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Abstract

Defects on the surface of superconducting cavities can limit their acceler-
ating gradient by localized heating. This results in a phase transition to
the normal conduction state — a quench. A new application, involving
Oscillating Superleak Transducers (OST) to locate such quench inducing
heat spots on the surface of the cavities, has been developed by D. Hartill
et al. at Cornell University in 2008. The OSTs enable the detection of
heat transfer via second sound in superfluid helium. This thesis presents
new results on the analysis of their signal. Its behavior has been studied
for different circumstances at setups at the University of Géttingen and
at CERN. New approaches for an automated signal processing have been
developed. Furthermore, a first test setup for a single-cell Superconduct-
ing Proton Linac (SPL) cavity has been prepared. Recommendations of
a better signal retrieving for its operation are presented.
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Theory






Chapter 1.

Motivation

1.1. Superconducting Cavities

When it comes to particle physics, particle colliders have become the work horse of nearly
all “active” experiments — if the focus is not on the observation of astrophysics. The
essential components of these machines can in general be divided into two groups, the de-
tector and the accelerator structure — no matter if it is a fixed target or a real “two-beam”
collider. While the detector covers the observation of the physical process, the accelerator
has to facilitate this process in the first place. The accelerating structure itself again
consists of several essential building blocks. Beginning with the initial particle source, the
so-called beam line usually features all kinds of magnets — for example dipoles to bend
and quadrupoles to focus the beam — and sensors to keep track of the beam’s attributes.
In order to gain momen-
tum, the particles have
to travel through a se-
ries of cavities. The
fundamental principle of
the acceleration here is
based upon a standing
or traveling electromag-
netic wave excited in
these cavities. This wave
keeps on pushing the par-

ticles down the beam
line. This is also the Figure 1.1.: Two dimensional example for particle acceleration

with a standing wave.

Electrical Field

reason why only charged
particles can be acceler-
ated in these machines. The fundamental process is illustrated in the scheme in figure
1.1.

As the progress of research proceeds, the demand for better particle beam characteris-
tics provided by the accelerator grows. On the one hand higher energies of the individual
particles are of high priority while on the other hand further improvements like a high
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stability and low emittance of the particle bunches are supposed to be achieved. There
are different approaches to fulfill these goals. The topic of this thesis refers mainly to the
ones including superconducting (elliptical) cavities.

Two main examples are going to be dealt with as they give the motivation for the
described application in cavity quality diagnosis. The first being the nine-cell 1.3 GHz
TESLA cavity and the second being the 704 MHz SPL with five cells per cavity. To put
the particular meaning of this work into the appropriate context, a short description of
these two concepts and the corresponding projects shall be given in the following:

TESLA — A new Cavity Standard

The TeV-Energy Superconducting Linear Accelerator (TESLA) was a project for a linear
electron-positron collider, including a free electron laser, in Germany. Although the
project did not get sufficient funding for a full realization, its accelerator concept —
basically the cavity design — has defined a new standard for a couple of other projects.
One being the future ILC concept (International Linear Collider) which is supposed to
be a linear accelerator with a length of over 30 km colliding electrons and positrons at
energies of 500 to 1000 GeV.

Figure 1.2.: A TESLA cavity made out of pure Niobium, from [1].

The motivation for this machine is to become the corresponding tool for high precision
measurements of any new physics that might be discovered at the currently running
LHC (Large Hadron Collider). This includes the Higgs boson, any supersymmetric
particles or the mass of the already discovered top quark and the W and Z bosons [2].
The needs of this project in terms of accelerator components are respectively high, a
total number of well above 15000 TESLA cavities that run at a field gradient of at
last 31.5 MV /m [3] . One of the current projects with the same cavity design, which is
already in its construction phase, is the European Xray Free Electron Laser (XFEL) at
DESY, Hamburg. This 3.4 km long apparatus is supposed to fire high energy electrons
(17.5GeV) through an undulator!, causing them to radiate high intensity bright laser
light which can be used for all kinds of other scientific projects. Since this machine makes
it possible to create light flashes with a duration of less then 100 fs, fast chemical reactions
for example can be examined much better than ever before. From the accelerator physics

! An undulator forces the electron bunches to oscillate back and forth via an alternating magnetic field
so that they radiate photons of a certain wave length.
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point of view this project needs much less cavities than the ILC, but still in the order of
1000 which are supposed to reach field gradients of 23.6 MV /m [4]. A smaller version of
the XFEL, the FLASH, Free Electron Laser in Hamburg, is already in use. It originates
of the former TESLA test facility and operates seven 1.3 GHz modules — besides a new
3.9 GHz module — at different gradients. It serves both, test and already productive
purposes.

SPL — Superconducting Proton Linac for the LHC

The second example for superconducting accelerator technology is the SPL study at
CERN. This study has also been the framework for the final experiments of the presented
thesis. Furthermore some of the related projects, which were started with this work, will
also be continued in the near future.

SPL stands for Superconducting Proton Linac (i.e. linear accelerator) and was a
project first thought of in the late 90s at CERN. The early concept of ‘99 was to use rf
(radio frequency) equipment of the dismantled Large Electron Positron collider (LEP)
accelerator to build a new superconducting linac at the energy of 2.2 GeV in order to
replace the old Linac2 and the Booster and directly inject into the Proton Synchrotron
(PS). This concept would cause a number of advantages over the current setup — at
least at the first stage of the proposal — at the low cost of using decommissioned parts
from LEP. The SPL would upgrade the existing injector chain of the LHC (Large Hadron
Collider) and provide much better beam characteristics. At the same time it would
have spare energy for other clients as well. It was for example thought to be used as a
beam supply for a future neutrino factory and as a possible low power proton source
for radioactive ion beams for a future version of the On-Line Isotope Mass Separator

ISOLDE [5).

The latest concept includes the separated normal conducting Linac4 as an injector
for the SPL itself. As this accelerator is supposed to deliver a beam at 160 MeV it is a
suitable replacement and upgrade of the existing Linac2 on its own and could directly
inject into the Booster followed by the PS. In the framework of the SPL scheme this
linac will transfer the beam to the superconducting structure, the SPL itself will then
inject its beam into a new Proton Synchrotron (PS2) which is still to be built. The new
concept features completely different cavities for this version of the SPL, as shown in
figure 1.3. The frequency for these has been changed to 704 MHz as new parameters for
the elliptical, now five-cell cavities have been worked out. The architecture of the whole
beam line consists of a first stage for particles at a 8 of 0.65 and a longer second part
serving particles at a 8 ~ 1.1 To this track several extraction points for transfer lines to
different clients may be added. The proposed layout with the highest final energy sets
this at 5 GeV.

13 is the ratio of the velocity of the particles to the velocity of light in vacuum.
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Figure 1.3.: Proposal of the superconducting five-cell SPL cavity in its cryostat, from [6].

Looking at the relevant numbers for the cavity installation, the § = 0.65 part is
designed to work with 60 cavities at a field gradient of 19 MV /m, while the 5 = 1 section
needs 184 cavities with a stable field gradient of 25 MV /m [6, 9].

In summary, there are all kinds of efforts in the field of superconducting rf cavities
which all have in common, no matter if it is for a collider, free electron laser or injector,
that a relatively large number of cavities — at least in the order of 100 — is supposed
to work in stable operation at high field gradients. And as the injector represents the
backbone of the whole accelerator chain, since it is responsible for the initial transverse
and longitudinal emittance, the linac in a free electron laser is the tool to unleash its
full potential and the performance of each accelerating module in a collider is vital to
the energy at its point of intersection. So the reliability of each individual cavity is of
significant importance to the whole experiment independent from the form of application.
This makes severe quality diagnosis mandatory as well as a sophisticated understanding
of the limiting factors for the deployability of the structures.

_ DARL
N &7

N
%
4

Figure 1.4.: Not only frequency and energy of the proposal have changed — the favored
position on the CERN site has changed too. See [7, 8] in comparison.
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1.2. Why Superconductivity and what are the Limits

Superconductivity has been of particular importance for quite some time now when it
comes to modern particle accelerators. While superconducting (sc) magnets have become
more or less irreplaceable especially in circular hadron machines — not to mention that
there are no alternatives to superconducting cables to supply the extreme high currents
to them — superconducting cavities are not the only option to gain high energy particle
beams. Nevertheless this technology dominates the majority of design efforts for particle
acceleration in the near future. To understand this situation, the advantages mainly in
comparison to normal conducting approaches are summarized in the following.

The main advantage of a superconductor over a normal conducting material is its
zero resistivity when it comes to transferring any current. For radio frequency sc cavities
used for particle accelerators this is actually not true. Skipping the details of the BCS!
theory for superconductivity, it is a known fact that superconductors get a quantifiable
resistivity for alternating currents as created in a radio frequency field. This is caused
by free electrons not being bound in bosonic Cooper pairs and their resistive response
to the voltage created by the Cooper pairs in the alternating field, for more details see
[10, 11, 12]. The resistance is proportional to the square of the frequency, R, ~ w?,
as well as it is linked to the temperature, which regulates the number of non-bound
electrons, R, ~ e T, see [11] for a derivation.

Despite this behavior, the actual values of this resistivity are still relatively small —
for niobium, which is widely used for rf sc cavities, usually in the order of a few n{2 —
conserving the advantage over any normal conducting material. However, this benefit
has to be paid for with the low temperatures that have to be obtained during operation.
A good cooling is always necessary however expensive. In a normal setup this means
that the cavities are installed inside big cryostat vessels, filled with liquid helium at
temperatures below at least 5 K.?2 Though relatively complex, these systems guarantee
an efficient cooling that in combination with the very low losses due to the small surface
resistance of the cavity makes it possible to operate the whole structure in continuous
wave mode. Reaching for such high energies, normal conducting accelerator structures
are often only able to run in pulsed mode. The cooling of their cavities — in most cases
made of copper — gets harder due to the dramatically increasing ohmic heating. In
general, the share of the supplied electrical power that gets transferred to the particle
beam is much bigger in a superconducting accelerator than in a normal conducting one.

At the same time there are further advantages linked to the very high quality factors
Qo of sc cavities. These enable for example the implementation of bigger apertures
in the beam line design, reducing unwanted beam-cavity interactions. Though the Qg

!Bardeen-Cooper-Schrieffer

2The cavities of LHC are for example cooled down to 4.5 K which means that the liquid helium is
above atmospheric pressure.

3Stored Energy divided by power dissipation per cycle times the circular frequency or the number of
oscillations until the stored energy dropped down to 1/e — for contemporary niobium cavities values
of 1019 or 10! for Qg can be achieved [13].
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suffers from these bigger diameters of the cavities irises, the initial values are usually big
enough to allow this enhancement while quality factors of normal conducting cells do
not.

Despite all these advantages

T/T;(O) there are also limitations to the
application of superconducting
cavities. The extensive efforts to
keep the material at very low tem-
peratures have already been men-
tioned. In addition to that, the
magnetic field, which is a func-
tion of the electrical field used to
accelerate the charged particles,
may also cause the deployed ma-
terial to leave its superconducting
state. The reason for this in the
framework of the BCS theory is
the circumstance, that the Cooper
pairs, being responsible for the re-
J /Jc 0) sistance free current transfer, tr'y
to expel any external magnetic

Figure 1.5.: The critical surface of a superconductor: field. As they do so, they gain in
In the region below the indicated surface €1eI8Y; reach the level of normal

of the applied B-field, transport current J conducting free electrons — at a

and temperature T the material stays in certain critical field B, — and the

its superconducting state, refers to [10].  superconductivity is lost." These

boundaries give a three dimen-

sional volume as depicted in figure 1.5 with a critical surface that limits the conditions
for the preferable sc state. As the energies of the particle beams in new experiments are
demanded to reach higher and higher levels, the field gradient inside the cavity’s cells
has to be increased in order to keep the length of the whole accelerator within feasible
dimensions. At the same time a decrease in temperature in the cooling system presents
itself as being quite costly as well. Finally a compromise has to be achieved not only for
financial but also for reasons of stability in operation of the structure. The prediction
for the theoretical limit on the field gradient in niobium cavities is in the order of 55
to 60 MV /m. These gradients are barely reached with special single-cell designs? while
the actually tested cavities with a multi-cell design have maximum gradients of 25 to
45 MV /m [15]. Due to impurities and imperfections in the bulk material caused by the
manufacturing process, the limiting boundaries are attained earlier at these individual
weak spots provoking the whole system to fail. This event is referred to as a “quench” of
the cavity and it works like a chain reaction. The “seed” of the quench, if being a surface
irregularity, faces a higher electric or corresponding magnetic field as the rest of the

B/BL0)

! According to [11] the B. is about 200 mT for pure niobium.
2At Cornell University a world record gradient of 59 MV /m was reached [14].
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superconducting surface. If being a normal conducting inclusion, its direct environment
develops exceptional heating. At some point it breaks through the critical surface and
becomes normal conducting. From that time on it generates a lot of heat as it is still part
of the whole conductor transferring high currents. In an avalanche the surrounding areas
lose their superconductivity as they warm up likewise. The result is, that the complete
cavity quenches and the injected energy cannot be transferred anymore. In order to
understand these restraints of the technology and to deal with them in a better way, the
localization and examination of exactly these quench spots is of great interest.

1.3. Temperature Mapping

One way to locate the heat sources resulting in a quench used in laboratories around
the world is the temperature mapping (T-Map) technique. It is based on small resistors
which, mounted close to the surface of the cavity, change their resistivity in case of small
changes in temperature in the liquid helium.

There are different conceptual designs
for the positioning of these sensors. In prin-
ciple they can be divided into the two main
options of fixed and moving arm design. A
fixed installation, as shown in figure 1.6,
requires a much bigger number of resis-
tors while the results of the measurement
are obtained in a rather short time inter-
val. Moving or rotating arm designs are
usually more flexible and can more easily
be combined with other sensors like X-ray
scanners consuming more time for a mea-
surement. Nevertheless both approaches
have to be attached as close to the cavity’s
surface as possible, before it can be put
into a vertical cryostat for the very test
measurement. This may get highly compli- Figure 1.6.: Example of a fixed single-cell T-
cated as the density of the resistors on the Map installation at DESY, from
surface affects the spatial resolution of the [16].
temperature map later on, making a tight
positioning preferable. In summary these difficulties cause a time consuming start-up
phase. And besides that, the analysis of a more sophisticated multi-cell cavity design
may even require several cooling cycles using a lot of liquid helium and again time.

The spatial resolution obtained with contemporary systems is in the order of one
or two centimeters depending on the individual setup [11, 16]. As mentioned earlier,
this depends mostly on how close the resistors including their wire connections can be
placed next to each other, which varies for the different cell regions. In addition to that
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the liquid helium, which cools the structure, tends to reduce the maximum theoretical
resolvable temperature rise by 20 to 30 % [11].

The result however, may justify all these inconveniences as it provides a reliable
information — the temperature map — about the surface’s behavior while high power
loads are fed into the cavity. Still, one can easily guess that a new solution or new
technique in gaining information about the heat activity on the cavity would be worthwhile.
Especially a solution that does not require a direct installation on the cells themselves and
reduces the number of needed cooling cycles. This leads to the topic of this thesis as the
application of second sound sensitive devices might fulfill these systematic prerequisites.
Nevertheless, the advantage of temperature mapping lies in its capability to detect
predecessors of quench spots and their dependence on the magnetic field while second
sound can only be used to detect the spot itself.



Chapter 2.

Cavity Diagnostics with Second Sound

2.1. Two Fluid Model of Superconductivity

The effect of second sound gained its name from the circumstance that it represents
a sound like wave propagation of heat in superfluid states. The phenomenon is best
understood in the two fluid model developed by Laszlo Tisza, which is roughly explained
in the following.

When liquid helium is cooled down, it performs a phase transition at 2.17 K [12], the
A-point. The name is taken from the characteristic behavior of the specific heat capacity
as shown in figure 2.1. For an easier distinction, the phase below this point is referred to as
“helium II”. As soon as liquid helium
reaches these temperatures, special phe-
nomena can be observed, like the almost
instantaneous end of bubble formation
caused by the large thermal conductivity of
the fluid. Further attributes of the liquid
suggest that it becomes superfluid, while
other observations show that it still bears
a viscosity. Motivated by an idea of Fritz
London, who unveiled parallels of helium
IT to a Bose-Einstein condensate, Laszlo 0 | ) 3
Tisza created a two fluid model to cover Temperature [K]
both observed criterion. The model can
be explained like this: When reaching the Figure 2.1.: Scheme of the specific heat ca-

He II

——

specific heat capacity [J/mol/K]

A-point, a fraction of the helium atoms con- pacity of liquid helium as a func-
denses into one shared, lowest energy state, tion of temperature around the
forming a superfluid liquid. The rest of the A-point, the shape of the curve

giving this special name. Com-

helium atoms keeps its normal fluidity and
pare [12].

coexists with the other. As shown in figure
2.2, the superfluid fraction becomes more
and more dominating with decreasing temperature until the normal fluid helium vanishes
for very low temperatures. As the whole “body” of helium has to be considered as a

13
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mixture of the two components, the total density is given by the sum of the individual
ones:

P = Ps+ Pn

ps giving the density of the superfluid fraction, while p,, is the one of the normal fluid
fraction.

1.0
./p

08 |-

Ratio

0.2 |-

>

0 1.0 2.0 )\-pOint

Temperature [K]

Figure 2.2.: Relative densities of superfluid and normal fluid versus temperature below the
A-point in helium.

In order to explain the different behaviors, the two fractions consequently differ from
each other in their physical attributes. By definition the viscosity of the superfluid
component equals zero, furthermore it bears no entropy, whereas the normal fluid fraction
has still a non-zero viscosity and keeps the total entropy of the composite. Adding
individual velocities to the fractions, results in two equations of motion as described in
[17] leading to two wave equations with independent propagation velocities. One of them
is commonly known as “first” sound. It describes the longitudinal fluctuation in density
which is driven by pressure variations as illustrated in the upper part of figure 2.3, taken
from [18].

The other wave equation represents what was named “second sound” by the Russian
physicist Lev Landau and describes a fluctuation in entropy driven by temperature —
shown in the bottom part of figure 2.3. The resulting heat transfer works essentially as a
counterflow of the superfluid and normal fluid fraction of the liquid. So when heat is
generated at a spot in the helium II, a surplus of normal fluid is created. It generates
a wave that propagates in all directions away from this source. Hence, wavefronts of
superfluid helium move in the opposite direction to compensate the disturbance of the
equilibrium.
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Figure 2.3.: The ratio of the letters n and s in every vertical column represents the relative
portion of the superfluid and normal fluid helium while the total number of
symbols corresponds to the density of the mixture. The upper part of the scheme
illustrates first, the lower second sound, see [18] for more details.

2.2. Oscillating Superleak Transducers

Back to superconducting rf cavities, the situation of a (vertical) test stand presents
itself like this: The cavity is mounted in a cryostat and kept at very low temperatures
with liquid helium. An antenna feeds the rf power into the resonator to establish a
resonance of the electromagnetic field. At a certain field strength, the cavity might
quench, disrupting the power transfer. In the case, a single spot on the surface of one of
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the cells is responsible for this failure, its position might be determined using temperature
mapping and the moment the transferred signal is lost as a trigger as described above.
Yet, as the hypothetical weak spot on the surface heats up when turning back into
its normal conducting state, it will also generate a second sound wave in the coolant,
provided that its temperature is below the A-point. If this entropy wave can be detected
from different points of view in the cryostat — by spatial distributed detectors —, a

localization of the initial seed is possible.!

120V OST
| TMQ r_)

100pF ——

Figure 2.4.: Simplified OST readout and
power supply circuit as used in
Gottingen, compare figure 2.4
and 3.1.

But how can the phenomenon of second
sound be observed in a quantitative man-
ner? The answer to this question is a sensor
called “Oscillating Superleak Transducer”.
This detector is basically a plate capaci-
tor with a fixed and a flexible electrode.
The latter has to be “superleak”, which
means that it is supposed to let superfluid
helium pass through while normal fluid is
kept out. This capacitor is placed in an
electrical circuit like in figure 2.4, becom-
ing very similar to a capacitor microphone.
This has the reason that it serves as just
the same — a “microphone” for the second
sound. The sequence of events during a
measurement, of the same is listed below:

1. The OST capacitor is charged by an external current source inside the liquid helium
I1, the source being outside. It bears the charge of

Q=

c.U, (2.1)

with C' its capacity and the applied voltage U.

2. A heat source (the quench spot) creates a second sound wave — a surplus of normal
fluid helium travels away from the hot spot, towards the OST.

3. The normal fluid wavefront hits the “superleak” capacitor plate. As it cannot pass
through, it pushes the conducting gold layer closer to the second, fixed electrode.

4. Because of the resistor which is in series to the capacitor, the charge on the OST’s
plates is kept constant for short time intervals:

dQ

E‘O
N w _ d¢

u C

!This method has been introduced recently (2008) by D. Hartill et al. at Cornell University [19], but
there were similar ideas and applications developed in the past [20].
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As the capacity is proportional to the area of the plates divided by the distance
between them,

A
CNE

the capacity increases, when the normal fluid helium hits the sensitive side of the
device, causing the voltage to drop:

d, = C1 = UlJ]

5. In the readout system — so on the oscilloscope indicated in figure 2.4. — a decrease
in the voltage is registered. Since the flexible plate of the capacitor will return into
its initial position after a certain number of oscillations, corresponding oscillations
of the voltage signal can be observed.

An example of such a signal triggered by an artificial heat pulse is presented in figure 2.5.
If the temperature of the helium is known, one can use the time of flight in combination

with the known second sound velocity and compute the distance between heat source
and OST.

The OST concept has been realized inside a cylindrical aluminum casing — a two
dimensional cross section is shown in figure 2.6. The fixed capacitor plate is a brass
electrode that is glued into the backside of the casing and connected to the core of
a shielded plug on the exterior. A polycarbonate circular membrane with a diameter
of 25 mm and pores of a diameter of 0.2 um (“Nuclepore Polycarbonate” membrane
produced by the company WHATMAN) plays the part of the superleak and flexible plate.
It is made conductive on the side that does not directly face the other electrode, by
sputtering a gold layer of 50 nm on it. Its flexibility is granted by an aluminum ring
that connects it to the rest of the casing.! The ring has an inner diameter of 19 mm
while the sputtered region on the membrane is slightly bigger than that. Therefore,
the gold layer is connected via the aluminum ring and via the rest of the casing to the
shield of the backside plug. The voltage, used to charge this capacitor, is about 120V
for the described experiments, the resistivity, mentioned for the circuit, is in the order
of 1 M€2. The OSTs themselves, used during the measurements, were all produced at
Cornell University, DESY or CERN — the membranes from Cornell have an aluminum
layer as well, but were never used in the experiments at CERN or Géttingen described in
this thesis — with the more or less identical design originated from the first draft from
2008.

LCompare figure 9.1 in the appendix
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Figure 2.5.:

Figure 2.6.:

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Time[s]

An example for a second sound signal: The green curve with its y-axis on the
right represents the heat pulse, while the blue line shows the recorded signal
from the OST. The point of interest, as indicated, is the time of flight between
the peaks giving the distance between heat source and OST.

OST

<«—  normal fluid

Il

superfluid

]

Sketch of the fundamental design of an OST as developed at Cornell University,
the brass electrode (blue) is surrounded by insulating glue (orange), while
the nonconducting membrane (black) has a 50 nm gold layer on its forefront,
compare figure 9.1 for a picture of a disassembled OST, further pictures of the
OST manufacturing can be found in the appendix too.



Chapter 3.

Experimental Setups

3.1. Test Setup at Gottingen

The setup in Gottingen, as described in [21] and [22], consists basically of a two-section
glass cryostat, the inner being sealed and keeping the liquid helium, the outer containing
liquid nitrogen and therefore serving as a heat shield. Hence, the temperature of the
helium is controlled via the vapor pressure above the fluid using a rotary vacuum pump
using the calibration given in [23]. The pressure is measured with a normal and a
logarithmic manometer during the experiments. The error of the second device is in the
order of 1 mbar [24]. Inside the helium, a small Surface Mount Device (SMD) resistor with
a resistivity of about 90 Q below 2K is mounted on a polyvinyl chloride (PVC) platform
at the bottom of the glass tube. For symmetry reasons, this platform is connected
via three niobium wires, two of these connecting the resistor to an external function
generator. The readout and supply circuit, which is depicted in figure 3.1, is based
upon the described capacitor microphone principle. The oscilloscope used for the signal
recording is a 1 GHz TEKTRONIX DP04014.! Mounted on a metal rod in the helium,
the OST itself can be moved vertically during the measurements. In order to suppress the
unwanted noise in the OST’s signal, several modifications to the setup, which was built
by Benjamin Schroder for his Bachelor thesis in 2010, have been applied. Their effect on
the data will be briefly discussed in part II of this thesis, a more detailed discussion can
be found in [22]. The alterations are highlighted in figure 3.1, they include:

1. A series of batteries as the power supply of the OST, having a total voltage of
120V, which replaced the normal power supply,

2. a new oscilloscope — the mentioned DP0O4014 — that does not intrinsically
suppress noise but has a much higher resolution and smaller device error than its
predecessor,

3. a metal box shielding the electronics,

4. the insulation of the BNC cable connecting the OST from the hollow metal rod
which holds the sensor,

1For the device errors and further information compare [25].
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5. a change in the measuring procedure as the rotary vacuum pump is always to be
switched off during data taking.

As noted above, the resistor, representing the quench spot and therefore generating the
second sound wave, has a resistivity of about 902 at the investigated temperature of
1.5 to 1.8 K — which corresponds to an adjusted vapor pressure of 5 to 16 mbar. The
pulse itself lasts 0.2 ms and has an amplitude of 4 V. It is simultaneously recorded on
one channel of the oscilloscope to trigger the data taking as shown in figure 3.1.

3.
HMQ | T
L.H log-
: i ___manometer 4.
120V —— | ﬂ manometer
> hew ¢ 10QuF: . H
‘scope R i : e
m@ recovery
channels 1| 5 %2 safety o
ﬂ_ valve B\ P (1)
% 5.
pulse

OST

resistor

Figure 3.1.: Schematic layout of the glass cryostat and electronic circuit in Gottingen: All

the improvements regarding noise suppression and upgrades to the original one
of 2010 are indicated in red [22].



Experimental Setups 21

3.2. Test Setup at the Cryolab at CERN

The existing setup at the Cryolab at CERN is different in several aspects from the one
at Gottingen. The most important difference of it is the diameter of the cryostat which
is about 19.5 cm as shown in figure 3.2, whereas the inner glass tube of the cryostat in
Gottingen has a diameter of only 7cm. This allows for multi-OST installations at CERN.
Furthermore a stainless steel vessel instead of a glass one is used. The experiment itself
is set up on a removable insert. The outer casing has 2 mm thick steel walls, three copper
and various aluminum multilayer foil heat shields, which are encased in an evacuated
volume around the inner chamber. This results in a better shielding of the sensitive
electronic devices. The insert has three copper heat shields directly under its sealing
steel cover, which are at the height of the three heat shields in the outer container when
the cryostat is closed. At the bottom, another copper plate is installed. It is fixed
by three stainless steel rods forming the “skeleton” of the whole structure. The plate
is about 10 cm above the vessel’s inner bottom when fully inserted. On it a CERNOX
temperature sensor is fixed, used to determine the temperature of the liquid helium
during the experiments. According to its data sheet [26], it has a calibration error of
4 mK below 10 K. Additionally to the CERNOX, up to three small boards with SMD
resistors have been installed on this plate and were connected to sockets on top of the
steel cover of the insert.

The two most used resistors are thick film resistors of the NRC series from the NIC
Components Corporation with a face value of 51 € and a power rating of 1/8 respectively
1/10 W. Their resistivity below 2K was measured to be around 62 — 642 and 65 — 67 ).
Just like at the setup at Gottingen, these heat sources are connected to an external
function generator!, providing pulses of a length of 0.2ms and an amplitude of up to
10V.

The sensors at this setup can be mounted on the three metal rods of the framework
as well as on a fourth one which is vertically adjustable during the measurements. The
SMD boards on the bottom plate can be placed directly under each OST position during
the preparation phase, to simplify the distance determination.

The readout and power supply is in its basic idea very similar to the system at
Gottingen, although more complex in design. The power supply is done with a set of
batteries, too, in order to avoid any further noise on the signal. Additionally to the basic
concept, an amplifier circuit, copied from the original design from Cornell University,
is included — see figure 3.3. For the described measurements an amplifier box?, that
contains eight channels — so eight of these circuits —, has been used. The box was built
during the summer student program of Karol Krizka at CERN, therefore a detailed
description of its functionality can be found in his report [27].

Tn this case copper cables were used.
2Figure 9.2 in the appendix.
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Figure 3.2.: Schematic layout of the metal cryostat used at CERN: The removable insert in

this scheme contains four OSTs at all possible installation points — the three
supports and the additional adjustable rod. The number of actually installed
OSTs varies between the individual experiments. During any measurement, the
SMD boards as well as the CERNOX temperature sensor are fixed to the bottom
copper plate of the insert. The two highlighted insulation upgrades were installed
after May 18" and are shown in figure 9.5 and 9.6.
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The important aspect is the provided non-inverting amplification via the included
OpAmp-IC of [28]:

Uout Rl
Uw R
470k
20k
=245

Two different oscilloscopes were used for the data taking and first evaluation during
the measurements that will be referred to later on. The systematical errors have been
adopted accordingly. At first a TEKTRONIX T'D.S3014C"! was used as it is a battery driven
oscilloscope and it was assumed that this may decrease the noise of the OST’s signal.
As it was shown, that the battery operation mode does not result in any improvement
and some device errors during the data storing routine occurred, the oscilloscope was
replaced with a newer version — the TEKTRONIX DP03014.2

___120V+

QIMQ

——0.1pF
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1IMQ

scope

I||<

Figure 3.3.: Circuit diagram of the amplifier used in the Cryolab: The 120V are provided
by a set of batteries. The amplification factor of the non-inverting operation
amplifier equals 24.5. During measurements, a metal box containing eight of
these circuits and the batteries for the power supply, has been used, see figure
9.2 for a picture. For more details see [27].

After first measurements, modifications to the setup became necessary to disconnect
the Cryolab’s ground from the system. Corresponding pictures of the installations can
be found in the appendix.

The rotary vacuum pump?, used to lower the vapor pressure above the liquid helium,
is connected to the cryostat via a long and extensive system of pipes and valves.

'For a manual see [29].
2For a manual see [30].
3Rotary vane pump 100 m? /h.
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Chapter 4.

Results Gottingen

4.1. Noise Suppression

35
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Figure 4.1.: Second sound signal measured on July 26,2010 at ~ 1.4 — 1.5 K, based on the
old setup before noise improvements were added, see [21].

The main task at the beginning of the measurements in Gottingen was to suppress
the immense noise background in the OST’s signal, since it was very hard to resolve the
actual second sound signal as the data presented in figure 4.1 shows — the signal starts
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shortly after the trigger at 0s. The analysis of the noise has shown that its frequency is
in the regime of 50 Hz and higher harmonic modes of that, up to about 300 Hz [21, 22].

Because of that, especially the power grid and the vacuum pump were candidates for
the origin of this background as they both operate at 50 Hz. As listed in the description
of the setup in Gottingen, the system has been modified to fight these effects. Except for
the oscilloscope itself, the circuits were separated from the grid by replacing the power
supply with a series of batteries and installing several insulations. Furthermore, the
capacitor microphone circuit has been shielded with a metal casing. However, the biggest
improvement was achieved by stopping the vacuum pump during the data taking. The
pump itself is positioned less than a meter away from the cryostat and connected to its
steel cover with bellows. These start vibrating when the machine is in operation and
transfer their oscillations to the cryostat. In figure 4.2 an OST signal recorded in the
helium without any heat excitation and just the pump running is shown. In the lower
part of the same figure, a transformation into the Fourier space proves the domination of
the 50 Hz frequency as observed in the recorded signals before.
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Figure 4.2.: Fourier transformation of the OST noise in superfluid helium with the rotary
pump running and no second sound signal.

The result of a second measurement, that demonstrates how the termination of the
pump’s operation affects the sensor output, is presented in figure 4.3. In less than a



Results Gottingen

29

minute all obstructive oscillations are gone. But once the pump is turned off, the vapor
pressure inside the cryostat increases and so does the temperature.

0.01

0.008

0.006

0.004

0.002

oH

Voltage [V]

-0.0021

—0.004-

-0.0061~

-0.0081-

- I ! I
0'0%55 160 165 170

175

Time [s]

180 185 190 195

Figure 4.3.: OST signal during the shutdown of the vacuum pump. It takes about 15 seconds
for the corresponding 50 Hz noise to vanish.

The velocity of the second sound wave does strongly depend on the predominant

temperature in the helium II, especially
above about 1.8 K. Its exact behavior has
been studied in several experiments in the
past. Figure 4.4 gives the result of an exper-
iment described in [17]. One can determine
a rather stable plateau for the velocity be-
tween 1.5 and 1.8 K which is highlighted
with a red frame. This region has been
chosen as a compromise for the data tak-
ing procedure. For practical reasons, the
pressure interval of 5 to 16 mbar was se-
lected. It lies inside the corresponding tem-
perature interval [1.5K,1.8K]. So when-
ever the vapor pressure inside the cryostat
reaches 16 mbar, it is lowered to 5 mbar by
restarting the pump. Subsequently, the
pump is switched off again and after about
a minute the first heat pulses are generated.

Speed of Second Sound (m/s)

Resonance
——————— Wang (1987

Figure 4.4.: Second sound velocity versus tem-

perature from [17], the used tem-
perature interval is highlighted.

Both, the pressure decrease from 16 to 5 mbar and the inverted process, the vaporization
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back to 16 mbar, take about 15 minutes. This is an acceptable time window for the
experiments. The velocity in the selected temperature frame, determined by the precision
measurements of Wang et al. (given in [31]), alters between a maximum of 20.37 m/s and
a minimum of 19.83 m/s. The measurements are represented by the dashed line in figure
4.4. The values correspond to a maximum difference of Av = 0.44m/s and a relative
deviation of 2.2 % motivating the errors in the later distance measurements.

All the methods combined, so the pump stopped, the power grid disconnected and the
circuit shielded, result in a much better signal to noise ratio. An example OST response
to a heat pulse including all these hardware enhancements can be found in figure 4.5.
Additionally to these solutions, it has proven itself to be very useful to take multiple
signals and average them with the recording oscilloscope. This is possible, as the shape of
the signals does not change for a fixed distance in one measurement. Another method is
to use the so called “high resolution mode” of the deployed TEKTRONIX device. It works
basically as an internal averaging over each sampling interval. Both methods and their
positive effects are described in more detail in [22]. As they do not affect the intrinsic
characteristics of the signal and are of less use for a direct comparison to the results at
the Cryolab at CERN, their analysis will be left out at this point.
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Figure 4.5.: Second sound signal with all setup improvements of February 9", 2011 at ~ 1.6 K.

By looking at the maximum amplitude of the noise in the OST signal in the time
interval before the heat pulse arived at the OST and comparing it to the first peak-to-peak
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value of the actual second sound signal, one can evaluate how good a threshold scan
could resolve this signal. For the measurements at Gottingen the final result with the
improvements is averaged over distances from 3 to 303 mm between the OST and the
SMD heater and over about 16 signals taken at each distance. Its numerical value is:

with S, standing for the signal and N 4,,, the noise value. Only the very first resolvable
amplitudes of the second sound wave signal are taken into account for the peak to peak
values, as they define how precise the time of flight can be determined.

4.2. Distance Variation

The working principle of a heat source localization via second sound is based upon distance
measurements using OSTs. For the determination of any distance, two parameters have
to be observed at the same time, the time of flight of the second sound wave and its
velocity. The latter can be derived from the temperature in the liquid helium. The
second, the time of flight, so the time it takes the wave to travel to the OST sensor after
it has been generated, depends on two values again. The first is the moment the entropy
wave is created, so some sort of trigger event. In the described experiments it is the heat
pulse provided by the function generator. The second and usually harder to determine
parameter is the point in time when the first wavefront of normal fluid helium hits the
superleak membrane.

In the test setup at Gottingen, measurements of the OST’s signal for different distances
between the membrane and the heat source were performed. The motivation was to
simulate an unknown distance between the OST and a quench spot on a cavity’s surface.
The temperature is derived from the vapor pressure and kept between 1.5 and 1.8K as
described earlier. To compare the results of the second sound distance computation to
the real situation, the distance was measured manually at the setup. During the running
experiment only the top part of the OST holding metal rod, that is outside the cryostat,
can be measured. A maximum error of 3mm has been assumed for the analysis. It
combines the error of the scale used to measure the steel rod and the different thermal
contraction behaviors of the niobium wires and the rod itself [21].

Figure 4.6 shows as an example of twelve signals recorded in high resolution mode
[25] on February 9. The adjusted distance increases from 3 to 183 mm from top to
bottom of the presented diagram. The second sound signals themselves last apparently
longer than the couple of milliseconds that are shown in the figure. This means that the
excited membrane oscillates for a time longer than the recorded one until it returns to
its initial position. At the beginning of each signal, a sort of transient effect can be seen.
It takes a short moment for the system to reach the maximum amplitudes. Comparing
the height of the amplitudes for increasing distances, one finds that they decrease until
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Figure 4.6.: 12 signals of different distances taken at February 9*" in one diagram: The signals
are shifted to separate them, the red crosses in each channel mark the time
interval in which the signal start is expected including the error in the distance
and the velocity interval covered in that measurement. The kink in their vertical
connection is due to a change in the step size. The heat pulse was generated at

20 ms.

a distance of about 4 cm. After that distance the changes alter a bit. The amplitude
stays stable, respectively decays much slower than before with growing distance. This
behavior can be explained with a transition from a spherical to a plane wave character of
the second sound wave. In detail this means that as the heat pulse is created in a point
like spot — the SMD resistor —, the second sound wavefront propagates on a spherical
surface in all directions away from its start. Depending on how close the membrane with
an active diameter of 19 mm is to the resistor, it “sees” the wave in a different way. For
small distances, small in comparison with the membrane’s spatial extent, the spherical
wave character will be recognized. The wavefront is going to reach different sections
of the membrane at different times and its intensity decays fast for gaining distances.
For larger distances the wavefront exciting the flexible membrane can be regarded as a
plane one and the intensity losses for the signal become smaller. The development in the
relation between the membrane’s diameter and the covered upper opening angle of the
second sound wave sphere is illustrated in figure 4.7. The curve follows the phenomenon
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observed among the signal’s amplitudes, as it quickly drops below 10 % within the first
50 mm of distance.
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Figure 4.7.: Percentage of the upper polar angle 9 that is covered by the OST’s membrane
versus the distance between OST and SMD. The scheme illustrates the situation
in the cryostat.

The red crosses in each channel in figure 4.6 represent the expected signal start. This
expectation is derived from the set distance including its error and the known velocity for
the temperature range including a deviation of it given in [31]. The earliest possible signal
start is calculated using the highest possible velocity in the temperature interval and the
smallest distance with respect to the error in measurement. The same is done for the
lowest possible velocity and biggest distance. The results are marked as “fast” and “slow’
signal, compare figure 4.8. This does also explain the increasing size of the highlighted
interval for bigger distances. The OST’s response at the interval between these points
tends to show minor differences from its behavior earlier in time. Nevertheless, the bigger
amplitudes — so the resolvable changes — are always delayed. This is the strong hint
for a transient effect in the mechanical oscillator.

)

In order to quantify this deviation, a threshold scan algorithm has been developed.
It analyzes the pure background signal prior to the heat pulse trigger and scans for
amplitudes larger than five standard deviations around its mean value. The same code
has been used for the data taken at the Cryolab at CERN — compare section 5.2.
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The results of the threshold scan are compared with the predicted signal starts. The
deviation in time from the first and the latest expected signal start is multiplied with
the corresponding velocity to express it in terms of a distance. The outcome for both
extremes is averaged over two series of measurements and presented in figure 4.8. The
total error is a combination of the error in distance and velocity as well as the time
resolution of the oscilloscope. The absolute values show an interesting behavior as the
slow increase up to about 20 mm until a distance of about 60 mm between OST and
resistor is obtained. For higher distances the value first doubles itself and decreases again,
a trend similar to the one of the amplitudes.
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Figure 4.8.: Summary of the distance measurements in the glass cryostat: The deviation
between the measured signal and the predicted signal, using the set distance,
is shown. For the “fast Signal” discrepancy the highest second sound velocity
in the set temperature interval and the smallest distance including the error is
used, while for “slow Signal” the smallest velocity and biggest distance is applied.
“Estimation 2009” represents the spatial error estimation used for the simulations
in [32].

The red line in the plot represents the error estimation ¢ done for the simulations
described in [32]. The estimation is mathematically given by

(4.1)

o= dm- exp (dlstance[mm]>

1000 mm
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It is the error that has been assumed for every individual distance determination in the
computer simulation.

The computed deviations are, except for very small distances, much bigger than
the prediction from this simulation approach. In fact as they lie in the order of a
few centimeters, especially for the interesting distances above 6 cm, they question the
precision of the used technique. This may be caused by the very basic readout system,
containing no amplification of the signal, and the specific dimensions of the setup.

4.3. Frequency Analysis
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Figure 4.9.: Example of main peak frequency in Fourier space as a function of distance, the
corresponding signal was recorded on December 16", for more details see [22].

For a better understanding of the OST’s response to the incoming second sound wave,
a frequency analysis of the recorded data for different distances has been performed.
Starting with the point in time at which the earliest signal start! is expected, the data
have been transformed into Fourier space to determine on its dominating frequencies. The
complete results for each individual measurement are listed in [22]. Figure 4.9 provides

LCompare previous section.
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an excerpt of this analysis as it shows the values of the most dominant frequencies versus
distance of one series of signals. One observation is that there are three predominant
frequencies in the rough order of 300, 550 and 850 Hz — compare the result in figure
4.10. This does not change with increasing distance, at least not in the covered scale.
In total, three series of measurements were recorded and analyzed. The final average of
their most dominant frequencies is

f =372.0 £ 100.2 Hz.

This gives a strong hint that the main frequency of the membrane’s oscillations is in the
order of 300 Hz, a frequency that had to be excluded from earlier analysis as the higher
order modes of the 50 Hz noise were also in this regime [21].

Gauss-Window Analysis

For the analysis of the signals recorded at the Cryolab at CERN, a different method was
used to perform the Fourier transformation. Instead of taking the complete data after
the expected second sound signal start and transforming it, a window of a certain size
was moved over the chronological data points excluding the non-covered content. This
became necessary since the second sound induced oscillations decayed much faster in
the Cryolab measurements than in the experiments at Gottingen — compare figure 5.3.
However, this technique can also be used for the Gottingen data.

In addition to the simple window, a weighting procedure using a Gaussian distribution
for the Fourier transformation has been developed by Benjamin Willenberg in Gottingen
during his work for his Bachelor thesis [33]. In more detail, this method takes the
content of each window and applies a weighting with a Gaussian distribution, that has its
maximum in the center of the window and a width of the half window size. The size of
the windows presented here has been set to 2'° = 1024 data points of the usually 10000
recorded entries per signal. The choice is motivated to gain an acceptable frequency
resolution and to accelerate the Fast Fourier Transformation algorithm that favors powers
of two [34].

As the window is shifted along the time axis of the signal, each transformation
represents a certain interval in the same. To illustrate the signal’s evolution in Fourier
space and time, these windows can be lined up one after the other as done in figure
4.10. The diagram shows how the frequencies in the 300 — 550 — 850 Hz domain become
dominant at the time the second sound wave reaches the sensor. Additionally, the further
behavior of the frequency demonstrates the relatively slow decay of these dominant
frequencies. Figure 5.6 shows the same diagram for a signal recorded at CERN. The
decay of the membrane’s oscillation frequencies is much faster here. Both signals are
also illustrated in contour plots of their frequency spectrum in figure 9.3 and 9.4 in the
appendix.



Results Gottingen 37

rrequency |Hz|

Figure 4.10.: Surface plot for the evolution of the Fourier spectrum per time interval of 1 ms
of a typical second sound signal measured in the glass cryostat at Gottingen.
See figure 9.3 for a two dimensional map of the same spectrum.
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Chapter 5.

Results Cryolab at CERN

5.1. Noise Suppression
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Second sound signal recorded on May 12", 2011 at ~ 1.71 K with the battery
for the voltage supply of the OST installed in the amplifier box, but still not
separated from the Cryolab ground.

The first results for heat pulses generated with SMD resistors at the Cryolab at
CERN had a much lower noise level compared to the signal amplitudes than the early
measurements at Gottingen. The gathered experience could be used to optimize the
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setup in the first place. Additionally, the used function generator provided a higher
output voltage of 10V and the implemented amplifier increases the OST signal. But
although the amplifier helps to separate the actual signal from the common electrical
noise, it is also sensitive to any artificially induced disturbance in the OST’s response
and magnifies them as well.
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Figure 5.2.: Fourier transformation of the OST noise at room temperature outside the cryostat,
connected to the Cryolab ground.

The data shown in figure 5.1 represent the results of these first measurements. The
heat pulse trigger is always at 0's for this kind of representation. A periodical background
with a frequency in the order of 1kHz is evident. In addition to that, the whole signal
increases in its absolute value as it lies on the rising slope of another 50 Hz background
which is not completely captured in the chosen time frame. Because of this characteristic
frequency, the latter one was at first attributed to the vacuum pump as of the results
from the Gottingen measurements and since the power supply had already been replaced
by a set of batteries. However, the consequently following measurements with the pump
turned off, did not show any difference. Obviously, the spatial separation of the pump
from the cryostat with a network of several pipes — the system is supposed to serve more
than one test stand — is able to absorb any unwanted oscillations. The origin of the
periodic noise was found to be the electrical ground connected to the system for safety
reasons. Apparently, other devices in the Cryolab interfered with this potential, resulting
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in a strong 50 Hz and other higher frequency backgrounds. This could be proven in a
special room temperature measurement shown in figure 5.2. Usually the whole insert for
the cryostat holding the OSTs was completely insulated after being removed out of the
steel vessel. Therefore, it did not show any abnormalities. When the metal frame of the
insert was artificially connected to the electrical grounding and the background in the
OST’s signal appeared.

For any later experiment, the setup was disconnected from the ground by insulating
the metal pump line with a plastic junction and two layers of nonconducting material
which were put under the metal cryostat. The outcome were much clearer signals as
presented in figure 5.3. For a comparison to the results at Gottingen, the ratio of the
signal amplitudes at the very beginning of the second sound signal and the maximum
noise peaks prior to the heat pulse trigger has been computed. The average value for
distances between OST and SMD from 2 to 22 cm is

Samp _ 108 4 2.5,

NAmp

an improvement by a factor of approximately four compared to the glass cryostat, as far
as the different approaches and setups allow this comparison.
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Figure 5.3.: Second sound signal of May 18" 2011 at ~ 1.71 K, now disconnected from the
Cryolab ground.



42 Results Cryolab at CERN

5.2. Distance Variation

The first experiments at the Cryolab were done with an OST attached to one of the
metal rods of the insert’s frame, so at a fixed distance to the heat source. After the
major part of the noise had been suppressed, an adjustable metal rod, indicated in figure
3.2, has been added to the setup. With this device, measurements for different distances
like at Gottingen could be performed. With the given helium level after lowering the
vapor pressure to a few millibar, a variation from 2 to about 22 cm were possible. The
set distance was determined at the setup during the preparation phase and during the
cool down on the outside part of the rod holding the OST. For the setting, a caliper with
a precision of 1/10 mm was used. According to [35], the contraction of the used steel is
less than 1 mm per meter for a temperature change from 300 to 4 K. The contraction
from 4 down to 1.6 K is even much smaller and can therefore be neglected. As both,
the supports holding the copper plate with the SMD boards and the adjustable rod,
are completely made out of this steel, a total error of 1 mm has been assumed for the
distance.
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Figure 5.4.: In 21 steps of 1cm, signals for an increasing distance between heater and OST
were recorded. The red crosses represent the results of the amplitude threshold
scan, multiplied with the literature value for the second sound velocity, while the
blue markers show the corresponding adjusted distances.
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The signals recorded for the set distances have been analyzed with the threshold scan
algorithm described earlier. The time of flight results were transformed into distance
values to compare them with the set parameters. For this purpose, the temperature
determined with the installed CERNOX sensor could be used to get a precise corresponding
value for the second sound velocity. The error in the velocity and the temperature as
well as in the oscilloscope’s time resolution were taken into account for the systematical
error of the yield presented in figure 5.4. There is no statistical error, as it was not
possible to take several measurements for all distances due to the decreasing helium level.
Nevertheless, a bigger set of data for a fixed distance of about 10 cm was used to obtain
a value for the statistical fluctuation for the threshold scan. The deviation for 20 signals
at this constant distance as determined with this amplitude threshold algorithm was less
than 14 us corresponding to an error of less than 0.3 cm. This error has been added to
the time resolution error as a rough estimate of the statistical fluctuations.
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Figure 5.5.: Summary of the distance measurements in the Cryolab: The deviation between
the measured signal starts and the predicted signal starts using the set distance
is shown. “Estimation 2009” represents the spatial error estimation used for the
simulations in [32]. As for distances bigger than 3 cm, the values are well below
this assumed curve.

Just like for the results at Gottingen, the deviation between the predicted signal
start, derived from the set distance and temperature, and threshold scan was determined
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for each measurement. As there is no extended temperature and respectively velocity
interval to be regarded, no distinction of a “fast” or “slow” signal had to be made. Again,
all systematical errors for the set distance, velocity and time resolution contributed
to the total error. Figure 5.5 gives the results in comparison to the error of a single
distance measurement in the 2009-computer-simulations for quench spot localization [32].
Different from the results in figure 4.6, the determined signal starts are sometimes earlier
sometimes slightly later in time than the predicted ones. This and the shape of the
signal indicate that there is no omnipresent transient effect or delay for the membrane’s
oscillations. In the plot in figure 5.5 the values for the deviation are shown. The data
shows a similar behavior as the curve in figure 4.7. The latter depicts the percentage of
the opening angle above the heater that is spatially covered by the membrane. For small
distances, the measured velocity is always less than predicted for a point like sensor. This
is also caused by the fact that the relative time difference of the arrival of the second
sound wave at the center and at the edge of the membrane is not negligible for these
distances. In other words, there is a short delay until the whole membrane, not just
its center, has been hit by the first wavefront of normal fluid helium. Especially for
distances, which are in the same domain as the membranes own size (diameter 25 mm),
this effect becomes visible. Nevertheless, the values themselves indicate a high precision
as they are — except for the smallest set distance — all well below 4 mm.

5.3. Frequency Analysis

The frequency analysis of the Cryolab data had to be adapted to the very concise second
sound answers. Therefore, the described window scanning of the output signal was
used together with the Gaussian weighting from Benjamin Willenberg described in [33].
Since this method focuses on a much shorter time interval than a transformation of
the complete recorded frame, the characteristic signal frequencies can be accentuated.
This results in a good separation of the signal and background as shown in one example
surface plot in figure 5.6. The plot is created by an alignment of the frequency spectra
of each window, containing 1024 of the total 10000 data points. The window is shifted
step by step by one data point through the complete set, thus the aligned surface plot
covers the whole recorded time interval. The frequency resolution is determined by the
sampling ratio — in this case 250 kHz — and the window’s size (1024). For the given
plot the resolution is 244.1 Hz.

The obvious predominant signal frequencies are in the order of 2 and 6 kHz with at
least this uncertainty of about 0.25kHz. To evaluate the dominance of these frequencies,
the analysis has been performed with multiple data sets taken at different dates with
different OSTs. The main frequencies of the second sound induced signals are given in
table 5.1.

Unlike the OST at Gottingen, the OSTs tested in the Cryolab respond to the second
sound wave with much higher frequency oscillations. There is large variation between
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Figure 5.6.: Typical surface plot for the evolution of the Fourier spectrum per time interval
of 4ms of a second sound signal measured in the metal cryostat at the Cryolab
at CERN. See figure 9.4 for a two dimensional map of the same spectrum.

Date Main Frequency [Hz| | # of Samples | Additional Comments

May 18" | 9068 + 2010 7 fixed OST, different temperatures
May 26" | 1953 4= 94 26 changing distances

July 26" | 1953 & 281 3 fixed, same OST as in May 26"
July 26" | 1221 + 345 21 changing distances, CERN built

Table 5.1.: Main signal frequencies for different OST measurements.

the individual devices, but all the main frequencies are in the kHz regime. The used
amplifier does not change the frequency information of the signal in this range. It cuts
out very low frequencies in the order of a few Hertz and cannot conserve high frequencies
in the MHz regime. Therefore, no distortion by this device has been observed.

Apparently, the combinations of membranes, casings and electrodes used at CERN
bear different characteristics than the OST used in the setup at Gottingen. The Cryolab
results point out the individual behavior of the identically constructed devices. However,
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the OST, that has been used in two separate experiments, shows a continuity in its
second sound response frequency although its placement was changed completely. In the
measurements of May 26" it was attached to the adjustable metal rod while on July 26"
it was fixed to a steel support of the copper plates. This suggests that once assembled,
an OST keeps its characteristics for the second sound measurements. Yet, there is not
enough data on other OSTSs to verify this particular statement.

The CERN OST — the other OSTs did all contain all membranes prepared at CERN
while the rest of their structure has been manufactured at Cornell University — features
a slightly different main frequency than the others. Albeit the value is still in the kHz
range and higher frequencies in the order of 6 kHz can be observed in the signal spectrum
as well.

5.3.1. Frequency Threshold

The representation of the evolution of the frequency spectrum in figure 5.6 shows a
distinct start of the membrane’s oscillations induced by second sound. The dominant
response frequency arises very fast in the spectrum. As it marks the arrival of the first
second sound wavefront, it immediately suggests itself to use it for a threshold scan
similar to the one triggering on the signal’s amplitude. A corresponding algorithm for
such a threshold scan in the Fourier space has been created. It uses the information
gained with the Gaussian-window scan of the signal. For each window position, the
strongest frequency is determined. The program searches for values matching a predefined
signal frequency, including a small tolerance interval. As this threshold frequency might
accidentally appear in the just-noise part of the signal, the algorithm tries to find the first
cluster of frequency matching windows that has a certain minimum size. If found, the
very first window of this cluster defines the detected signal start. Due to the Gaussian
weighting, its center gives the point in time which marks the moment the threshold is
reached.

One example of a recorded signal with all three signal starts — the one predicted
using the set distance value, the one determined with the amplitude threshold scan and
the one identified by the frequency threshold scan — is given in figure 5.7. The threshold
frequency has to be determined manually. The results of the frequency analysis, see table
5.1, show that the characteristic frequencies lie in the regime of 1 to 10 kHz. Especially the
repeated measurement of one OST suggests, that the individual devices might keep their
very own resonance frequency if not dissembled between the measurements. Therefore,
the threshold value could be determined in a calibration prior to a real measurement.
This would make it possible to apply an automated frequency threshold scan to determine
the time of flight of the second sound wave.

Like the amplitude threshold scan, the frequency threshold algorithm has been used
to analyze the data set recorded for different distances between OST and SMD resistor.
Again, the computed results for the time of flight were compared to the prediction. The
deviation has been transformed into a distance value using the velocity linked to the
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Figure 5.7.: OST response to a SMD heater at a distance of 19.2cm. The signal has been
recorded on July 26" at a temperature of about 1.67K. The black triangle
indicates the start of the signal according to the literature value of the second
sound velocity while the green and the red star represent the result of the
frequency and amplitude threshold scan algorithm.

recorded temperature. The corresponding values are depicted in figure 5.8. The red
curve is the same as in figure 4.8 and figure 5.5, representing the error estimation of
2009. Similar to the signal starts evaluated with the amplitude threshold scan, the marks
set by the frequency scan are not all prior to or after the predicted ones, but most of
them are later in time. This can be explained by the need of at least half a wave length
of an oscillation to deduce its frequency. The numerical results themselves are not as
good as for the amplitude threshold scan. Yet, as the stay under a value of 6 mm for
all distances, they are useful too. Additionally, they are actually smaller than the ones
originating from the amplitude change in a few cases. A combination of both methods
seems reasonable. The frequency scan can be of advantage in case of low amplitude to
noise ratio, so for relatively high temperatures as shown in the next section or in a noisy
environment.
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Figure 5.8.: The deviation between the beginning of the signal determined with the frequency
threshold scan algorithm and the prediction of the same is shown. “Estimation
2009” represents the spatial error estimation used for the simulations in [32].

5.4. Velocity Determination

In the results of the measurements with a variation of the distance between OST and
heater — presented earlier —, the procedure was to determine a time of flight and to use
the second sound velocity for the recorded helium temperature to compute a distance
value [31]. Another way is to compute the second sound velocity using the set distance
value. This serves as another crosscheck if the time of flight agrees with the expectations
for it. Besides changing the form of analyzing the results, it is also interesting to use this
method to investigate on the temperature dependence of this velocity.

As the resulting amplitude decreases for higher temperatures in helium Il — this is
caused by the superfluid—normal fluid helium ratio, compare figure 5.9 — it gets more
complicated to resolve the signal from the noise background. A good isolation from any
possible noise source is mandatory. Furthermore, the frequency threshold algorithm can
be used to separate the actual signal from its background.

Figure 5.10 shows an OST signal recorded at 2.05K in its upper part. The actual
signal starts between the five and the six millisecond mark on the x-axis. The signal’s
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Figure 5.9.: The peak to peak amplitude values of second sound signals for different tem-
peratures. The amplitude increases for lower temperatures as the share of the
superfluid helium increases in the mixture, compare [36]

amplitude is barely significant compared to the noise background earlier in the same plot.
Looking at the surface plot of the frequency spectrum, which can be found in the lower
part of the same figure, a much better distinction can be done. The noise background
presents itself as two “walls” in the range of 110 and 220 kHz, ubiquitous in time. At the
same time the small changes in the voltage of the OST response — so in the upper plot —
arise, three significant peaks appear in the Fourier space. They are in the order of 2, 6.8
and 21 kHz. The frequency threshold algorithm can trigger on one of these frequencies
and in this way determine the correct time of flight.

Both, the amplitude and the frequency algorithm, have been applied to data gathered
in an experiment recording second sound signals for different temperatures. Their findings
have been used to compute the velocities of the second sound wave. The OST, used
in the experiment, was fixed at a distance of 8.6 cm from the SMD heater. The results
are given in figure 5.11. Except for the highest temperature, the results are in good
agreement with the prediction deduced from [31] (including the given error). The average
deviation is 0.66 mm/s for the frequency threshold and 0.65mm/s for the amplitude
threshold. With the very low background achieved at the setup, both approaches yield
similar outcomes. Nevertheless, for a higher noise rate, this might change.
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Figure 5.10.: Signal and surface plot of the frequency analysis of the OST response to a heat
pulse at 2.05 K: The separation of signal and noise gets much easier in Fourier
space.
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Figure 5.11.: A comparison of the results of the frequency threshold and amplitude threshold
algorithms which have been used to determine the second sound velocity for
different temperatures at a distance of 8.6 cm on May 18", Especially for a
small amplitude-noise ratio, which occurs at “high” temperatures (~ 2K), the
frequency scan yields an advantage over the amplitude scan, compare figure
5.10.

5.5. Electrode: Surface Modifications

Besides the examinations of the amplitude and frequency of the responses of the basic
OST to the second sound wave, the influence of modifications of the sensor itself has
been investigated. In a study, separate to the other experiments, different conditions of
the brass electrode, so the fixed plate of the OST “capacitor”, have been tested. The
idea was to determine how the actual texture of this electrode affects the height of the
measured amplitudes. As the sputtered membrane touches the electrode directly as soon
as the voltage of 120V is applied, its attributes influence the oscillations excited by the
second sound and determine the device’s sensitivity.

Two different approaches were tested in the experiments. The first was to create a
well defined roughness on the electrode’s surface. This has been realized with a perforated
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Kapton! foil which is inserted between electrode and membrane, see figure 5.12. The foil
has holes with a diameter of 0.1 um and a distance of 0.2 um between each of them in
every row and column, forming an evenly distributed grid. The assumption was that
these small pits might emphasize the membrane’s oscillations as they provide more space
for the superfluid helium II. The result however, given in table 5.3, proved the contrary.

The second approach was to reduce the average distance between the gold layer i.e. the
flexible plate and the electrode by polishing the latter. After the OST manufacturing, the
electrode has still some circular structures remaining on its surface from the machining
process. These irregularities change the local distance between the plates and because of
that the total capacity of the OST. As mentioned in the theory part (equation 2.1), the
charge on the OST plates is constant for short time periods:

@ = C - U = const.

This leads to

N w _ d¢
u  C’
while
dd

This means that changes in the capacity correspond to inverted changes in the recorded
voltage. These changes are then proportional to one over the squared distance d between
gold layer and electrode. In order to have a significant change in the signal, so at least a
factor of two for the amplitude,

2dC, =dC,

has to be fulfilled, with b marking the state “before” polishing and a the one “after”.
Assuming

dd, ~ dd,,
results in
= V2d, = d.
dy and d, can be written as
dy =d,, + 7, dy, = d,, +v,

where d,, is the thickness of the membrane and x and y represent additional space due to
the irregularities on the electrodes surface. According to WHATMAN, the used membrane

Kapton is a registered trademark of E. I. du Pont de Nemours and Company.
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type has a thickness of 6 to 11 um. For simplicity reasons 10 pm can be assumed:
dp, =~ 10 pm
[solating x, the pre-polishing parameter, gives
= r~4.1pum+ V2 y.

The used polishing method is supposed to level the surface with a deviation of less than
0.1 wm, compare figure 5.13 and table 5.2.

y~0.1pm
= r ~ 4.3 uym

So in order to double the amplitude, the distance to the gold layer has to be reduced by
at least 4.3 um, given that the according flatness can be achieved with the treatment.

Figure 5.12 shows photographs of the four different electrode variations that were
tested at CERN. The left most electrode represents the standard situation with no special
treatment. This electrode has been used in an OST for a reference measurement. The
second electrode shown, has been polished. The third has been polished as well, but
covered with the described Kapton foil. The fourth picture shows the first electrode
again, but after a polishing procedure.

Figure 5.12.: Pictures of (a) the normal electrode, (b) the polished electrode, (c) the electrode
with the Kapton foil — with a polished electrode underneath — and (d) the
normal electrode again, after treatment, compare [37].

To check if the target roughness of 0.1 pum had been achieved by polishing, a normal
electrode and the polished one were examined with a white light scanning profilometer.
The device — a VEECO WYKO NT 3300 — has a vertical resolution of up to 0.1 nm [38].
Figure 5.13 and table 5.2 summarize the results of the representative scan. The average
roughness of the non-polished electrode is in the order of 1.3 um but the maximum
deviation given in table 5.2 and figure 5.13 show that single circular shaped elevations
can increase the distance much more. The surface of the polished electrode has even
smaller irregularities than assumed. The requirements for a significant increase of the
signal’s amplitude by a factor two or more can be met.
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Figure 5.13.: Screen shots of the profile measurement of a normal OST electrode (upper part)
— the circular shape of the irregularities can be identified — and a polished
electrode (lower part).

The size of the cryostat used at the Cryolab allowed to install three OSTs and three
pairs of heaters' at the same time. Two measurements were performed, one with the

IThe two different SMD resistors are described in part I.
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Electrode ‘ Average Roughness ‘ Maximum Deviation
Normal Electrode 1.3£0.1 um 11.1 4.4 um
Polished Electrode 10.5 £1.3nm 98.3 £ 26.6 nm

Table 5.2.: Results of the profile measurement of two different OST electrodes.

first three versions of electrodes in figure 5.12 ((a) to (c): June 17*%) and one with the
last three ((b) to (d): July 7*"). The purpose of the second experiment was to verify
the results of the first. Therefore, the reference electrode has been polished in between
and the Kapton foil has been moved from the first ((c) in figure 5.12) to the second
electrode polished at DESY ((b) in the same figure). In each measurement, each OST
has been excited by an SMD heater at a distance of 122 mm for different temperatures
of the helium. For a comparison of the results, the maximum peak to peak values of the
signals of the different electrode featuring OSTs were normalized with the ones from the
reference OST (a). Their ratios are given in table 5.3. The values are averaged over the
two sessions and the used temperature interval between 1.6 and 1.8 K.

Heater ‘ Normal Polished ‘ Kapton ‘ Polished
RI1: 1/8 W 35+£02084+0.1]21+0.2
R2: 1/10 W 2701112401 |3.14+0.3

Table 5.3.: Peak to Peak ratios of the signals for different electrode constellations, “Normal
Polished” represents the reference electrode which has been polished for the second
measurement, “Polished” represents the average achieved with the electrodes
polished at DESY, compare figure 5.14. All ratios are with respect to the reference
device.

While the Kapton foil, so the evenly distributed roughness on the electrode, has not
resulted in any improvement, the polishing procedure produced a mean gain by a factor
of 2.9 +0.1. This is even more than expected. A direct comparison of the maximum
amplitude difference for the reference OST before and after polishing is given in figure
5.14. The results favor a polishing of the electrodes of all OSTs in further experiments.
More details can be found in [37].
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Figure 5.14.: A direct comparison of the peak to peak measurements of the OST with the
normal electrode before (June 17*") and after polishing (July 7t") for the two
used SMD heaters, compare [37].



Chapter 6.

Setup SPL-Cavity at CERN SM18

6.1. OST Manufacturing

The final step for the heat source localization with second sound is to take a real cavity
and try to find quench spots on its surface with the help of OSTs. At CERN, the current
project is to perform second sound measurements with an SPL prototype cavity. The
cavity itself is a pure niobium single-cell structure. Its resonance frequency is 700 MHz,
so in the same order as for the SPL five-cell design. The actual dimensions are different
from the SPL cells since it is a research and development prototype, which mainly serves
the purpose to investigate on a bulk niobium cavity in the particular frequency range. It
has been developed and built at the Saclay CEA research center in France and is lent to
CERN. The cryostat for the cavity test is placed at the experimental hall SM18 .

The cavity has been fixed in a metal frame — see figure 6.2 — and evacuated for a
measurement in a vertical test stand. For a simultaneous second sound measurement,
a number of additional OSTs had to be manufactured at CERN as the existing ones
were not sufficient in quantity and some of them already in use at the Cryolab. The
only change that was made to the initial design of Cornell University during this process
was to replace the SMA plug by a LEMO series 00 plug like it has been done before at
Gottingen [22]. In total twelve brass electrodes, casings, consisting of the aluminum
back and ring and sixteen membranes were prepared. The devices were assembled in the
following order:

1. The LEMO plugs are soldered to the electrodes.

2. These are glued into the back of the aluminum casing with a STYCAST 2651 MM
general purpose epoxy encapsulant.

3. Finally, the membranes are attached to the sensor with the aluminum front ring
and four stainless steel screws.

Figures 9.7 to 9.10 in the appendix illustrate the assembling process. As this was done
before the investigations on the electrode enhancements were accomplished, none of the
installed electrodes were polished beforehand. Nevertheless, it was of great importance to
gain the experience how to manufacture the complete OSTs from scratch. Additionally
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to the described steps above, eight of the devices were equipped with special steel sleeves,
as shown in figure 9.11, to attach them to the metal frame of the single-cell cavity.

Before installation, all newly manufactured OSTs were tested with the amplifier box
at room temperature. After that, eight of them were mounted on the metal frame of the
cavity around its equatorial region as shown in figure 6.2.

6.2. Considerations for the OST Installation

Like presented in section 5.4 the velocity of the measured second sound wave can be
determined not only in dependence of the temperature but also of the set distance
between the heater and the membrane. The results of such a measurement are presented
in figure 5.11.
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Figure 6.1.: Results of a direct velocity measurement as a function of increasing distance:
Since the absolute error in the determination of the time of flight entails a big
relative error in the velocity, the systematical error increases for smaller distances.

The results of the amplitude threshold scan are very similar — although inverted —
to the trend in the coverage of the opening angle above the SMD heater shown in figure
4.7. For distance in the regime of few centimeters, the OST cannot be regarded as a



Setup SPL-Cavity at CERN SM18 59

point like sensor anymore as its spatial expansion is in the same order. For the setup
with the cavity this implies, that the smallest distances from the OSTs to the surface
should be chosen big enough to avoid this effect. The further results for larger distances
show that they do not cause any limitations. Therefore it is consequently of advantage
to leave a certain distance between cavity and sensor, as the area of the surface that
is directly seen by each OST increases this way (compare proposed geometry in [32]).
For the presented setup, which is supposed to be a first test of the whole method, the
geometry of the metal frame determined the chosen distance. The resulting minimal
gap between the membranes and the niobium is not smaller than 4.5 cm, an acceptable
situation as to the results presented above.

Figure 6.2.: Picture of the SPL single-cell setup with eight installed OSTs at SM18.

The cavity is mounted on a large insert including all necessary vacuum and rf
connections to operate it. The OSTs are all connected to one socket on the top cover of
this insert. This socket is directly connected to the amplifier box, which contains the
batteries for the voltage supply of all second sound detectors. The eight channels of the
box are finally read out by a PXI (PCI eXtension for Instrumentation) from NATIONAL
INSTRUMENTS at the setup. At the PXI, either the reflected power or transmitted power
signal of the cavity can be combined with the OST signals to trigger the measurement in
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case of a quench. The whole system can be controlled remotely from the control room at
SM18. The software solution for the data acquisition has been developed in LABVIEW
by Karol Krizka during his summer student program in 2010. As it exports the recorded
data in plain text form, the further processing can be performed with any other software
as well. In order to combine the data with the other algorithms described in this thesis,
a three dimensional representation of the cavity’s setup has been created in MATLAB,
see figure 6.3. It uses the exact geometrical parameters of the installed cavity. A similar
model has been created for the SPL five-cell cavity, see figure 9.14 in the appendix. This
representation can be combined with triangulation algorithms also developed in MATLAB
at DESY, Cornell University or Gottingen. But prior to the analysis, the test stand has
to be put in operation. This includes a temperature monitoring of the helium which has
to be combined with the second sound measurements in order to obtain a value for the
propagation velocity.

Figure 6.3.: Matlab figure of the SPL single-cell surface at the according installation.
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Chapter 7.

Conclusion

For the study of the behavior of the oscillating superleak transducers, summarized in the
previous chapters, the focus was set on three major topics:

1. Noise Suppression
2. Distance Variation
3. Frequency Analysis
Each of them contributed to a better understanding of the examined device.

Different experiences were gained in the field of noise suppression, especially as
the measurements were done at two setups under different circumstances. At Gottingen,
the stopping of the vacuum pump and the shielding were responsible for the biggest
improvements. In the Cryolab at CERN, the local ground connection was the major
cause for unwanted frequencies. For both setups, switching to a battery driven power
supply of the senors resulted in a smaller noise background. These experiences are very
fundamental, although probably true for any similar experiments with electrical signal
transmission. Nevertheless, it is very important to keep them in mind for any future
setups, as they — such as in the case of the SPL test cavity — might be much more
complex in their structure.

The experiments with a variation in the distance between heat source and sensor
were done with the intention to prove that this particular method of distance deter-
mination works properly. Although the precision itself achieved with the data of the
experiments at Gottingen is in the order of a few centimeters, it has been shown that the
recorded signal follow the principle of the prediction. The results of the measurements at
the Cryolab, which are in the order of a few millimeters, confirm this conclusion. From
the qualitative point of view, the increase of the distance has caused an elongation of the
time of flight at both setups. Furthermore, the very start of the signal is in agreement
with the theory of the working principle of the OSTs as it reflects the decrease of the gap
between the capacitor plates with a negative peak in the voltage. This understanding
was again verified in the experiments with polished and non-polished electrodes. The
decrease in the average distance between the gold layer and the brass electrode causes a
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gain in the amplitudes of the voltage change. With the used method, an improvement of
a factor of two and more could be achieved for the used devices.

In order to prepare an automation of the distance determination, an algorithm for
an amplitude threshold scan of the signals has been developed. The evaluation of the
Gottingen measurements with this program unveil a non-constant delay in the signal
start, the biggest amplitudes take time to build up. This effect has already been seen in
the qualitative comparison of the recorded curves and the predicted signal start interval
as shown in figure 4.6. The outcome of the same evaluation performed for the experiments
of the Cryolab at CERN is much different from that. The distance or respectively time
deviation from the prediction is much smaller. The successful noise suppression and
the used amplifier circuit result in a distance error which is smaller than 3 mm for most
distances, compare figure 5.5.

Additionally, the behavior of the deviation with increasing distance shows strong
similarities with the coverage of the opening angle above the heater by the membrane,
compare figure 4.7. One reason for this might be the transition of the second sound
wave from a spherical to a planar wave propagation as seen from the point of view of
the OST. This correlation has already been noticed in the change of the amplitudes for
different distances in the Gottingen data. It impedes the precise distance determination
for very small distances in the order of the membranes own dimensions. In a setup for a
heat source localization on the surface of an elliptical sc rf cavity, the minimal spatial
displacement of the OSTs from the surface should therefore be larger than this.

The results of the frequency analysis are very different for the two described setups.
The OST used in Gottingen responds to the second sound wave with frequencies in the
order of 300, 550 and 850 Hz. The two latter ones are probably higher order modes of
the 300 Hz as discussed in [33]. After the final noise reduction, all three frequencies are
still ubiquitous in all recorded signals. Hence, an origin in the noise background can be
excluded. In contrast to that, the OST responses at the Cryolab at CERN show a wider
frequency variation in the single digit kHz regime for all — CERN, DESY and Cornell
built — devices. The frequencies observed in Gottingen do not appear in their spectrum.
The analysis and comparison among the different devices does instead emphasize that
the response frequency is an individual characteristic of the mechanical structure. The
tightening of the screws fixation, which has been more or less arbitrary, might have an
impact on this behavior. There are other strong hints that the transducers keep their own
frequency for several cooling cycles as long as they are not disassembled. However, this
theory demands further investigations. Using the individual characteristic frequencies, a
threshold scan algorithm, similar to the one developed for the signal’s amplitude, has
been developed for the Fourier space. The deviation for the distance determination is
larger than for the amplitude approach, but still less than 6 mm for distances of up to
22 cm. The reason for this lies in the nature of the method itself. While the amplitude
scan searches for a rising or falling slope in the signal, the frequency scan needs an

! As mentioned earlier, this agrees with the estimation of [32], so that the resolution of less than 5mm
for the quench spot localization, which has been computed for a nine-cell TESLA cavity, might be
possible with these results.
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extended part of the wave to extract the dominant frequency, compare figure 5.7. A
combination of both methods for an automated signal analysis should be useful, especially
as the frequency scan helps to resolve signals with a high noise background.

The lower frequency results of the sensor used at Gottingen are stable but not verified
in terms of crosschecks. Only one unique OST has been used for all the measurements at
the same setup. It is hard to tell if the device’s own properties or also the special geometry
of the cryostat influenced the outcome. For a sophisticated study, other detectors have
to be tested at this setup. As an alternative, the used OST itself could be tested in a
different setup like the one at the Cryolab.

Besides the recording and processing of the second sound signals at smaller cryostats,
further expertise for the application was gained during the preparation of the SPL
prototype cavity measurement. The setup itself, including the read out chain, has been
prepared. Additionally, all installed OSTs were produced, assembled and tested at
CERN.
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Chapter 8.

Outlook

The work, presented in this thesis, has yielded several interesting and useful results for
the application of second sound sensitive OSTs. Some recommendations can be deduced
within the framework of this outlook:

As the amplitude of the voltage change in the signals of the OSTs was used to
determine the time of flight of the second sound wave, it is of great importance to
separate it from the noise background. It has been shown on the hardware side of the
sensor, that a reduction of the distance between the two capacitor plates can be obtained
by polishing the brass electrode. Because of the significant gain in the capacity and
voltage change achieved with this method, it is planned to polish all used OSTs at CERN
in the near future. Furthermore, the measurements at different temperatures of the
liquid helium pointed out, that the signal to noise ratio suffers for higher temperatures,
compare figure 5.9. It is therefore recommended to keep the helium bath temperature
below at least 1.8 K to acquire sufficient amplitudes in the signal. Finally, as mentioned
in the conclusion, the affiliation of the amplitude and the frequency thresholds is very
useful for future automated heat source localizations.

Summarizing the future projects, the distinction between small setups in a cryostat
and cavity measurements is suggested. The setups at Gottingen and at the Cryolab
at CERN are suitable for calibration purposes. Therefore, other research facilities, for
instance the KEK in Japan and the CEA at Saclay in France, have been planning to set
up similar experiments. At cryostats of this kind, all produced sensors can be studied.
Their characteristic frequencies can be determined and used to adjust the corresponding
threshold scans. At CERN itself, measurements of second sound reflections in a niobium
tube are planned to be done in the near future.

In the field of cavity measurements, the SPL prototype test at the experimental hall
SM18 is the very next step in the efforts at CERN. As soon as the first results come in, the
created software solutions and expertise can be adapted and used to process them. After
that, more tests — at some point also for five-cell structures — are pending. Additionally
to these second sound tests, a system for an optical inspection of the inner surface of the
cavities and a temperature mapping system are currently under development. Just like
for the ongoing projects for the TESLA cavities at DESY, these diagnosis methods may
be combined in the future.
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Additional Figures and Pictures
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Figure 9.1.: Picture of an disassembled OST build at CERN: The brass electrode is glued in
the back of the casing, the scale is in cm.
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Figure 9.2.: Picture of the open amplifier box containing eight read-out channels and their
amplification cicuits as well as the batteries for their power supply, fixed under
the cover of the metallic box.
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Figure 9.4.: Contour map of the evolution of the Fourier spectrum per time interval of 4 ms
of a second sound signal measured in the Cryolab at CERN.
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Figure 9.6.:

Two cardboard layers as an insulation from the conducting floor.
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Figure 9.7.: Picture of the work desk with several OST components at the workshop at
CERN.
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Figure 9.8.: Picture of the injection of the liquid glue under the electrode.
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Figure 9.9.: Picture of the glue spreading process via lowering the electrode in the casing.
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Figure 9.10.: Picture of the final cleaning of the back part of the OSTs casing.
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Figure 9.11.: Picture of a fully assembled OST with its holder for the SPL test setup.

Figure 9.12.: Picture of two OST electrodes in their casings, on the left a CERN built one,
on the right the version from Cornell University.
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Figure 9.13.: Picture of two installed OST plugs, on the left the LEMO series 00 used at
CERN, on the right the SMA used at Cornell University and DESY.
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Figure 9.14.: Matlab figure of the SPL five-cell structure surface.
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