassung

Resonatoren sind ein Kernstiicke vieler Penningfallen-Experimente. Sie werden zum Detektieren
und Kiihlen gefangener Ionen verwendet werden. Die aktuellen Zyklotron-Resonatoren sind mithsam
anzufertigen and habe oft limitierte Giiten. In dieser Arbeit wird ein neues supraleitendes Spiralen-
Design fiir Zyklotron-Resonatoren wurde erstellt und wird nun charakterisiert. Das Design ist kleiner
also die vorherigen, sodass es moglich ist den Resonator innerhalb einer Fallenkammer zu implemen-
tieren. Es wiirden hohe Giiten gemessen, die die Giiten vorheriger Designs um einer Grofenordnung
ibertreffen. Ein zusitzlicher Test des Resonators in einem starken, externen Magnetfeld von 280 mT
wurde durchgefiihrt und es ist keine Verringerung der Giite messbar. Ein Design eines Zyklotron-
Verstirkers wurde adaptiert um den gestellten Anforderungen zu passen und anschliefend zusam-
mengebaut und dessen Verstirkung bei Raumtemperatur gemessen, um in der Zukunft mit dem Res-

onator zusammen eingebaut zu werden.
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1 Introduction

1.1 Penning traps

Penning traps are important measurement instruments for state-of-the-art precision experiments in atomic
and molecular physics. Examples for that are bound electron g-factor measurements performed by the
ALPHATRAP-experiment [1]] or atomic mass measurements of different isotopes made at the PENTATRAP-
experiment [2]. Another example for a Penning trap setup is the FSU setup for measuring the masses of
different isotopes [3l]. The values obtained for the g-factor of the bound electron can be used to verify
current predictions made by quantum electrodynamics (QED), one of the most precise and best tested
quantum theories of modern physics [4].

The Penning trap itself is an ion trap, in which ions can be trapped and stored for later experiments
and observations with static fields. Along the trap-axis there is a homogenic magnetic field B = B.é€.
which is generated by an external superconducting solenoid. This field confines particles with charge
g moving with a velocity vector ¥ in the radial direction due to the Lorentz force, but provides no

confinement in the direction along the trap axis.
F_'},:q-ﬁxéz—qvaz-e_,; (1.1.1)

Due to the traps cylindrical symmetries all unitvectors are given by their definition in cylindrical coordi-
nates and the velocity vector can the be split into a radial component v, and a component parallel to the

trap axis v, such that
T=wv,-€,+v,-€ . (1.1.2)

To properly store the charged particles one needs an additional force acting along the trap axis. To
achieve this an electrical quadrupole field is applied by a set of electrodes [5]. In a parabolic trap, there
are two endcap electrodes and a ring electrode with the opposite polarity of the to-be-trapped particle
and an applied voltage of Uj between the electrodes. This creates a harmonic potential along the trap
axis, which can be described with the characteristic trapsize d and the expansion coefficient Cy [6] via
the formula

22 Cy

Va(2) = Uy 5= (1.1.3)

In practice cylindrical trap electrodes [7]] are often used because they are easier to manufacture and
offer the opportunity to transport particles between different stacked traps. To achieve this despite the
altered geometry, additional correction electrodes are needed to obtain this potential. The motion of an

isolated particle in the trap is now in the ideal case only influenced by this arrangement of fields. The



resulting trajectory of the ion can be split up into three so called eigenmotions. The magnetron motion
with frequency v_ is the slowest of the three motions and is caused by the drifting of the particle in
the E x B-field. Then only affected by the electric field there is the axial frequency v,. The fastest
of the three eigenmotions is the modified cyclotron frequency v, which arises from the free cyclotron
motion w. = -L B, but is modified due to the drifting of the particle. Using the field configurations of
the trap together with the laws of electrodynamics yields the formulas for the frequencies of the three

eigenmotions of a charged particle with mass m [J5]]

qUo
. =1/ —=C 1.14
w A (1.1.4)
1
we =g (wc + /w2 — ng) , (1.1.5)

with w = 27v. These three frequencies are linked to the free cyclotron motion via the invariance theorem
[5]], which also holds even if the trap is not perfectly aligned or elliptic with the magnetic field

2

wc:wi—i—wg—i—w% (1.1.6)

For typical values used in the experiments mentioned above the order of magnitude of the three eigen-
motions are for the modified cylcotron frequency v = 30 MHz, the axial frequency v, ~ 600 kHz and

the magnetron frequency v_ ~ 10 kHz.



1.2 The ALPHATRAP-Experiment

The core of the experiment consists of three seperate Penning traps stacked on top of each other. Each
of the three traps fulfills a unique purpose for the experiment and is therefore slightly modified from the
default setup as mentioned above.

The ions are provided in form of an ion cloud by an electron beam ion trap (EBIT) and are guided via
a beamline to the trap. The HD-EBIT setup [8] located at the Max Planck Institute of Nuclear Physics
(MPIK) is designed for a beam energy of up to 100 keV which is enough to produce hydrogenlike lead
208pps1+ [,

The first part of the trap stack in which the ion cloud enters is the capture trap (CT). Here the cloud is
first captured by an electrostatic well produced by various control electrodes as illustrated in [Figure T.Ta]
The well can be opened on either side to capture the ion cloud and then later to transport individual ions
to the other parts of the experiment. To remove unwanted ion species that might have passed previous
filters in the beamline, such as the Wien- or time-of-flight filters, they get excited and leave the potential

[1]. For this the cloud is transported into the precision trap (PT), which is the next part of the setup.
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Figure 1.1: (a) [llustration of the capture trap control electrode configuration and the resulting potentials,
(b) Ilustration of the precision traps electrode configuration with several correction electrodes (UCy 2,
LCj 2) and a ring electrode (RE) in the middle (Taken figures reproduced from [1]]).

The PT has a very homogenous magnetic field with field stength B = 4T and is used to precisely
measure the cyclotron and Larmor frequency of the ion. To this end the ring electrode is used to pick
up the image current of a few Z - 1 fA (depending on the charge ) = Ze) of the moving ion in the trap
center. For the detection of the axial motion of the ion a resonator is connected to the trap. The resonantly
enhanced signal is further amplified by a cryogenic amplifier with low noise. Performing a FFT on the
signal yields a resonance curve with a dip at the axial frequency [1]. Additionally to the axial resonator,

a cylcotron resonator is also connected to the PT. The purpose of this resonator will be explained in the



upcoming subsection.

The third part of the trap stack is the analysis trap (AT). Here, the ring electrode is made out of a
ferromagnetic metal which distorts the otherwise homogeneous magnetic field, pulling the field lines
towards it. This results in a magnetic field gradient along the trap axis. The magnetic field can then
be described in first order by a quadratic dependence on the position along the trap axis with an offset.
Given that a particle with magnetic moment /i has an additional potential in a magnetic field V.4 =
—ii - B, this modifies the total potential that the ion feels by an addition of the magnetic potential to
the electrostatic potential. The modification of the total potential changes the axial frequency [1]. This
change is proportional to the magnetic moment ji, which can be calculated from quantum mechanics
with the total angular momentum J of the particle and the g-factor g; by the formula

- QJ

The total angular momentum of the ion consist out of the magnetic moment of the nucleus and the
bound electron(s). This yields an offset in the potential and therefore in the axial frequency which can
be corrected by adjusting the voltage applied to the endcaps. For electrons with spin s, = j:%h the
magnetic moment is given by

—

. S
H=9shBy (1.2.2)

with the Bohr magnetron pp and the reduced Planck constant 4. Because of the two spin-states of the
electron, there are two energy levels, which is called the Zeeman splitting. The spin state of the electron

can be changed by an absorption or stimulated emission of a photon with the right energy.

Analysis trap:
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Figure 1.2: Measurement of the axial frequency in the AT to determine the initial spin (Taken from [10])



This energy is given by E' = hwp,, with the Larmor frequency

e
2me

Wi, = gs B (1.2.3)
The AT is now used to determine the current spin state by repeating the process of measuring the axial
frequency and trying to induce a spin-flip or change of the electrons state by irradiating the ion with
a the microwave-frequency vy =~ vr. This process can be seen in To determine the
Larmor frequency, the ions will be pulsed in the PT with a MW-pulse close to the theoretically expected
Larmor frequency once. The AT will then be used to determine whether this pulse flipped the spin of the
electron. This will be repeated for various frequency values of the MW-pulse in an interval around the
Larmor frequency. From these measurements one can get the flip probabilty depending on the frequency
of the MW-pulse, which results in a plot depicting a resonance curve with its maximum at the Larmor
frequency [[10]]. Together with the measurement of the cyclotron frequency in the PT the magnetic field

can be eliminated for the calculation of the g-factor.

g=2-+t1 (1.2.4)

The g-factor is therefore determined by only measuring frequencies, while e and the ion masses have to

be taken from other independent measurements.

1.3 Cyclotron resonators

The resonator can be used for different tasks. It can be used as a detector for a certain frequency, as it is
done for the axial resonators in the ALPHATRAP setup [1]]. Another use can be cooling. If the resonator
itself is cooled to a low temperature, it can cool the ions motion if the motional frequency matches the
resonators frequency. Such an resonator is formed from a low-loss inductor and the parasitic capacitance
of the trap electrodes. This can then be simplified to a parallel circuit with only a parallel resistance R,
representing any losses in the circuit, a coil with inductance L and a capacitor with capacitance C'. The

circuits impedance can be calculated from the rules for a parallel circuit

1
1 . 1

Ztot(u]) = (131)

For low damping this yields a resonance frequency of wg ~ \/%

onator is the so called Q-value. It is a measure for how much energy got lost in the circuit due to

Another important value for a res-

dissipation after one oscillation.

Q=2 Total energy of oscillation —or Eiot . (1.3.2)

s =
Energy lost after one oscillation FEloss




The energy in the system is stored in the magnetic and electric fields which oscillate. It can be calculated

from the amplitudes of the flowing current I or the voltage U:
Lo 12

The energy lost during an oscillation of length T" = iior can be calculated from the power flowing through

the equivalent series resistance (ESR) Rgsgr of the inductance.

T
Elogs = / U(t)I(t)dt (1.3.4)
0

Because the phase difference of the voltage applied at and the current flowing through this series resis-
tance is zero one can simplify further to
f 2 RESR7T

T
Floss = / I? Rgsg cos? (wot)dt = ———>2— (1.3.5)
0 wo

In total this results in the following formula for the Q-value

Q_ WOL

Rgesr

(1.3.6)

For an application in a non-ideal environment also losses in dielectrical materials R4 and potential shield-
ing materials R close to the resonator have to be accorded for by summing the individual effective

resistances. The losses can be described by additional resistors in series to the ESR such that

Q- wlL
" Rpsg + Rs + Ry

(1.3.7)

Besides the definition of the Q-value from the energies there is also a definition from the resonance
frequency wg and the full width half maximum (FWHM) Aw of the power spectrum

_ wWo
Q=% - (1.3.8)

This can be motivated from the Fourier transform, similar to calculations made in chapter 4. These
definitions are only equivalent for weakly damped systems, or systems with a high Q-value. The cooling
time constant is inversely dependent on the Q-value, so a high Q-value results in a low total cooling
time [11]. Cooling the cyclotron frequency directly can bring the cyclotron motion to the temperature
of the resonator. If cooling is done via sideband coupling with a directly cooled axial motion, only
the axial motion can be cooled down to the temperature of the resonator. For the typical frequencies

of the three eigenmotion listed in subchapter 1.1, cooling the axial motion down to 4 K will leave the



cyclotron motion at about 160 K [1l]. A large bandwidth could also mean that other sidebands which
have frequencies close to the cyclotron frequency might be hit, which could lead to unwanted excitations.
Having a high Q-value increases the need for high precision in the manufacturing process. The higher
the Q-value, the smaller the bandwidth and the more precise the resonance frequency has to fit to the
ions motional frequency, if the ions motional frequency cannot easily be tuned.

Cyclotron resonators with a high Q-value are hard to build and it is possible that the Q-value signifi-
cantly decreases over time and over multiple cooldowns. The manual manufacturing process of classical
helical resonators is very time consuming and the resulting Q-values are mostly not very well predictable
[12]. Due to potential imperfections in the helical shape and different behaviours during the cooldown
phase in the experiment, the Q-value and the resonance frequency can also vary quite unpredictably
from room temperature to the 4 K environment, due to differences in the materials reaction during the
cooldown [12]].

The goal of this work is therefore to create a cyclotron resonator which has a high Q-value that is
also more predictable and stable than previous resonator designs. It should also be smaller than previous
designs, giving it the possibility to be directly built into the inner trap chamber. The smaller size will

also reduce the thermal mass that has to be cooled.



2 Material and design

In this section the motivation behind the choice of material and design will be explained

The general properties of the resonator are inspired by this reference [[13]]. The resonator should be
made out of a material with very low resistance and all dielectric material close to the wire should also
have a good loss tangent. Because the resonator will be cooled in the experimental setup, it can be build
from superconducting material to minimize the losses from the wire. Yttrium-Barium-Copper-Oxide
(YBCO) is a high-temperature superconductor (HTS) with a critical temperature of up to Ty = 96 K
depending on its oxygen content [14]. To test a resonator made out of this material one could use liquid
nitrogen which has a boiling temperature of 71 n, = 77 K. Since YBCO can be deposited as a thin film
on wafers and different substrates, this opens up the possiblity to use lithographic tools to construct a
planar coil. To ensure the superconductivity and reduce waiting times the substrate should also have a
high thermal conductivity to allow a quick thermalization. If this dielectric material would fill the volume

surrounding the spiral the loss tangent is defined by

tan (§) = %(ST = wCORpsk 2.0.1)

with the capacitive reactance X.. In this case the limiting Q-value for the dielectricum is just the inverse
of the loss tangent. If the material only inhabits portions of the volume around the resonator the limit
for the Q-value will be higher. Sapphire has very good properties for both requirements. The thermal
conductivity at room temperature is approximately Asapphire ~ 40 % [[LS)], which is only one order of
magnitude lower than copper [16]]. For lower temperatures down to about 10 K the thermal conductivity
is better than copper [17]. With a loss tangent at a frequency of v = 22 GHz and at room temperature
of about tan (9)
10 K [18], sapphire is perfectly suitable as a substrate.

sapphire = 10~°, which decreases by up to three orders of magnitude for a temperature of

The designing process was already done in my “’Projektpraktikum” here at the MPIK. Because of
that, I will only shortly summarize the most important parts and give more details in of
the appendix. The shape of choice for the resonators is a circular spiral with four defining properties
which determine the final inductance of the spiral calculated by the modified Wheeler formula [19] for
the octogonal shape, which is closest to the circular shape. These properties are the amount of turns [V,
the outer diameter dyy, the turn spacing s and the width w of the wire as illustrated in A
reason for choosing the circular spiral over other shapes like a quadratic spiral is that there will be less
imperfections in the shape, which for a quadratic spiral would arise in the corners due to the lithographic
manufacturing process. Also the magnetic field will be more easily describable for a circular spiral. Due
to implementations in different experimental setups and for different ion species a set of frequencies
Vo was chosen together with the total parallel capacitance Cp,e given be the trap setup. From these
the targeted inductance can be calculated. lists those quantities together with the inductance

8



Figure 2.1: Sketch of a spiral, showing all defining properties to calculate the inductance. The number
of turn and the inner diameter are interchangeable as a parameter, because they are linked via the other
three parameters.

calculated from the modified Wheeler formula for the chosen set of parameters.

12 [MHZz] Cpar [pF] Ltarget [nH] LWheeler [nH]
6.8 20 24651 24864
17.9 10 7115 7158
18.4 10 6734 6701
20.4 20 2739 2763

27 20 1564 1567

28 20 1454 1439

Table 1: Comparison of the targeted inductance and the calculated inductance.

It will later be easy to add parallel capacitors to the circuit to tune the frequency. This will increase
to total capacitance of the circuit and therefore reduce the resonance frequency. To account for potential
deviation from the desired inductance because of the approximate calculation with the modified Wheeler
formula and errors in the manufacturing process in advance, the target inductance is 10% lower than
the inductance one would get from plugging in the desired resonance frequency and the given trap ca-
pacitance. This leaves a threshold of +11.1% for the parallel capacitance. There were three additional
designs made, which are intended to exclude soldering directly on top of the sapphire wafer like in
Figure 2.7

For these designs the total inner area of the spiral is used for a capacitive coupling. Additionally the
outer pad is replaced by a ring around the resonator, which has the same area as the inner circle. This

is made, to simplify the equations involved for the calculation of the total parallel capacitance of the



Figure 2.2: Picture of the design for capacitive coupling. This prevents the need to solder directly on
top of the gold-coated YBCO. The right side shows the resonator and the left side the opposite planes to
form the capacitor. The coil is the black area between the outer ring and the inner circle.

resonator. More details on these designs can be found in[subsection A.2]of the appendix.

The different designs were then given to an external company [20], which was tasked to manufacture
the wafers with the superconducting spiral on top. For the purpose of soldering later there are two pads
with size 2 mm by 6 mm included in the design, one on the inside of the spiral and one on the outside.
For some designs the pads inside of the spiral had to be a little bit smaller to fit. The sapphire wafer, on
which the YBCO film with thickness 350 nm is placed on top, is 0.5 mm thick. For the pads there is an
extra layer of gold coating with thickness 200 nm deposited on top of the YBCO. Because of the thin
sapphire wafer and the sub-micrometer YBCO and gold layers, handeling the resonator has to be done
very cautiously. For the total of nine resonators and all these processes the price for our prototypes sums
up to 1.680<€ or correspondingly 187 € per resonator.

10



3 Calculations with COMSOL

In this chapter the inductances calculated from the targetted resonance frequency and the given trap
capacitance are compared to a simulation of the resonator in COMSOL. This simulation also yields

some information about the magnetic field which will be useful later.

3.1 Validation of the calculated inductance

To verify the inductances a model of the resonator was implemented into COMSOL. This model is made
such that the free parameters of the spiral, mentioned in the previous chapter and the thickness of the
YBCO film are free parameters. A picture of this model is shown in

-5

Figure 3.1: Spiral with finite thickness created in COMSOL

The reason behind having the height of the film as a free parameter is because the true film height
of h = 350 nm is not feasable to simulate, due to meshing difficulties. Using this height would result
in a very detailed mesh, which would need hours of time for one simulation. For the resonators with
resonance frequencies vg = 17.9 MHz and v9 = 27 MHz there were two parametric sweeps simulates
to estimate the influence of the changed thickness on the result of the simulation. The values chosen for
the thickness h are

hlpm] € {2,2.5,3,3.5,4,4.5.5,10, 20, 50, 100, 200, 500} . (3.1.1)

For the simulation the module "Magnetic Fields, Currents Only” was used and the simulation parameter

yielding the inductance was read and plotted for the various values of the thickness. The results of the
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simulation can be seen in
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Figure 3.2: Results of different simulations varying the thickness of the YBCO film using COMSOL.
(a) For the parameter of the designs with vy = 17.9 MHz. (b) For the parameter of the designs with
vy = 27 MHz. More details are explained in the text.

Here one can see a significant reduction of the inductance for a larger thickness of the YBCO film.
Due to the scaling of the inductance with the volume the magnetic field can spread to, it is expected that
one will observe a reduction of the inductance, if the thickness of the film gets significant in comparison
to the length scales of the wire. For the first seven data points the inductance is fluctuating slightly, but
on average is very flat. These fluctuation might be due to numerical uncertainties and are not visible for
the later data points, because they are much more sparse. Both graphs also show the same trend, from
which one can extrapolate, that the value of the inductance at the true thickness will only vary by a few
percent, if one takes a thickness of h = 5 pm for the simulation.

For the simulation of the magnetic field and the inductance LcomsoL, the spiral was fed with a current
of I = 1 A flowing through the whole cross-section from the outer end. The simulation was performed
in a volume which is much larger than the resonator. This was then done for all designs and compared to
the initial target inductances Lige;. For better comparison the deviation of the simulated inductance to
the targeted inductance was also calculated in percent, as shown in

The deviations in are all below +11.1%, which is the threshold mentioned in chapter 2
left for finetuning with exterior parallel capacitors. Most designs have lower inductances than the target
inductance, which can be explained by the thicker film height chosen for the simulation. The deviation for
the resonators at 27 MHz and 28 MHz is noticeably larger than for the other ones. These two resonators
are also the ones with the smallest outer diameter and thus might start to deviate earlier to lower values

than the other designs, as discussed above. Overall one can see that the simulation fits within 10% of the

12



v [MHz] Lcowmsor [nH] Liarger [nH] Deviation [%]

6.8 25046 24651 1.6
17.9 7001 7115 -1.6
18.4 6673 6734 -0.9
20.4 2709 2739 -1.1
27 1512 1564 -3.3
28 1363 1454 -6.3

Table 2: Comparison of the target inductances with the simulated inductances made with COMSOL.
From the extrapolation of the thickness of the spiral a relative error of about 2% can be estimated.

given target value. No further errors are specified and no rounding was done for in this part, because the
goal was to be able to identify whether the inductances one could expect to get from the created spirals

will fit to the simulation.

3.2 Estimation of influences on the Q-value

To estimate the influence of nearby materials on the losses and therefore the Q-value, it is useful to look
at the magnetic field and its strength at different points around the resonator. Along the z-axis, which
is perpendicular to the resonators plane and centered in the middle of the resonator, the strength of the

magnetic field can be calculated from the law of Biot-Savart

B() = Zg/j‘(ﬂ) x |T_:|3d3r’ : (3.2.1)
r' 2

assuming that the spiral is made out of NV ring currents with radii R,,. Each ring current can approxi-

mately be described by an infinitessimal thin ring current density given by
J(ry¢,2) = 16(r — Ry)8(2)@s (32.2)

with the applied current /, the Dirac delta 6(z) and the unity vector in cylindrical coordinates €. Eval-

uating the integral in cylindrical coordinates for this ring current at = 0 results in

ol R2 .

é
2 Vv R2 +223 :

The total magnetic field along the z-axis is then given by the sum over all N ring currents.

(3.2.3)

Along the radial direction it is not possible to calculate the dependence of the magnetic field strength
against the radial distance from the center that easily due to the loss of angular symmetry along the

integration path. The magnetic field resulting from the simulation was plotted along two directions.
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Both graphs can be seen in[Figure 3.3|and show the absolute value of the magnetic field strength. For the

z-direction, the result from the equation above is also plotted for comparison.
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Figure 3.3: Plots from the COMSOL simulation and the analytic calculation based on the law of Biot-
Savart. The graphs are normalized by the outer diameter dyy of the spiral, thus the B-field is plotted
against ﬁ (a) With = = r for the radial direction. (b) With x = z for the z-direction

In|Figure 3.3alone can clearly see the position of the resonator, which ends at ﬁ = (0.5. From this

plot only the B-field outside of the resonator, so for ﬁ > 0.5 is interesting, because there will not be
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any material other than sapphire for z = 0 inside of this bound. This is plotted in the zoomed plot, which
starts at ﬁ = 0.55. One can see that at ﬁ = 1, a distance of half the spirals outer diameter, there
is almost no field present anymore. shows that the analytic calculation is quite close to the
simulation of COMSOL. It underestimates the magnetic field in the center of the resonator and is a bit
broader. In the simulation the coil is not idealized, meaning the wire is not infinitesimally small in its
cross-section. The theoretic calculation also approximated the spiral by rings which also contributes to
some errors. In general, one can see that the for smaller resonators the magnetic field stretches further
away compared to the resonators outer diameter. A safety region, where conductive materials should be
avoided, can be estimated at one times the outer diameter above and below the resonator. For positions
in space with z # 0 and r # 0 the magnetic field will always be lower than at the corresponding position
with z = 0 which is depicted in [Figure 3.3b] So if one keeps a cylinder with radius = dqy and height

h = 2dg, free of any material with high losses, the Q-value should not be significantly reduced.

3.3 Estimation of influences on the inductance
The inductance is directly connected to the energy stored in the magnetic field lines

1 1 -
Emag = LI’ = — [ B2V . 3.3.1
mag 9 2#0 ( )
Given the simulations from the previous subchapter with I = 1 A, COMSOL can calculate the induc-
tance L from the integral over a defined cylinder volume with radius R and height h centered at the

resonator with

L=+ [Bav . (3.3.2)
Ho

In a conductor enclosing the resonator induced currents will form due to the rapidly alternating magnetic
field radiated out by the resonator. Because the resonator has a resonance frequency at a few 10 MHz
the induced currents will not be able to decay, so the conductor permanently shields the outside from the
magnetic field generated by the resonator. If one now identifies the boundaries of the integration volume
as the casing made out of a certain conductor, one can estimate the change of the inductance due to this
boundary condition. The integration was performed for serveral volumina with ﬁ and ﬁ each ranging
between 0.6 and 2, in steps of 0.2. The design used for this simulation (see is the design for
the 27 MHz resonator, but with an outer diameter dy,; = 17 000 pem.

In this plot the black striped area visualizes all casing that would be at least partly inside of the
cylinder of high influence. The inductance for the casing with r = dgy and h = 2dgy (01 2 = doy) i
reduced to Leasing = 3.545 pH from the value without any casing Lee = 3.583 uH. This is a reduction
of only 1.1%, which is negligible. For higher casings or ones with a larger radius this deviation will
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Figure 3.4: COMSOL simulation of impact on inductance for different casing sizes. The black area
markes the sets of parameters for r and z such that the casing would be inside of the cylinder of high
influence.

become even smaller, because less of the field gets blocked. From this the minimum dimensions for a
casing can be estimated.
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4 Measurements

In this chapter the setup of the measurement for different resonators, the results and their discussion are

presented.

4.1 Tests of the unloaded resonator at Mainz

The idea of a superconducting resonator implemented as a spiral made out of YBCO on a sapphire
substrate was also advanced by a group at the Johannes-Gutenberg University in Mainz lead by Dr.
Christian Smorra [21]]. They designed a planar square spiral resonator for a similar resonance frequency.
Because the resonators in Mainz arrived a few weeks earlier than ours, I had the opportunity to join the
group for a few weeks to help them test their resonators. It was also possible to test the resonator in a

strong magnetic field up to 280 mT [22], which was not possible at the MPIK in the time given.
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Analyzer RFswich 7,
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’?—\
igna
Resonator generator /\/
(@) )

Figure 4.1: The two different measurement setups. (a) Uses just a network analyzer to determine the
Q-value (b) Is a setup for a ring-down measurements which is described in more detail in the text

There are two general setups used to determine the Q-value as illustrated in The first
setup as shown in[Figure 4.Ta|uses a network analyzer to measure to response of the resonator at different
excitation frequencies. In total, there are two antennas installed close to the resonator, one for each pad.
Each antenna is connected to one port of the network analyzer. The antennas are made out of semi-rigid
coax cables to reduce cross-talk between the transmitter and receiver and to ensure stability during the
tests. At the end of the antennas the shield is removed and the signal cable is isolated with PTFE to
exclude accidental contacts to materials close by. The network analyzer is then run in the S21 mode
which defines the antenna connected to port 1 as the transmitter and the antenna connected to port 2 as

the receiver. It will sweep over the set interval of frequencies and calculate the fraction of power received
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P divided by the power sent Py for each frequency in decibel which is defined by

L[dB] = 101log;, < Frec ) : 4.1.1)
Pent
The spectrum analyzer will then be able to measure the FWHM of the resonance. This corresponds to
the width at 3 dB below the maximum.

To cool the resonator below its critical temperature, a pulse-tube refrigerator (”coldhead”) was used.
A good mechanical connection to reduce vibrations induced by the coldhead itself and other sources
and a good thermal connection to the coldhead has to be ensured. Expecially the mechanical connec-
tion to the coldhead was changed in multiple iterations of the measurement to reduce losses induced in
the surrounding material which limited the Q-value. These different iterations and their results will be
described later in this chapter. The total direct current resistance at room temperature from one end of
the spiral to the other end was measured to be Ry, = 92 k{2, which shows that the resonator will not be
visible before its temperature surpasses the critical temperature, because the losses will be very high and
therefore the Q-value very low. Such a high resistance is also expected because YBCO has a resistivity
of p = 1.6 x 10~ Qm at room temperature [23]], which is seven orders of magnitude higher than the
resistivity of copper at room temperature. Before the coldhead was started, the cross-talk of the two
antennas was measured, to later be able to distinguish the resonance from other features in the cross-talk
more easily. Because in this setup the resonator is not connected to anything, the parallel capacitance
is determined by the coupling capacitances of the antenna and the self capacitance of the spiral. Since
the designed resonance frequency is intended to be achieved when connected to the trap, which adds a
capacitance of 10 pF to 20 pF depending on the design, the resonance frequency of the unloaded res-
onator will be significanty different. Assuming a lower bound for the self capacitance of about 1 pF,
the resonance frequency could be a factor of five higher. Knowing this, one also has to look at higher
frequencies on the network analyzer.

For high Q-values the FWHM of the resonance becomes very small and can be more easily disturbed
by exteriour vibrations like the 2 Hz pumping of the coldhead. To eleminate such artifacts which might
broaden the resonance depicted by the network analyzer, a so called ring-down measurement can be
performed. The corresponding setup for this is shown in For this measurement a connec-
tion between the Q-value of the power spectrum measured by the network analyzer and the ring-down
measurement has to be found. Here, the resonator is excited by a signal generator with the resonance fre-
quency vy measured by the spectrum analyzer. The excitation is then stopped and the resonator oscillates
freely and dissipates its energy due to losses resulting in a decay of the signal. The potential difference

between the ends of the resonator oscillates with

U(t) = Uy exp[(iwo - 1> t} t>0 . (4.1.2)

T
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where 7 is the lifetime of the oscillation and Uy the initial amplitude. The free decay starts at £ = 0.
The power spectrum is the graph of the magnitude plotted against the frequency and is what one

can observe on the network analyzer. It is defined as the absolute square of the fourier transform of the

signal.
P(w) = [FIU®)]? 4.1.3)
o) 2
= \7207/ exp [(i(wo —w) — 71_> t] dt (4.1.4)
™Jo
2
= % L 4.1.5)

-+ (1)

This is equal to the lorentzian curve for the special case that w = wy and v < wp which is defined with
the FWHM ~ as

1

(w —wp)? + (3)”

fwlwo, ) o (4.1.6)
Due to the high Q-values that are expected from this resonator it is sensible to assume w = wy. The
lifetime will be in the order of microseconds for Q-values higher than 1000 and frequencies of about
100 MHz. This is much longer than the time of one oscillation which is at 100 MHz only 10 ns. From
these equations one can get vy = % and with [Equation 1.3.8|calculate the Q-value from the decay of the

signal
Q = mT . 4.1.7)

The signal generator with a sinusoidal signal at vsie = 19 should have a high peak to peak voltage to
ensure that the signal of the decaying oscillation can be resolved. Subsequently, the signal is shut off for
a period of time to let the resonator oscillate freely. To this end a second signal generator is used, which
sends out a square pulse variing between 0V and 5V with a frequency vgquare < ﬁ. Here 7. is an
estimate of the lifetime, calculated from the Q-value given by the network analyzer. The factor 1/10 is
made to give the resonator enough time to be able to observe at least one lifetime even if the Q-value
is significantly higher than the estimated value. The square pulse and the sinusoidal signal is fed into
a RF-switch, which shuts of vy, if it receives a signal of 5V and opens the gate for no signal or 0 V.
The result is a sinusoidal signal which is multiplied by a square pulse signal of height one. This signal is
then emitted from one of the two antenna. The receiver antenna is connected to an oscilloscope which is
triggered by the sync-signal of the signal generator sending out the square pulse signal. Between antenna
and oscilloscope a series of amplifiers with a combined amplification of A = 40 dB was used to increase

the amplitude of the signal such that it will be in a range where the oscilloscope can easily detect the

19



signal.

4.1.1 First iteration

There were three iterations of the setups in total. In the first iteration, the resonator was mounted in a
prefabricated casing made by the group in Mainz. The resonator was put into a very tight copper casing,
leaving only about 1 mm of space between the surface of the resonator and the casing to the top and

0.5 mm to the bottom. The resulting Q-value and resonance frequency of the first iteration at 4 K were

QW ~ 600 (4.1.8)
vV ~ 37.13MHz . (4.1.9)

During the warmup of the resonator a few data points of the change in Q-value were taken and plotted
against the temperature measured by a temperature sensor directly connected thermally to the casing.
Because this was not planned initially and the heat capacity of copper is small for low temperatures, the

measurement of the Q-value versus the temperature only started at about 40 K as shown in |[Figure 4.2
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Figure 4.2: (a) Measurement of the Q-value during the warmup of the first iteration. (b) Plots the inverse
Q-value for the datapoints below the critical temperature.

The plot shows a sharp decrease of the Q-value to approximately zero after the temperature has risen
to 98 K. This transition is the superconducting YBCO surpassing its critical temperature and becoming
normally conducting. The temperature might be a bit higher than the critical temperature of the YBCO

because the sensor is mounted on the outside closer to the coldhead experiencing a temperature gradient
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from there to the resonator. The calibration of the temperature sensor, specifically in this intermediate
range, could also be slightly inaccurate, leading to an error of a few degrees.

As long as the YBCO is operated below its critical temperature, its resistance can be assumed negli-
gible compared to copper. Because of the low loss tangent of sapphire the losses due to the dielectricum
are also negligible, leaving the shielding material as the main cause for the observed losses. The data-
points below the critical temperature resemble the function % which can be verified by fitting the inverse
of the Q-value to a linear function as done in[Figure 4.2b] For a pure material like copper, the resistivity
increases linearly in 7" for temperatures above 2 0.1560 with the Debye-temperature 6 of the material
[24]]. For the Debye temperature of copper Oc, = 303 K this starts at about 45 K [24]. Due to the estima-
tions made in chapter 3.2, the copper casing strongly limits the Q-value, because of its close proximity to
the resonator. The linearity of the inverse Q-value in the temperature regime in which copper is expected
to have the linear dependence in its resistivity, is a second indication for the limitations to stem from the

copper.

4.1.2 Second iteration

In the second iteration the casing was not used to enclose the resonator, but to hold the resonator on the

outside as depicted in [Figure 4.3

Casing Sapphire wafer + YBCO

Figure 4.3: Visualization of the setup in the second iteration. The YBCO spiral (black) still partially
overlaps with the copper casing. Further details are described in the text.

However, even in this setup a few parts of the spiral still overlapped with the copper, because the
distance between the edge of the casing and the holes in the casing, on which the resonator could be
tightened on, was too long. The resonator is therefore aligned parallel to the copper plate of the coldhead,
with a distance of about half a centimeter. During the process of fastening the resonator on the outside of
the casing, the sapphire substrate broke. This also broke the spiral, such that the resonator was no longer
useable. Therefore another resonator of a different design, which has a higher resonance frequency, had

to be taken for the test. For this setup the resonance frequency and the Q-value was measured with the
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network analyzer first.

Q@ ~ 3400 (4.1.10)
v{? ~ 83.567 MHz 4.1.11)

With these a ring-down measurement was set up as explained above. The results can be seen in
ure 4.4

In the pink line represents the sync-trigger from the signal generator. This line starts at
the left marker position. One can see that the signal received by the oscilloscope did saturate before the
excitation was shut of at a peak-to-peak voltage determined by the amplifiers, the coupling strength of the
antenna to the resonator and the power of the initial excitation. From the oscilloscope a few datapoints

were read out using the marker tool. These points are then fitted with an exponential decay, which can

be seen in Using[Equation 4.1.7|the Q-value can be calculated to be

Q2 = 3400 + 250 . 4.1.12)

This value is in good agreement with the value from the network analyzer.
As expected, reducing the copper in close proximity yields a higher Q-value. Nevertheless this cannot
directly compared to the previous result, because the resonator had to be changed and the resonance

frequency therefore different.

4.1.3 Third iteration

To reduce the losses in copper even more the resonator was put into a casing made of Niobium-titanium
(NbTi), a type II superconductor with a critical temperature of about 10 K [25]]. The casing is a hollow
cylinder with radius of about 35 mm and height 120 mm. The resonator was then mounted on one end
on a strip of copper, such that there is almost no copper close to the resonator anymore. The resonator
itself is then aligned vertically, having the z-axis of the cylinder casing parallel to the resonators spiral
plane. Two antenna made of semi-rigid copper coax cable were fed through the casing roof with two
bore holes and then brought close to the pads of the resonator. At the end of the antennas roughly one
centimeter of the copper shield was removed from the cable such that the signal can be transmitted and
received. A picture of this setup can be seen in Before the assembly could be put into the
coldhead, the NbTi casing had to be wrapped into thick copper bands to ensure a good thermalization as
shown in Otherwise the casing might not get below its critical temperature or only after a
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Figure 4.4: Ring down measurement of the second iteration. (a) Shows a picture of the oscilloscope
triggered on the decay of the signal. The pink line representing the sync-signal starts at the position of
the trigger-marker T. (b) Shows a fit to the datapoints recorded with the oscilloscope.

long time. Measurements similar as those described in the second interation were performed.

QB ~ 15800 (4.1.13)
(¥ ~ 82.152 MHz (4.1.14)
QY = 16260 + 180 (4.1.15)
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(b)

Figure 4.5: (a) shows a picture of the inside of the setup in the NbTi casing. (b) shows the thick copper
bands used to ensure a good thermal contact to the NbTi

The Q-value increased significantly, which most probably is due to the reduction of copper in the critical
cylinder around the resonator, as has been estimated in chapter 3. During the warmup, a LabView-
program was used to record data of the resonance curves and the temperature continuously. From these
the change of the Q-value and the resonance frequency can be tracked. The plot for the change of the
Q-value was combined with a plot of a later measurement and will be described then. The resonance
frequency in can be observed to steeply decrease after the temperature surpassed the critical
temperature of the YBCO.

Due to the increasing equivalent series resistance of the RLC-circuit and because of the transition of
the YBCO from the superconducting to the normal conducting state, the damping constant ~ increases,
which then changes the resonance frequency according to

damped
UJO -

wg—7% . (4.1.16)
Additionally to this the inductance can also change after the YBCO becomes normal conducting, because
the skin depth of the flowing current changes.

After this measurement was done and the setup was back to room temperature the external permanent
magnet setup, made out of strong neodym magnets, was put around the NbTi casing to measure possible
effects of the magnetic field on the Q-value. To mount the magnets on the coldhead the casing had to
be detached first and then lowered into the magnet setup and attached there. Next to the addition of the
magnets, this was the only change made to later be able to exclude other sources than the magnetic field

as the cause for a change in the Q-value. At the position of the resonator in the middle of the magnet

24



—— data

81

. Tg}l?rCO:{IOO,Oi 1.0)K

79

vg [MHz]

78

77

76

60 70 80 90 100
TIK]

Figure 4.6: During the warmup of the third iteration the resonance frequency was plotted against the
temperature. From this the transition temperature of YBCO can be estimated. The plot yields T¢q =
(100 £+ 1) K. Additionally to this an error of about 5K can be estimated from uncertainties of the
calibration and a temperature gradient from the sensor to the resonator. This shows a good agreement
with the transition temperature of YBCO.

setup, the strength of the magnetic field is about B = 280 mT [22]]. To identify a change of the Q-value
more easily the data from the warmup with and without magnetic field are compared, which is done in

Here, one can see that the Q-value did not decrease significantly with the magnets installed. This
seems to be reasonable because the magnetic field is aligned parallel to the resonators plane. In a normal
conductor with the same dimensions this would mean that the material can not form large ring currents
to compensate the magnetic field if turned on. Here the magnetic field is permanent and the material
is superconducting, but in principle the parallel orientation offers less area to the exteriour magnetic
field in which flux tubes can form oscillations, increasing the losses in the superconductor. A similar
investigation has been conducted in Ref. [26] with the conclusion that the effect of the magnetic field is
very weak for the parallel orientation, compared the the orthogonal orientation. The different behaviour
of the Q-value can arise from the change of the setup. As explained before, the initial setup had to
be detached for the measurement with the magnets. For high Q-values even small changes can have a

severe impact on the measured result. Due to the massive magnetic setup the heat capacity of the setup is
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Figure 4.7: Measurement of the Q-value against temperature during the warmup process of the coldhead.

increased. Because of this the temperature measured by the sensor might not be exactly comparable to the
setup measured without the magnetic setup. From the data without the magnets one can also notice the
transition of the NbTi casing around 7" = 10 K. After this point the casing became non superconducting
and the increased sheet resistance in this state caused an increase in the losses and therefore a lower
Q-value. From the small height of the jump one can also see that the influences of the magnetic field are
quite low at the position of the NbTi-casing, because the resistivity of the NbTi jumps by several orders

of magnitude after the temperature increases to a higher value than the critical temperature [27].

4.2 Tests at the MPIK

In this subsection the setup and the measurement of one of the resonators designed in my “Projektprak-
tikum” is explained in detail. The chosen resonator is the one designed for the resonance frequency
vy = 27 MHz. Because there are no holes in the sapphire substrate to fix the resonator with a screw like
in Mainz, a dedicated clamping mechanism had to be manufactured, which clamps the resonator between
two cut parts made out of FR4, as shown in [Figure 4.8

Directly above and below the resonator the FR4 material was cut out to reduce material in the cylinder

of high influence estimated in chapter 3 and consequently decrease losses which would limit the Q-value.
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Figure 4.8: Resonator in a holder made out of FR4.

4.2.1 Tests in liquid nitrogen

Because the tests in Mainz were performed in a coldhead with each thermal cycle taking up one full day,
the idea was first to test the resonator in liquid nitrogen which is at Ty no = 77 K, well below the critical
temperature of YBCO. This should prevent the long waiting time, if the setup was directly immersed in
liquid nitrogen. The main problem of such tests is the warmup phase. If the resonator is exposed to air
while still below the dew point, water condensates on the surface of the resonator, increasing the risk
that the YBCO degrades into a non-superconducting form [28]]. To ensure that the superconductor does
not come in contact with water, the test had to be performed in a pumped cavity. The basic measurement
setup is the same as depicted in[Figure 4.Ta] The setup that was build can be seen in [Figure 4.9]

In one can see the copper casing, which has approximately the same dimensions as the
NbTi casing used in Mainz and therefore should not limit the Q-value to low values. The two antennas,
made of semi-rigid coax cable, sticking into the inside of the copper casing were fixed by soldering the
copper shield of the coax cable onto the copper plate below the casing. The casing itself is fixed with a
brass screw onto this copper plate and the plate is fixed onto the outer flange. Above and below the copper
plate some thick copper mesh was squeezed into the available space to ensure a good thermal connection
between the outside and the casing. Additionally to this, a PT1000 temperature sensor was installed.
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Figure 4.9: (a,b) Shows pictures of the copper housing inside of the nitrogen setup. (c) Shows the total
setup that will be almost totally submerged in liquid nitrogen.

The sensor was put into the copper mesh between the copper plate and the copper casing. The two signal
wires of the antenna and the wire from the PT1000 were fed through individual electrical feed-through
ports which can be seen in[Figure 4.9¢] It was ensured that the shield of the coax cable is well connected
to the outside made out of steel to reduce unintentional cross-talk from the cables. The antenna inside of
the casing were then positioned to be close to the resonator, which was mounted on the lid of the copper
casing. The resonators plane was then oriented vertical, like in the setup in Mainz. Before the setup was
closed (see the lid with the resonator was put on top of the open copper casing (depicted
in [Figure 4.9b)). The resonator was now inside of the closed casing and the antenna were close to the
pads of the resonator. The setup was then closed and connected on one side to a scroll vacuum pump to
evacuate the setup to 1 x 10”2 mbar. Now it was put into a dewar filled with liquid nitrogen, such that
all parts below the electrical feed-throughs are submerged. Several test were performed with adjustments
of the antenna, but no resonance curve was visible on the network analyzer. A reason for this could be
misaligned antennas. If the antenna are too far away from the resonator or the resonator is turned, such
that the holding additionally shields some part of the resonator from the antenna then the received signal
could be completely dominated by the existing cross-talk of the wires. In principle this setup should
work, because it does not differ from the setups made in the coldhead. It would be a lot faster than a
coldhead and one does only need liquid nitrogen which is more easily accessible than a coldhead. It
would also allow measurements in the 77 K environment, which would suffice for this resonator design.
Because of this it could be useful to revisit this setup. To ensure the antenna are oriented correctly one

would need to mount the resonator on the bottom of the casing.
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4.2.2 Tests in the coldhead

Since the tests in liquid nitrogen did not yield data on the performance of my design, it was then tested
in the coldhead like in Mainz. The only difference is that there was no NbTi-Casing available. The
resonator was mounted on a copper stripe, such that it is hanging below the middle of the coldhead
without anything else in close proximity than the two antenna. The antennas are again coax cables, with
the shield and isolation removed at the end close to the resonator. These coax cables are not semi-rigid,
so they can move between different setups. The first test of the resonator was already successful and

yielded the following values for the resonance frequency and the Q-value:

Vo ~ 141.79 MHz 4.2.1)
Q ~ 15000 4.2.2)

The resonance frequency is about a factor of five higher than 27 MHz, which is the frequency it was
designed for. The reason for this is that one needs a parallel capacitance of C;, = 20 pF to achieve
the designed frequency. In this measurement, this capacity was not implemented and therefore only the
self-capacitance accounts for the calculation. This capacitance is assumed to be at least one order of
magnitude lower than the trap capacitance, which then results in a too large resonance frequency. From
this test one can also see that the cylinder of low influence was a good estimation to achieve a high Q-
value, because it seems as if there is a lot of copper very close to the resonator as depicted in
but there the field is too weak to cause major losses and the Q-value stays high.

After the warmup the coldhead was opened too early because of a malfunctioning temperature sensor.
Some water condensated on top of the resonator and it quickly had to be put into vacuum to dry. Because
of this, a second test with this resonator was performed, to see whether it was severly damaged. For this
test the resonance curve can be seen in

The resonance frequency did only change by about 10kHz, but the Q-value decreased by 3000,

resulting in

vy ~ 141.80 MHz 4.2.3)
Q ~ 12000 . 4.2.4)
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Figure 4.10: Resonance curve from the second measurement of the 27 MHz resonator

The decrease of the Q-value can be explained by two factors. On the one hand the properties of the
YBCO could be worse than in the previous test, if the water did destroy some parts of the structure. On
the other hand it was mentioned that the antenna are not semi-rigid and can change in position relatively
to the resonator from test to test. This change can also worsen or improve the Q-value depending on how
much of the shield is inside of the cylinder of high influence. It is assumed that the second case is more

plausable from the appearance of the resonance curve and the still high Q-value.
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S The cryogenic amplifier

In this chapter, the requirements for an amplifier in the detection system are described shortly and the

results at room temperature are presented.

5.1 Principle and requirements

The main purpose of the amplifier is to make the signal coming from the induced ion current of a few
fA measureable. A high amplification as well as low noise is desired. This can be achieved by a cascade
of amplifiers. Here, the amplification given in dB adds up and the noise of the previous stage(s) gets
amplified stage and added to the noise of the current stage [29]. Because of this, a low noise is needed
for the first amplifier in this cascade, because this noise will be amplified by all amplifiers further down

the line.
The amplifier was build in adaptation to Ref. [30] as depicted in[Figure 5.1]
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Figure 5.1: Scematic of the amplifier adapted from Ref. [30]. The gray areas are not populated yet.

For this design two field-effect-transistors (FET) were used. The first FET on the left is used to
amplify the input signal. The second part with the other FET on the right is called a source follower
and is used for impedance matching. This is useful to reduce reflections in the circuit, because most

electronics have an input impedance of 50 2.
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5.2 Implementation and tests

The PCB designed according to the scematic depicted in was produced with a PCB milling
machine. Lots of vias were implemented in the board design to ensure that the ground plane on the
bottom of the board is well connected. The ground plane was then soldered onto a copper plate which
then offers some room to be connected to the setup via some drill holes. During the assembly of the

amplifier care was taken that all resistors and capacitors are suitable for cryogenic use. The final amplifier

can be seen in[Figure 5.2]

Figure 5.2: The assembled cryogenic amplifier. Starting from right side with the pink cable the cables
are in clockwise order: Drain Stagel, Output, Drain Stage2, Gate2 Stagel, GND, Gatel Stagel, Input

To test the amplifier Gate 1 (PAD2) of the first stage was connected to a voltage of about Vg ~
—0.7V. Gate 2 (PAD3) was connected to GND or V5o = 0 V. Both drains (PAD4 + PADS) are connected
to the voltage Vp ~ 7.4 V. Port 1 of the network analyzer, from which the signal is sent to the amplifier,
is connected to PAD1 and the output of the amplifier (PADG6) is connected to port 2 of the network
analyzer. To avoid saturating the amplifier, a 40 dB attenuation was put between port 1 and the input of
the amplifier. From this setup [Figure 5.3 was taken, which is already corrected for the 40 dB attenuation.

One can see that this cryogenic amplifier yields an amplification at room temperature of about

A=(144+05)dB @ 30 MHz . (5.2.1)
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Figure 5.3: Frequency response of the amplifier at room temperature
The error was estimated by changing the voltages applied at the gates and drains and observing the change
of the amplification. The data was taken from the setting which seemed to give the highest amplification.

Before the amplifier can be used the amplification first has to be tested at 4 K. Additionally to this, the
voltage noise level should also be tested in this environment. Ideally this noise level should be low.
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6 Results and outlook

In this work a new design for cyclotron resonators was presented and characterized. The new design
is based on the lithographic production of a planar YBCO spiral placed on top of a sapphire substrate,
which has a total area of only 1 to 2 cm?. This is manufactured by an external company saving time and
promising more reproduciblity. The Q-value of the resonator was measured with a network analyzer and
then also confirmed with a ring-down measurement. These measurements yielded Q-values as high as
@ = 16260 + 180, which still might be limited by lossy material close to the resonator. From different
iterations of the measurement and a simulation in COMSOL it could be estimated that a cylindrical
shaped volume of radius r = duy and height h = 2d,¢ centered at the resonator should be kept free of
any materials which otherwise would cause higher losses. Together with the small size of the resonator
with outer diameters of order doys = 1 cm this would make the total design small, fitting in a cylindrical
volume of only 6 cm?. Additionally, the Q-value during the warmup-phase of the coldhead was observed
with and without an exterior magnetic field. From this measurement one could see the transitions of
the YBCO spiral and the NbTi-casing from supercoducting to normal conducting and conclude that the
magnetic field has no visible effect at the given strength of B = 280 mT with a parallel orientation of the
field lines to the resonators plane. These results are very promising, showing that cyclotron resonators
can be improved in many aspects. Additionally to the cyclotron resonator a cryogenic amplifier was
constructed and tested at room temperature. This test yielded an amplification of A = (14 £ 0.5) dB at
30 MHz. The amplification and noise level has to be tested in the 4 K environment, before it can be used
together with the resonator in the experiment.

Within this work, the first tests on the new design were made, but there are still many left to follow.
In the future, tests in higher magnetic fields of a few tesla will be conducted to assure that this design
also works in magnetic field typical for Penning trap experiments. Revisiting the tests in liquid nitrogen
will also yield high Q-values which can be seen in the warmup measurements. This will make cyclotron
resonators available in environments that cannot be cooled down to 4 K. It will be interesting to measure
the self-capacitance and inductance of the different designs and compare the inductances to the expected
ones. If it can further be shown that also the inductances of designs with different resonance frequencies
are more predictable than the helical resonators, cyclotron resonators can be pushed from hardly obtain-
able to more easily replaceable measurement components, boosting flexibility and bringing new ideas

which need high Q-values nearer.
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A Appendix

A.1 Further information on the designing process

Given the targeted inductances calculated from the resonance frequency and the trap capacitance as
shown in parameters were searched to fit closely to these values. These parameters are the
number of turns N, the outer diameter dyy, the width of the wire w and the spacing between two turns
s. For this two additional boundary conditions were set. The outer diameter should be dgoy; < 2cm to
be small enough to fit into the experimental setup of ALPHATRAP. Additionally the inner area should
be large enough to be able to fit the soldering pad inside. This yielded the following configurations of

parameters:
yiolder [MHz] N dout [1m] w [pm] s [pm)] Design-Nr.
6.8 40 16000 50 50 1
17.9 24 11100 50 50 4
18.4 25 13000 100 50 5
20.4 15 10700 100 50 8
27 10 9000 50 50 2
28 10 8500 50 50 6

Table 3: Final parameters of the resonator spirals for the soldering design.

The final configuration is not unique and can change for a fixed target inductance, if other boundary
conditions are set. For the calculation of the inductance L via the modified Wheeler formula for the

octogonal spiral with the coefficients K; = 2.25, Ko = 3.55 [[19] and the vacuum permeability 1o

L = Kiypug (A.1.1)

14+ Kop

The fill ratio p = 223:71?122 and the average diameter dayy = 0.5(dout + din) can be calculated from the

inner diameter given by
din = dout — 2N (w +5) . (A.1.2)
In this case the octogonal shape was chosen, because it is closest to the circular shape, which was realized.

A.2 Capacitive coupling

Soldering directly onto the pads of the resonator has some risks. If one solders with temperatures higher
than 160°C the oxygen in the YBCO starts to diffuse out of the material, causing the supraconductor to

degrade into a state in which it loses its superconducting properties. Additionally due to the thin gold and
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YBCO layers, one has to be cautious to not put any major force on the soldered cables, because otherwise
these layers could easily break off. For this reason a design with capacitive coupling was made. Here an
outer ring area and the inner circle of diameter dj, can be used for building capacitors with C). and C,, as
shown in [Figure 2.2] The capacity should be large compared to the trap capacitance, to not influence the
circuit too much, because the two capacitors are in series to the trap capacitance as shown in[Figure A.T]

r

C_
I
I

C trap Cint —— L R

]

——O

Figure A.1: Circuit for the capacitive coupling.

From this circuit one can calculate the total parallel capacitance Cp, of the RLC-circuit with the
additional condition C,. ~ (|, to get

Cpar = _ Ciup . (A2.1)

142G

With an assumed coupling capacitance of C), = 250 pF the total parallel capacitance is changed and
therefore the target inductance also has to change to yield the same resonance frequency. This coupling
capacitance can be achieved with areas of size A = 1cm? and an isolating Kapton foil of thickness

d = 10 um and relative permittivity €, = 3.4 This was done for three designs shown in[Table 4
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vy [MHz] C: [pF] Ltarget [nH]

17.9 9.26 7684
20.4 17.24 3177
27 17.24 1814

Table 4: Calculated target inductances for the design with capacitive coupling.

Together with the additional condition new parameters were found for this design, which are listed
in[Iable J|

o [MHz] N dout [ppm] w [pm] s [pum] A [cm?] Design-Nr.
17.9 15 17500 50 50 1.65 3
20.4 10 17000 100 50 1.65 7
27 7 15900 50 50 1.54 9

Table 5: Final parameters of the resonator spirals for the design with capacitive coupling.
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