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Abstract

The resolution of the plasma properties determined with the Microwave Cavity Resonance Spec-
troscopy technique has been improved over the years. With a pulsed RF atmospheric pressure
plasma jet a plasma can be created that enters a cylindrical cavity and with the MCRS tech-
nique the shift in resonance frequency and the shift in reciprocal quality factor due to the plasma
can be determined with a higher resolution than in the past. With a higher resolution, how-
ever, other influences that could be neglected before, now become important. In this research
multiple influences on the resonance frequency and the quality factor of a cylindrical cavity are
investigated. With the knowledge of the non-plasma influences on the resonance frequency and
the quality factor, the plasma properties can be determined more accurately.

First the influence of the cavity temperature on the resonance frequency and the quality factor
is studied by performing an MCRS measurement for different cavity temperatures. The results
show that the resonance frequency changes with —73 4+ 2 kHz per Kelvin increase in cavity
temperature and that the quality factor decreases with increasing cavity temperature.

Secondly, the influence of the gas temperature on the cavity temperature is investigated by
measuring the change in cavity temperature for different gas temperatures. For gas temperatures
between 120 and 180 K, the change in cavity temperature per pulse is in the order of 10 uK
for the theoretical model and in the order of uK for the measurements. It is predicted that in
the gas temperature range of 400 to 1000 K, which is the temperature range that the creation
of a plasma can cause, the change in resonance frequency after one pulse is between 1 Hz and
10 Hz for a pulse of 0.01 s. Moreover lowering the duty cycle lowers the influence that the gas
temperature has on the cavity temperature for a constant pulse.

Lastly, the influence of the helium gas flow on the resonance frequency is studied by performing
an MCRS measurement with and without a gas flow. Without the gas flow a 1 kHz noise in
resonance frequency is measured and with the helium gas flow a 70 kHz noise is measured. The
70 kHz noise with a gas flow can be explained by a fluctuation in the gas composition of 3.8%.
According to the prediction model, pressure changes in the order of 1 mbar can cause a noise
in the order of 100 Hz. This is, however, for a cavity with only helium gas and therefore the
influence of pressure changes on the resonance frequency should experimentally be determined.
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Chapter 1

Introduction

In the past low pressure plasmas were the most common plasmas and were used for applications
in for example materials processing [1]. However, these plasmas had to be created in an expen-
sive vacuum environment and therefore it has been investigated how plasmas could be created
at atmospheric pressure [2]. To determine properties of these plasmas the Microwave Cavity
Resonance Spectroscopy (MCRS) technique is used. A cavity has certain resonance frequencies
with corresponding quality factors. With the MCRS technique the initial resonance frequencies
and quality factors are compared to the resonance frequencies and quality factors after a plasma
is introduced inside the cavity. With the shift in resonance frequency and reciprocal shift in
quality factor plasma properties, such as the electron density and the collision frequency, can
be determined. In the past this shift in resonance frequency was in the order of MHz and had a
resolution of 100 kHz. The reciprocal shift in quality factor was for this case not required. At the
moment a radio frequency (RF) atmospheric pressure plasma jet is used to create a plasma that
has a shift in resonance frequency in the order of 1 kHz and a resolution of 10 Hz. In this case
the reciprocal shift in quality factor does influence the plasma properties that can be obtained
with the MCRS technique. Since the resolution of the resonance frequency has been improved
from the order of 100 kHz to 10 Hz, other influences on the resonance frequency become more
important now. If a factor influenced the measured resonance frequency in the order of 1 kHz in
the past, this was not visible in the derived values for the plasma properties. Now, however, the
measured resonance frequency needs to be corrected for this influence to obtain reliable values
for the plasma properties.

In this research a few possible influences on the resonance frequency and the quality factor
are investigated. First the influence of the cavity temperature on the resonance frequency
and the quality factor is determined by performing an MCRS measurement for different cavity
temperatures. Secondly, the influence of the gas temperature on the cavity temperature is
investigated by measuring the cavity temperature over time for different gas temperatures.
Lastly, the influence of the helium gas flow is investigated by performing an MCRS measurement
on the cavity with and without the gas flow.

In Chapter 2 the theory of MCRS is explained. The methods of the experiments are explained
in Chapter 3, that includes a detailed description of the general setup, the method for the cavity
temperature influence experiment, the method for the gas temperature influence experiment
and the calibration of the temperature sensors. In Chapter 4 the results of the experiments are
presented and discussed. Then a conclusion is given in Chapter 5.



Chapter 2

Theory

In this chapter the theory necessary for understanding the setup and the measurements is ex-
plained. Section 2.1 discusses the Microwave Cavity Resonance Spectroscopy technique.

2.1 MCRS

Microwave Cavity Resonance Spectroscopy (MCRS) is a plasma diagnostic method in which
changes in the resonance behaviour are related to the electron dynamics of a plasma [3]. Ev-
ery excited mode inside a cavity has a certain resonance frequency. This resonance frequency
depends on the properties of the cavity, the medium inside the cavity and the environment to
which the cavity is exposed. Examples of these properties are the permittivity of the gas and the
cavity volume. When a plasma enters the cavity the permittivity of the medium is altered by
the electrons in the plasma, which in turn alters the resonance frequency. The MCRS technique
determines the shift in the resonance frequency. MCRS has, however, a detection limit, which
depends on the quality factor, Q. The quality factor is related to the Full-Width-Half-Maximum
(FWHM) of the resonance frequency peak. A higher quality factor leads to a smaller peak and
therefore a lower detection limit. Small deviations in the resonance frequency can then be mea-
sured more precisely. However a high quality factor also leads to a poor temporal resolution.
Therefore a trade-off needs to be made between an as low as possible detection limit and an
as high as possible temporal resolution. By combining the shifts in resonance frequency and
quality factor the electron density of the plasma can be determined. For this purpose cavity
perturbation theory is used and the following equation is derived by van der Schans et al. [4]
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where Af is the shift in resonance frequency, fo the resonance frequency without plasma, A(é
the change in reciprocal quality factor, €9 the vacuum permittivity, V.4, the cavity volume, A
the change in complex permittivity and E; the unperturbed electric field in the cavity.

)

The shift in complex permittivity of the medium inside the cavity compared to the complex
permittivity without plasma is given by [4]

i
AE = ——, 2.2
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where & is the complex plasma conductivity and w the angular frequency of the time-harmonic

electric field.



The complex plasma conductivity can be derived using kinetic theory and the following equation
is obtained [4]
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where wy, is the plasma electron frequency and v,y the effective collision frequency.

The plasma electron frequency is given by
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where n. is the electron density, e the elementary charge and m, the mass of an electron.

When Equations 2.2 and 2.3 are combined, the following equation for the change in complex
permittivity is obtained
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After substituting Equation 2.5 in Equation 2.1, two equations for the shift in resonance fre-
quency and the shift in reciprocal quality factor are obtained by separating the real and imagi-
nary parts. The shift in resonance frequency is given by

Af 1w
A -V, (2.6)
fO 2 (wO + Veff)
where V is the ratio of the effective plasma volume and the effective cavity volume. The change
in reciprocal quality factor is given by
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The ratio of the effective plasma volume and the effective cavity volume is given by
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where V), is the plasma volume.

By combining Equations 2.6 and 2.7 the following equation is obtained for the effective collision
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An equation for the electron density is obtained by combining Equations 2.4 and 2.6 and is given
by
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(2.10)



Chapter 3

Method

In this chapter the setup and methods for the measurements are explained. In Section 3.1
the general setup that is used for MCRS measurements on a radio-frequency jet is explained.
Then the experiment that investigates the influence of the cavity temperature on the resonance
frequency and the quality factor is explained in Section 3.2. In Section 3.3 the method of
the experiment investigating the influence of the gas temperature on the cavity temperature is
explained. The calibration of the temperature sensors is given in Section 3.4.

3.1 (General setup

The general setup that is used in this research is shown in Figure 3.1. The plasma source is
a plasma jet that produces radio frequency driven plasma pulses. The plasma jet consists of a
polycarbonate housing with a feed gas inlet on top, where helium gas flows into the system at a
volumetric rate of 1 slm. The gas then flows into a quartz tube that has a 1 mm inner radius and
2 mm outer radius. Inside this tube there is a needle electrode made of tungsten with a radius
of 0.5 mm and a tip angle of around 20°. The pulses are created by a pulse/delay generator
(BNC model 575), that outputs a block wave with a peak to peak voltage of 5 V and a minimum
voltage of 0 V. These pulses are send to a function generator that outputs a block wave with a
peak to peak voltage of 10 V with a minimum of -5 V and a certain maximum peak time given
as input. The signal is then send to a second function generator (Agilent 33220a) that creates
a sine wave with an adjustable peak to peak voltage that has a maximum of 600 mV. When
the signal of the first function generator is at 5 V, the second function generator reaches the
maximum voltage and when it is at -5 V the second function generator returns 0 V. Then an
amplifier (Amplifier Research) is connected to the second function generator that amplifies the
peak to peak voltage of the signal. To have an optimum transition of power from the amplifier
to the load the impedance of both devices should be equal. To obtain this a match box is placed
between the amplifier and the plasma jet that controls the impedance of the plasma jet and the
match box combined. Then the pulse reaches the needle electrode. The voltage on the needle is
measured with a voltage probe that is connected to a screw that reaches the inside of the plasma
jet. The current towards the needle electrode is measured with a Rogowski coil. The plasma
jet is placed coaxially with a cylindrical microwave cavity that is used as a ground electrode.
The cavity has an inner radius of 33 mm and an inner length of 16 mm. The outer radius is
36 mm and the outer length is 26 mm. The cavity is made of aluminium and has two similar
circular holes in the middle of the flat sides with a radius of 6.5 mm, where the gas and the
plasma can flow in and out of the cavity. A Keysight E5063A ENA Series Network Analyzer
with a range of 100 kHz up to 8.5 GHz is connected to the cavity to perform the MCRS. In
this experiment two temperature sensors are used that are connected to the cavity wall. Each
of the sensors is connected to an Agilent 34410A 6 1/2 Digit Multimeter that reads the voltage



of the temperature sensors. The temperature sensors are calibrated before the experiments and
the results of the calibration are presented in Section 3.4.
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Figure 3.1: The general setup used in the measurements [4].

3.2 Method cavity temperature influence

The influence of the cavity temperature on the resonance frequency and the quality factor is
investigated by performing an MCRS measurement for different cavity temperatures. For this
purpose a temperature calibration device of the Coherence and Quantum Technology faculty
at Eindhoven University of Technology is used. The device consists of a box in which the
cavity with temperature sensors attached can be placed. The cooling inside the box is constant
and the heating element regulates the temperature of the box that can be adjusted up till the
order of 0.1 °C. For temperatures below 28 °C the device has difficulty establishing thermal
equilibrium. Therefore for these temperatures the box has to be opened slightly to provide
extra cooling at a temperature of around 23 °C. The cylindrical cavity of the setup as described
in Section 3.1 is placed without the plasma jet inside the temperature calibration device with
the temperature sensors and the network analyzer connected to the cavity wall. The setup can
be seen in Figure 3.2. The temperature range that is used in this experiment is from 23 °C to 35
°C. At every temperature the MCRS measurement is performed 250 times for both the TMg1g
and the TMj19 mode with an averaging factor of 16, which means that the network analyzer
will actually measure the reflected power 16 times during each MCRS measurement and average
the results. For this purpose two frequency ranges around the initial resonance frequencies are
used with a width of 100 MHz each. The network analyzer is first calibrated to correct for the
cable. The resonance frequency of the TMg;o mode is at room temperature around 3.51 - 10°
Hz and the resonance frequency of the TM;;o mode is around 5.45 - 10 Hz [4]. The network
analyzer returns the reflected power for 1401 measurement points inside the frequency range of
both modes at every one of the 250 measurements. The measured data is then processed using
a script that finds the values for the resonance frequency and the quality factor for each of the
250 measurements by using a fit function.



Figure 3.2: The cavity inside the temperature calibration device.

3.3 Method gas temperature influence

To determine the influence of the gas temperature on the resonance frequency of the cavity, the
temperature of the cavity is measured for different inlet gas temperatures. The temperature
range of the inlet gas is chosen between 120 and 180 K with steps of 10 K. For this measurement
the setup of Section 3.1 is used without the plasma jet. A Brooks mass flow controller is used
to let helium gas into the heating device at a constant volumetric rate of 1 slm. A constant
volumetric rate has been chosen to minimize pressure changes inside the cavity. A Controlled
Evaporator Mixer (CEM) of the company Bronkhorst is used as a heating device to change the
temperature of the helium gas. When the gas leaves the CEM, the helium flows into a tube
that is isolated with aluminum foil to limit heat loss. Then the gas flows into a small glass tube
with the same diameter as the tube in the plasma jet, which is placed a millimetre away from
the opening of the cavity as can be seen in Figure 3.3. The temperature sensor is connected
to the cavity and measures the temperature of the cavity every second. The network analyzer
is also connected to the cavity and performs a measurement every second with an averaging
factor of 16. For every gas temperature a 30 minutes measurement is performed. During the
measurement the lab temperature is also measured with a Klimal.ogg Pro device that registered
the temperature up till the order of 0.1 °C every minute.



Figure 8.3: A close-up of the inlet gas tube and the cavity.

3.4 Calibration of temperature sensors

The temperature sensors that are used during the experiments need to be calibrated. For this
purpose the setup described in Section 3.2 is used. The temperature range that is used to
calibrate the sensors is from 23 °C to 35 °C. At every temperature the output voltage of the
temperature sensors is measured 250 times.

The results of the calibration of both temperature sensors is presented in Figure 3.4. For
temperature sensor 1 the correct settings are 86.9 + 0.8 mVK ™! with an intercept of 0.32 +
0.02 V. For temperature sensor 2 the correct settings are 86.8 + 0.8 mV K~! with an intercept
of 0.31 £0.03 V. The sensor that is used in the experiment explained in Section 3.3 is referred
to as temperature sensor 1.
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(a) The calibration of temperature sensor 1. (b) The calibration of temperature sensor 2.

Figure 3.4: The calibration of the temperature sensors where the voltage is plotted against the
temperature. The red and blue data points represent two different measurement days, where the
red data points are measured on an earlier day.



Chapter 4

Results and discussion

In this chapter the results of the performed measurements are presented and discussed. In
Section 4.1 the influence of the cavity temperature on the resonance frequency and the quality
factor is discussed. Then the influence of the gas temperature on the cavity temperature is
discussed in Section 4.2. Lastly, in Section 4.3 the influence of the helium gas flow on the
resonance frequency is discussed.

4.1 Influence of the cavity temperature on the resonance fre-
quency and the quality factor

When the temperature of the cavity increases the cavity will thermally expand. The resonance
frequency will therefore decrease. The thermal expansion is approximated by the linear expan-
sion equation since the expansion is in the order of um. The linear thermal expansion equation
is given by [5]

Al = loOéAlATcav, (4.1)

where Al is the change in length, [y the initial length, « 4; the linear thermal expansion coeffi-
cient of aluminum and AT, the change in cavity temperature compared to the initial cavity
temperature. Equation 4.1 can be rewritten to represent the wavelength change of a standing
wave inside the cavity and is given by

AN = Ao AT oy, (4.2)

where A\ is the change in wavelength and Ag the initial wavelength. By using Equation 4.2
and the fact that A\ = %, the relation between the change in resonance frequency, Af, and the
change in temperature of the cavity is determined and given by

ﬂ . anATeqy

e L 4.3
f() 1+ aAlATcav ’ ( )

where fjy is the initial resonance frequency.

For the temperature range that is used in the experiment described in Section 3.2, the change
in resonance frequency is calculated. The value that is used for the linear expansion coeflicient
of aluminum is equal to 24 - 1076 K~ [5]. The results of this calculation are shown in Figure
4.1, which shows the shift in resonance frequency for different cavity temperatures.



x10™

-1.5 g

Af/f,

251 g

3 1 1 1 1 1 1
22 24 26 28 30 32 34 36

Temperature (°C)

Figure 4.1: The expected Af /fo for different cavity temperatures, where the reference tempera-
ture is 23 °C.

The measurement as described in Section 3.2 is performed. Typical results of MCRS measure-
ments are shown in Figure 4.2, where the reflected power is plotted against the frequency for a
cavity temperature of 23.3 °C and 27.9 °C. The TMg;p mode is plotted in Figure 4.2a and the
TM110 mode in Figure 4.2b. These figures show that while the resonance peak is shifted the
shape of the peak remains almost the same for different temperatures.
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Figure 4.2: The reflected power against the frequency for both modes. The blue line represents
the power at a temperature of 23.3 °C and the red line the power at a temperature of 27.9 °C.

The values of the resonance frequency and the quality factor for different cavity temperatures
that are determined in this experiment are shown in Figure 4.3 and Figure 4.4 respectively for
both the TMgp1g and the TMj19 mode. The shift in resonance frequency and the change in
reciprocal quality factor are also shown in these figures.

In Figure 4.3 can be seen that the relation between the resonance frequency and the temperature
is linear. For the TMg1g mode the slope is —73 + 2 kHz with an offset of 3512.36 + 0.05 MHz

10
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and for the TM119 mode the slope is —120 4+ 3 kHz with an offset of 5448.71 4+ 0.09 MHz. The
measurements are performed over a two day period and there is a discrepancy between the
data from the two different days. The fact that the two modes have different values for the
slope could be due to the fact that the quality factor and the depth of the peak of the TMjiq
mode are much lower then of the TMg19 mode. Therefore the results of the TMg1g mode are
more reliable. In Figure 4.4 can be seen that the quality factor decreases with increasing cavity
temperature. In this figure it is also clear that there is a significant discrepancy between the
data from the two different days. The discrepancy between the two measurement days might be
caused by a change of mechanical stress in the cavity. The discrepancy is more noticeable for
the quality factor than for the resonance frequency and thus the quality factor is more sensitive
to disturbances then the resonance frequency.

These graphs can be used to adjust the reference resonance frequency and quality factor for an
experiment when the temperature of the cavity changes over time. In the current situation the
shift in resonance frequency and reciprocal shift in quality factor is determined by comparing
the measured resonance frequency and quality factor with the initial reference frequency and
the initial quality factor that are determined at the initial temperature of the cavity. When the
cavity temperature changes, however, the reference resonance frequency and quality factor also
change. When the reference resonance frequency and quality factor are not corrected for the
cavity temperature, this will lead to errors in the results when the temperature of the cavity
changes.

In Figure 4.5 the theoretical and measured change in resonance frequency are compared as
shown before in Figure 4.1 and 4.3b respectively. It can be seen that the decrease is of the same
order. According to the experimental results the thermal expansion coefficient of the cavity is
equal to (20.7 £ 0.4) - 1076 K~! using Equation 4.3. This is slightly lower than 24 - 1076 K~!,
which is the theoretical value of the thermal expansion coefficient of aluminum [5]. This can be
due to the fact that the cavity is not made of one piece of aluminum, but consists of separate
aluminum components that are connected. For the calculation the linear expansion equation
is used, while in reality the equation is more complex. This could be the reason for the slight
deviation between the results. It is also possible that the deviation is due to an error in the
temperature calibration device that was used for the calibration. Moreover, an error in the
results of the temperature calibration can be the cause for a part of the deviation. The slope of
Figure 3.4a is 86.94+ 0.8 mVK~! and therefore for the lowest possible slope of 86.1 mVK~! the
measured temperature of 35 °C in Figure 4.5 could be 0.3 °C lower at most. This could lead to
a slightly higher value of the thermal expansion coefficient, but it would still be lower than the
theoretical value.

13
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4.2 Influence of the gas temperature on the cavity temperature

When the plasma is created inside the plasma jet, the helium gas surrounding the plasma is
heated. This in turn influences the cavity temperature.

The conduction in a flow tube is approximated using the Penetration theory [6]. This theory is
applicable when the following statement holds

5h 2v7rat
=2 = <1 4.4
L=re <, (4.4)

where dy, is the penetration depth, L the characteristic length of the cylinder, a the thermal
diffusivity of helium gas and ¢ the time.

In the radial direction of the flow tube the Penetration theory cannot be applied. In the axial
direction, however, Equation 4.4 holds and is equal to 0.05 with a = 1.9-1074 m?s~!, L = 30 mm
and £t = 1 ms.

According to the Penetration theory the temperature function at a distance x is given by [6]

T(z,t) = (Tp — T}) - erf( > +T, (4.5)

x
vdat
where Tj is the initial temperature of the gas inside the cavity, T} the temperature of the gas
around the plasma just after the plasma is created, x the distance from the initial position of
the plasma and T the temperature at position x and at time t.

For x = 30 mm and ¢ = 1 ms the value of the error function is approximately 1, which indicates
that the temperature of the gas inside the cavity will not change in the time of a pulse due to
conduction.

To predict the influence of convection with respect to radial conduction the dimensionless Graetz
number, G, is determined, which is defined as the ratio between the rate of heat transport due

14



to radial conduction and the heat transport due to axial convection [6]. The Graetz number is

given by
G, - <<>Ld) (4.6)

where (v) is the average flow velocity in the tube and d is the diameter of the tube.

The average flow velocity is given by

_ QH@

wr?’

(v)

where Q. the volumetric flow rate of the helium gas in m3 s~! and r the radius of the tube.
For d = 1 mm, Qge = 0.0167-1073 m? s™', » = 0.5 mm and L = 30 mm the value of G, is
approximately 0.27, which indicates that the axial convection has a larger influence than the
radial conduction.

(4.7)

An analysis is made to determine what the maximum change in temperature of the cavity wall
is after one pulse due to axial convection. The energy necessary to heat up the helium gas to a
certain gas temperature around a plasma in the time of one pulse, Ef., is given by

EHe = mHeCpHeATHe; (48)

where mp is the mass of helium gas per pulse that flows inside the plasma jet, C,p. the heat
capacity of helium gas and AT}y the change in gas temperature due to the plasma.

The mass of helium gas that flows inside the plasma jet per pulse is given by

Mpe = pHeQHetpulseD7 (49)

where pg, is the density of helium gas, £, the time of one pulse and D the duty cycle of the
pulse.

The energy necessary to heat up the cavity with one degree, Q.qv, is given by

Qcav = CpAlmczw, (4.10)
where C)4; is the heat capacity of aluminum and m.,, the mass of the cavity.

The maximum increase in cavity temperature due to the gas temperature is when all the energy
that is used for heating the helium gas is also used for heating the cavity. This increase in
temperature after one pulse, AT,,,, can be obtained from Equations 4.8 and 4.10 and is given
by

AT.  — Ege _ mHeCpHeATHe
“r Qcav CpAl Meav ‘

(4.11)

The values of the different variables presented in this section are given in Table 4.1.

Table 4.1: The values of the different variables that are used for the calculation of the mazimum
change in cavity temperature due to convection.

Variables Values

PHe 0.1786 kgm ™3 [7]

CyoHe 5193 Jkg 'K~ [7]
Cpal 897 Jkg 1K1 [7]
QHe 0.0167 - 1073 m3s~!

Meaqv 0.1 kg

tpuise 0.01 s
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The maximum change in temperature of the cavity is calculated for different changes in gas
temperature and for different values of the duty cycle. The results are shown in Figure 4.6.

90 T T T T T T
Duty Cycle
80 5% ]
10%
15%
25%
30%

90 100 110 120 130 140 150 160
AT (K)

gas

Figure 4.6: The temperature change of the cavity for different gas temperatures changes. The
different lines represent pulses with different duty cycles.

The measurement as described in Section 3.3 is performed to experimentally determine the
change in cavity temperature for different gas temperature changes.

In Figure 4.7 the change in cavity temperature is shown over time for different gas temperatures.
The temperature change of the lab is used to analyze these graphs. For Ty, = 140 °C the lab
temperature was 21.8 °C at ¢ = 0 s and the initial cavity temperature was 22.5 °C. This means
that the cavity will warm up slower than in the case where the cavity temperature had completely
cooled down to the lab temperature. For Ty, = 120 °C the lab temperature was 22.7 °C at
t = 0 s and the initial cavity temperature was 22.4 °C. In this case the lab will warm up the
cavity along with the heated gas. This means that the measured increase in temperature is
higher than in the case where the initial cavity temperature and lab temperature are equal. The
temperature difference is due to the fact that the gas temperature of helium without heating is
lower than the lab temperature and the gas flow had cooled down the cavity before the heating
device was activated. For the other gas temperatures the cavity temperature is equal to the lab
temperature at ¢ = 0 s. For Ty, = 120 °C and Ty.s = 140 °C the lab temperature remained
stable during the measurement. For all the other gas temperatures the lab temperature slowly
decreased with approximately 0.5 °C in one measurement. Therefore the slope will decrease over
time in Figure 4.7.
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Figure 4.7: The temperature change of the cavity for different gas temperatures over time.

To determine the change in cavity temperature per minute, a second degree polynomial is fitted
for every gas temperature in Figure 4.7. In Appendix A the graphs with the fits are shown
separately for every gas temperature. The slope of every fit is averaged from ¢ = 400 s to
t = 1300 s to exclude the non-linear behavior that is due to lab temperature changes as much
as possible. The average slope is used to calculate the change in cavity temperature per minute.
In Figure 4.8 the change in cavity temperature per minute is plotted against the change in gas
temperature. The expected deviation for Tj,s = 140 °C is clearly visible in this figure. Moreover
in Figure 4.8 a linear fit through the data points is plotted with a slope of 0.36 mK increase in
cavity temperature per minute per degree Kelvin increase of the change in gas temperature.
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Figure 4.8: The temperature change of the cavity per minute for different gas temperatures
changes.

To compare the experimental results with the expectation model, the change in cavity tem-
perature per pulse is calculated for different duty cycles and is shown in Figure 4.9. For this
purpose the data of Figure 4.8 is used to calculate the change in cavity temperature per pulse
for t,u15¢ = 0.01 s and then these values are multiplied with different values for the duty cycle.
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Figure 4.9: The temperature change of the cavity per pulse for different gas temperatures changes.
The different lines represent pulses with different duty cycles.

According to the calculated maximum change in cavity temperature per pulse for different gas
temperatures and for different duty cycles shown in Figure 4.6, the change in cavity temperature
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is in the order of 10 puK. The measured change in cavity temperature shown in Figure 4.9 is
in the order of uK. As expected the measured change is lower than the calculated maximum
change since a part of the input energy is lost to the environment. From both the measured
change and the calculated maximum change in cavity temperature, it can be concluded that a
lower duty cycle leads to a smaller influence of the gas temperature on the cavity temperature.

The measured change in cavity temperature, however, does not correspond correctly with the
according gas temperature changes, since the set temperature value on the heating device is not
the same as the actual gas temperature that reaches the glass tube. Although the heat loss
between the heating device and the glass tube is minimized using aluminum foil, there will still
be some heat loss. Therefore the actual change in gas temperature is most likely lower than the
values shown in Figure 4.9.

During the measurement the heating device might not only have heated the gas, but also the
environment of the device including the cavity, the temperature sensor and the connected cables.
This might have affected the measured cavity temperature. The cooling process of the device
also took a long time period and therefore a fan was used to speed up this process. The room
temperature was not stable during the measurements and although the change in room temper-
ature was measured during all the measurements, it was hard to correct the obtained results
since it is unknown how fast the change in room temperature affected the cavity temperature.
Since the room temperature changed during the measurements it was also hard to have one
initial cavity temperature for every measurement. Therefore it was decided to at least obtain an
initial cavity temperature close to the room temperature at the start of every measurement. To
improve the reliability of these measurements the experiment should be performed in a stable
and controlled environment and with a more accurate heating device to make sure that the gas
that enters the glass tube actually has the temperature given as input.

4.3 Influence of the helium gas flow on the resonance frequency

To measure the influence of the helium gas flow on the resonance frequency two measurements
are performed using the setup as described in Section 3.3. For the first measurement an MCRS
measurement is performed without a gas flow. The second measurement is with the helium gas
flow, while the heating device is not used to heat the gas.

The results of the measurement without the gas flow are presented in Figure 4.10. As can be
seen the noise is in the order of kHz.
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Figure 4.10: The cavity temperature and the resonance frequency over time without a gas flow.

In Figure 4.11 the results of the measurement with the helium gas flow are shown. The noise
in this measurement is around 70 kHz. In the gas heating measurement the cavity temperature
increased with approximately one degree Kelvin and according to the results of Section 4.1 the
shift in resonance frequency would then also be around 70 kHz. This means that the shift in
resonance frequency cannot be measured accurately enough with the network analyzer in this
setup. Since the noise is higher with the helium gas flow than without, the 70 kHz noise is due
to the flow.
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Figure 4.11: The cavity temperature and the resonance frequency over time with a helium gas

flow.

One possible effect that can be due to the flow is a change in pressure inside the cavity. When
the pressure inside the cavity changes during a pulse the relative permittivity will change as
well. An analysis is made to investigate how much impact a change in pressure has on the
relative permittivity of the medium and thereby on the resonance frequency. For this purpose
data describing the relation between the pressure and the relative permittivity of helium has
been used. The data of F. van der Maesen [8] and J.W. Schmidt and M.R. Moldover [9] are
presented in Table 4.2 and shown in Figure 4.12. A linear fit is used to determine the slope of
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these graphs. The value of the slope for the data of F. van der Maesen is 5.4 - 107° bar~! and
for the data of J. W. Schmidt and M.R. Moldover the value of the slope is 6.0-10~° bar~'. With
these values the shift in resonance frequency is calculated for helium gas. The relation between
the shift in resonance frequency and the shift in relative permittivity, Ae,, is given by

Af = %AET (4.12)
assuming that the relative permittivity is homogeneous inside the cavity and taking the real

part of Equation 2.1.

Table 4.2: The relative permittivity at different values of the pressure according to F. van der
Maesen [8] and J.W. Schmidt and M.R. Moldover [9].

(a) The data of F. van der Maesen [8]. (b) The data of J.W. Schmidt and M.R.
Moldover [9].

Pressure (atm) | Relative permittivity
Pressure (atm) | Relative permittivity

0.7 1.00043
10.46287 1.00065

16.91 1.00102
12.41964 1.00077

24.86 1.00137
22.22610 1.00138

33.03 1.00178
22.67673 1.00140

39.57 1.00217
32.18761 1.00198

49.5 1.00275
32.69183 1.00201

60.19 1.00344
40.06158 1.00246

64.1 1.00348
42.25097 1.00259

65.08 1.00377
50.57903 1.00309
51.90081 1.00317
60.09149 1.00366
61.65685 1.00375
69.05107 1.00419

21



1.0045 T T T T T T
® Data of F. van der Maesen ,L
1004 | e Dataof J.W. Schmidt and M.R. Moldover L2
[ P2
7
1.0035 .’ e®
7
&~
-‘? 1.003 R - .
= e
£ o’ &
€ 1.0025 &, 1
5} 7
a 5
< 1002 0.7 1
g o
(0] P d
o 1.0015 |’ N
es
// 7
1.001 ,,. i
@
( 4
10005 @ * .
7
e
l 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Pressure (bar)

Figure 4.12: The relative permittivity plotted against the pressure for the data of F. van der
Maesen [8] and J.W. Schmidt and M.R. Moldover [9].

In Figure 4.13 the shift in resonance frequency for helium gas is plotted against the change in
pressure for both the data of F. van der Maesen and J. W. Schmidt and M.R. Moldover for
pressure changes in the order of mbar. Pressure changes of a few mbar are plausible to occur
inside the cavity. According to Figure 4.13 a noise of around 100 Hz could then be measured.
This is, however, only valid in the situation that there is only helium gas inside the cavity.
The relative permittivity of air is approximately ten times larger than the relative permittivity
of helium and therefore pressure changes in a gas mixture of helium and air will result in a
larger shift in resonance frequency than the shift obtained from Figure 4.13. However, there will
probably be more movement in the helium gas flow than in the air inside the cavity. Therefore
the influence of pressure changes should be experimentally determined to obtain the relation
between the shift in resonance frequency and the change in pressure.
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Figure 4.13: The frequency shift plotted against the change in pressure using the data of F. van
der Maesen [8] and J.W. Schmidt and M.R. Moldover [9].

To determine if pressure changes in the gas flow could have caused the 70 kHz noise in Figure
4.11b, the change in resonance frequency was plotted against different pressure changes and
shown in Figure 4.14. According to this figure the 70 kHz noise corresponds to a pressure
change of around 670 mbar for the situation with only helium gas inside the cavity. The relative
permittivity of air is 1.00059 [5], which is larger than the relative permittivity of helium that
has a value of 1.0000684 [7]. Therefore the change in resonance frequency is larger too. In the
case that there is only air inside the cavity the pressure change necessary for a 70 kHz noise
would be 78 mbar, which is still very large since the flow was controlled with a flow controller at
a constant input rate. Therefore a change in pressure is unlikely to be the cause for the noise.
To confirm this hypothesis, however, the influence of pressure changes on the shift in resonance
frequency should be experimentally determined.
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Figure 4.14: The frequency shift plotted against the change in pressure using the data of F. van
der Maesen [8] and J.W. Schmidt and M.R. Moldover [9].

Another possible explanation is that the mixture of helium and air inside the cavity fluctuates.
A fluctuation in the gas composition results in a different value for the relative permittivity
of the medium, which in turn can be related to the resonance frequency using Equation 4.12.
The relation between the change in permittivity, Ae,, and the percent fluctuation in the gas
composition is given by

Ae, = Er,Air5_0 Er,He th (413)

where €, 4; is the relative permittivity of air, &, g the relative permittivity of helium and Vy,
the percent fluctuation in the gas composition.

By combining Equations 4.13 and 4.12 the relation between the shift in resonance frequency and
the fluctuation in the gas composition can be determined and is given by

fO (Sr,Az‘r - Er,He)
100

Af = Vi (4.14)

The shift in resonance frequency is plotted for different fluctuation percentages of the gas com-
position with &, g = 1.0000684 [7] and &, 4; = 1.00059 [5] and is shown in Figure 4.15.
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Figure 4.15: The frequency shift plotted against the change in gas composition.

According to Figure 4.15 the 70 kHz noise of Figure 4.11b corresponds to a fluctuation of the gas
composition of 3.8%. Previously a fluctuation of flow around 0.5% has been measured when the
setup was in a controlled environment. The environment of this measurement was not controlled
and therefore the gas composition is more likely to have higher fluctuations. It is also unknown
if the gas mixture reached equilibrium before the measurement started. Therefore it is plausible
that the 70 kHz noise is due to the fluctuation of the gas composition. To confirm this hypothesis
the measurement as described in Section 3.3 could be performed in a controlled environment to
minimize the fluctuation of the gas composition or an inlet gas can be used that has the same
gas composition as the surrounding gas.
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Chapter 5

Conclusion

In this research three different influences are studied: the influence of the cavity temperature
on the resonance frequency, the influence of the gas temperature on the cavity temperature
and the influence of the helium gas flow on the resonance frequency. First the influence of the
cavity temperature on the resonance frequency and the quality factor is investigated. From the
results described in Section 4.1 it can be concluded that the resonance frequency changes with
—73 + 2 kHz per Kelvin increase in cavity temperature and that the quality factor decreases
with increasing cavity temperature. The experimentally determined expansion coefficient of
aluminum is (20.740.4)-107% K™, which is slightly lower than the theoretical value of 24 -107°
KL

Secondly, the influence of the gas temperature change on the cavity temperature is investigated.
For gas temperature changes between 120 and 180 K , the change in cavity temperature per pulse
is in the order of 10 uK for the theoretical model and in the order of yK for the measurements.
The theoretical model is above the actual change in cavity temperature, because it assumes
that all the input energy is used for heating the cavity. The results of the measurements are,
however, below the actual changes in cavity temperature, because some heat is lost before the
gas reaches the glass tube. When a plasma is created with a plasma jet, the gas temperature
increases with between 400 and 1000 K. Using the first conclusion that describes the relation
between the resonance frequency and the cavity temperature, it can be concluded that in the
above gas temperature range the change in resonance frequency is between the order of 1 Hz and
the order of 10 Hz. From Section 4.2 it can also be concluded that lowering the duty cycle lowers
the influence that the gas temperature has on the cavity temperature for a constant pulse.

Lastly, the influence of the helium gas flow on the resonance frequency is studied. The results
showed a 70 kHz noise in resonance frequency with the helium gas flow compared to a 1 kHz
noise in resonance frequency without flow. It is concluded that pressure changes inside the cavity
due to the flow are not likely to be the cause for the 70 kHz noise, since the pressure changes
would then be in the order of at least 10 mbar. Typical pressure changes are more likely to be in
the order of mbar. This is, however, only a prediction since data of a cavity with only helium gas
was used and therefore the influence of pressure changes on the resonance frequency should be
experimentally investigated to confirm the hypothesis. Fluctuations in the gas composition can
cause the 70 kHz noise. A fluctuation of 3.8% causes a shift in resonance frequency of 70 kHz,
which is a plausible fluctuation. Therefore in future experiments it is important to minimize the
fluctuations in the gas composition to obtain a higher resolution.
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Appendix A

Results of the gas heating
experiment
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(a) The cavity temperature over time for Tgqs = 120 °C.
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(b) The cavity temperature over time for Ty,s = 130 °C.
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(d) The cavity temperature over time for Tyqs = 150 °C.
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Figure A.1: The cavity temperature over time for different gas temperatures with a second degree
polynomial fit.
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