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Abstract

Gas catchers are widely used for stopping and thermalizing high-energetic nuclear reaction products
to perform high precision mass measurements. The general idea of a gas catcher is to reduce the
level of impurities in the buffer gas to increase the extraction efficiency. However, the Chemical
Isobaric Separation (CISe) technique for the separation of isobars aims to make use of the chemistry
inside the gas catcher. The goal of this research project is to study the ion guiding and ion
extraction from the gas catcher in off-line measurements. An electrode system, consisting of RF-
and DC electric fields, is used to guide and extract the ions. A low-energy radioactive ion source,
223Ra, was mounted inside the gas catcher to produce ions. A silicon detector was installed behind
the gas catcher to identify the extracted ions by measuring the energies of their emitted α-particles.
Based on the measurements, it was concluded that 211Bi ions were extracted from the gas catcher,
but not the short-lived 219Rn ions. From the studies, it is proposed how to improve the ion guiding
process.

This thesis was financially supported through NWO-natuurkunde Projectruimte grant
(project number: 680-91-103).
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1 Introduction

1.1 Motivation

High precision mass measurements of exotic nuclei are of great interest for nuclear structure and
nuclear astrophysics. From these measurements the nuclear binding energies can be determined,
and thus we can pin down the location of nuclear shells. The magic numbers corresponding to the
nuclear shell closures are indicated in Figure 1 by the horizontal and vertical black lines. Nuclei
with a filled proton shell or a filled neutron shell are called magic nuclei. When both nuclear
shells of the protons and neutrons are filled, they are called doubly-magic nuclei. The aim of our
research is to access the neutron-deficient region around the doubly-magic 100Sn which is indicated
in Figure 1. Nuclei in this region can, for example, be produced in fusion-evaporation reactions.
The main challenges arise from low production yields, short half-lives, and unwanted by-products.

Figure 1: Nuclear chart [1]. The region of interest is indicated in the figure by the red circle. The
decay modes of the nuclei are indicated by the color code. Black squares correspond to the valley
of stability. The horizontal and vertical black lines indicate the shell closures, known as the magic
nuclei. The light blue arrow indicates the nuclei with an equal number of neutrons and protons,
the N = Z nuclei.

Doubly-magic 100Sn is of particular interest because it is one of the heaviest nuclei with the same
number of neutrons and protons, N = Z = 50. It is also relevant to the rapid-proton (rp) capture,
as it lies at the end of the rp-process. Improving the understanding of the rp-process, results in a
better interpretation of X-ray bursts [2]. The rp-process consists of rapid proton-capture reactions
to produce heavier proton-rich elements and subsequent slow β+-decay. Figure 2 shows a close-up
of the mass accuracy of the 100Sn region of the nuclear chart [1]. The predicted path of the rp-
process is indicated in Figure 2 with the white lines [2], and the N = Z nuclei are indicated with
the yellow line.

The atomic masses in the region of 100Sn are not known with high precision yet, which is crucial
to better understand the path of the rp-process. Mass measurements in the vicinity of 100Sn have
already been performed and give more insights in the understanding of 100Sn [3, 4]. For measure-
ments in the 100Sn region, the main challenge is, besides low production rates, the separation of
isobaric contaminants. These are nuclides with the same mass number as the ion of interest. In
1996, the mass of 100Sn has been measured using the cyclotron in GANIL, where 100Sn is produced
in fusion-evaporation reactions between a 50Cr beam and a 58Ni target [5]. The masses of 100Sn,
100In, and 100Cd were measured by using 100Ag as a reference. The mass of 100Sn was measured
with a precision of 10−5, which was limited by low statistics [5].

The mass precision can be improved by using a Penning trap mass spectrometer, such as SHIP-
TRAP [6]. The Penning trap technique is very precise and does not require a large number of

3



detected ions. The main challenge in the measurements using the Penning trap technique is the
slowing down of the incoming high energetic beam and the mass separation from its isobars. SHIP
is not designed to separate isobaric nuclides. An additional separation step using a new gas catcher
is introduced. Gas catchers are used for stopping and thermalizing the high-energetic nuclear re-
actions products [7–9]. The general idea of a gas catcher is to reduce the level of impurities in the
buffer gas to prevent ion losses. However, a novel technique for the separation of isobars is under
development, which aims to make use of the chemistry inside the gas catcher operated at room
temperature. This is called the Chemical Isobaric Separation (CISe) technique.

Figure 2: Close-up of the 100Sn region of the nuclear chart. The mass accuracy of the nuclei is
indicated by the color code [1]. The predicted rp-path is indicated by the white lines [2]. The yellow
line indicates the N = Z nuclei. The dashed blue lines indicate 100Sn, the nucleus with an equal
number of protons and neutrons.

1.2 CISe project

The Chemical Isobaric Separation (CISe) project aims to access the neutron-deficient isotopes in
the 100Sn region [10]. This will be realized by taking advantage of the gas-phase chemistry inside
the gas catcher for the separation of isobars by adding a combination of the helium buffer gas and
a reactive gas. This makes it possible to separate 100Sn from 100In, 100Cd, and 100Ag due to the
different chemical properties. One potential method to separate 100Ag and 100Cd from 100Sn and
100In, is by adding CH4 as a reactive gas. Cd+ and Ag+ react with methane and form clusters in
the following way [11]:

Cd+ +CH4 → Cd+(CH4) (1)

Ag+ +CH4 → Ag+(CH4) (2)

The Sn+ and In+ ions do not react with methane [11]. This technique can be used to test the
chemical separation of the stable isotopes in an offline setup. Later, the chemistry inside the gas
catcher can be implemented in on-line experiments for the study of exotic nuclei.
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As shown in Figure 3, the CISe setup consists of a gas catcher that is connected to a quadrupole
Time-of-Flight (qToF) via an ion guide consisting of two hexapoles. The ions are created by laser
ablation in the gas catcher, where 50mbar of helium and a reactive gas are added. The ions slow
down by colliding with the helium buffer gas and might react with the reactive gas. The aim is to
find a reactive gas that reacts with the ion of interest and not with its isobaric contaminants, or
vice versa. Then, the different ions are extracted from the gas catcher to the ion guide. Simulations
of the ion trajectories of atomic- (e.g. Ag+) and molecular ions (AgCH +

4 ) through the ion guide
system have been performed by A. Mollaebrahimi [12], and show an overall transmission efficiency
above 90% for both atomic- and molecular ions. From the ion guide, the ions are transported to
the quadrupole Time-of-Flight (qToF). The ions are either detected at the dynolite-point detector
or at the Micro-Channel Plate (MCP) detector. The MCP detector registers the time-of-flight to
determine the mass-to-charge ratio (m/q) of the ions.

The CISe setup will be used to find the optimal chemical system for the separation of 100Sn from
its isobars by studying different reactive gases (e.g. CH4, H2O, etc.). Once the optimum operating
conditions are found, the gas catcher will be implemented at SHIP for on-line experiments.

Figure 3: Schematic diagram of the CISe setup, where a gas catcher is coupled to a commercial
qToF via an ion guide consisting of two hexapoles. The qToF is a Quadrupole Mass Spectrometer
(Quadrupole MS) coupled with a reflection Time-of-Flight Mass Spectrometer (ToF MS). Figure
adapted from Ref. [10].

1.3 Aim of this research

Before the chemical reactions in the gas catcher can be studied, it is necessary to optimize the
ion guiding and extraction from the gas catcher in off-line measurements. This is realized by
designing a detector holder, which was installed behind the RF carpet (Figure 3). Instead of using
the laser ablation source, a low-energy radioactive ion source, 223Ra, was mounted inside the gas
catcher. This radioactive ion source was chosen to perform extraction studies independent of the
laser ablation source. The ions are slowed down by collisions with the helium buffer gas, and are
guided by DC electric fields and the RF carpet to the exit hole. At this orifice, the gas flow takes
over and extracts the ions from the gas catcher. The silicon detector, which was installed behind
the carpet, identifies the extracted ions by measuring the energies of their emitted α-particles. The
obtained characteristic α-spectrum can be used to determine the extraction efficiency from the gas
cell. This research supports later experiments performed with the CISe setup [10].
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2 Methods and techniques

As described in Section 1.3, the focus of this research is on the extraction of ions from the gas
catcher (Figure 3). This chapter explains the methods used to guide, extract, and detect these ions.
Section 2.1 focuses on the physical processes in- and the ion extraction from the gas catcher. Behind
the gas cell, a silicon surface barrier detector is installed. More details about α-spectrometry, the
silicon detector, and radioactive sources are given in Section 2.2.

2.1 Physical processes in the gas catcher

Gas catchers are widely used to slow down high-energetic nuclear reaction products through in-
teractions with a buffer gas [13, 14]. The incoming ions have energies in the order of a few MeV
and are slowed down to energies of a few eV by ionizing the buffer gas atoms. In this process,
highly-charged ions reduce to singly or doubly charged ions. The thermalized ions are transported
and extracted via electric fields and the gas flow. Gas catchers can be operated at cryogenic- [9,15]
or room temperature [16, 17]. Physical processes play a role in guiding and extracting these ions
from the gas catcher, which will be described in this section.

Ions lose energy by ionization and excitation of atoms. They collide with the buffer gas atoms,
e.g. argon or helium, which has a strong effect on the ion survival probability and the extraction
efficiency in the gas cell. The higher the buffer gas pressure in the gas cell, the higher the collision
probability of the ion. The helium gas density is lower than the argon gas density [18]. Thus,
ions have a larger range in the helium gas. Another advantage of using helium as a buffer gas is
the large first ionization potential of helium (24.6 eV). Because of this, thermalized ions cannot
neutralize in the collisions: the nuclear recoils remain singly or doubly charged. However, there
might still be losses due to impurities in the gas [13]. Impurities can lead to formation of molecules
and charge-exchange reactions. Molecular formation leads to a change in the ion mobility. An ion
of interest X+ reacts with a ligand molecule M originating from impurities in the helium buffer
gas:

X+ +M → X+M∗ (3)

Through collisions with the helium buffer gas, the X+M∗ molecule can be stabilized:

X+M∗ +He → XM+ +He∗ (4)

A technique to reduce the impurities in the gas is by freezing them out [9]. For gas catchers
operated at room temperature, ultra-high vacuum (UHV) conditions and ultra-pure helium, at
sub-ppb impurity concentrations, are required [14,16].

During the stopping process of the incoming ions, a large amount of ion-electron pairs are created
due to the ionization of the buffer gas atoms [19]. Under the influence of the applied DC field,
the ions and electrons move in opposite directions. Since the mass of electrons is much smaller
compared to the ions, their mobility is much larger, resulting in a lower electron density. While
the electrons are removed, the positively charged ions stay behind, which will lead to space-charge
effects [20–22]. Recombination of thermalized ions occurs when electrons and ions are not pulled
apart fast enough due to a large ionization degree. This creates a plasma which shields the applied
electric field and leads to free electrons available for recombination [23,24]:

X+ + e− +He → X+He (5)

where X is the ion of interest, e− is the electron, and He is the helium buffer gas atom. To reduce
the probability of recombination, a high electric field gradient for the separation of electrons and
ions is required. This will also result in a shorter extraction time.

After thermalization, the ions are guided by electric fields for fast and efficient extraction. The
maximum electric field that can be applied depends on the breakdown voltage, also known as
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Paschen’s law [25]. During the ion transport, diffusion losses might occur. The diffusion time can
be calculated with the following equation [26]:

τD =
1

D

( r0
2.405

)2

(6)

where τD is the diffusion time, D is the diffusion coefficient, and r0 is the radius of the gas catcher.
The diffusion coefficient is calculated using equations [27]:

D =
kBTK

q
(7) K = K0

T

T0

p0
p

(8)

where kB is the Boltzmann constant, T is the temperature, q is the ion charge, K is the ion mo-
bility, p is the pressure, T0 is the standard temperature (273.15K), p0 is the standard pressure
(1013mbar), and K0 is the reduced ion mobility which can be found in literature for most elements.
When the gas catcher is operated at a pressure of 50mbar at room temperature, K0 = 17.37V/cm
for 219Rn, and the radius of the gas catcher is r0 = 14 cm, the diffusion time is calculated to be
τD = 3.4 s [27]. This is long compared to typical extraction times from gas catchers operated at a
pressure of ∼ 50mbar at room temperature, which are on the order of a few tens of ms [28]. Thus,
diffusion losses are of minor importance during ion transport.

In this study, the gas catcher is operated at room temperature, which means the impurity level
is of great importance. A DC electric field is needed for fast ion extraction, but also to prevent
neutralization due to recombination.

2.1.1 Ion extraction from the gas catcher

There are several methods to extract the ions from the gas catcher. One of the methods is using
only a gas flow, which is created by the pressure difference between the gas cell and the ion
guide [29]. This extraction method is rather slow and might not be fast enough to avoid ion
neutralization. Another method is to extract the ions using a combination of a gas flow and DC
fields [30]. A third method is a combination of the gas flow and a RF carpet or RF funnel, guiding
the ions with electric fields [7–9, 16, 26]. The working principle of both the RF carpet and the
RF funnel is the same: an RF voltage is applied to concentric ring electrodes, which decrease in
diameter towards an extraction orifice. The advantage of a RF carpet is the printed circuit board
(PCB) technology, which has a finer electrode structure compared to the RF funnel. This leads
to an increase in the maximum RF repelling force from the carpet on the ions. However, the fine
electrode structure is also sensitive to discharges. The breakdown voltage is given by the Paschen
curve [25], which is dependent on the pressure and the applied voltage. Another disadvantage
might be the evaporation of impurities from the PCB material when operating the system at room
temperature. In this study, a combination of the gas flow and a RF carpet is used to extract the
ions.

Working principle of the RF carpet

The main function of the carpet is to transport and focus the ions towards the extraction orifice.
This is realized by using a RF field and a DC gradient. An illustration of the working principle of
the carpet is shown in Figure 4, where DCcage represents the electric field of the cage, pushing the
ions towards the carpet. The RF voltage supplies an alternating repelling force (FRF) with a 180°
phase difference between adjacent electrodes, which makes the ions hover in front of the carpet. In
addition to the RF voltage, a traveling potential wave with a 90° phase difference is superimposed
to the electrodes to create a DC gradient. The combination of the RF- and DC fields result in ions
“surfing” over the surface of the carpet towards the exit hole [31–33]. At the exit hole, the ions are
extracted by a supersonic gas-jet due to the pressure difference between the gas catcher and the
ion guide. The ion transportation time is determined by the wave voltage and speed. Small wave
amplitudes result in ions slipping out of the traveling potential wave: the ion velocity is smaller
than the wave velocity (vi < vw). At certain increased wave amplitudes, the ions are carried by
the traveling potential wave: the ions move with a velocity equal to the wave velocity (vi = vw).
To optimize the ion extraction, the values given to the RF- and DC fields need to be tuned.
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Figure 4: Concept of the ion surfing method of the RF carpet, showing the RF- and DC fields. The
DCcage (green arrows) represents the electric field gradient of the cage, pushing the ions towards
the carpet. FRF (red arrow) represents the time-average repelling force due to the RF voltage,
which make the ions hover in front of the carpet. The applied 90° phase difference to produce a
traveling potential wave is indicated in the figure. Due to the RF- and DC fields of the carpet,
the ions (orange circles) “surf” over the carpet as a traveling wave towards the exit hole (black
arrows). Figure adapted and modified from Ref. [33].

2.2 α-spectrometry

To determine if the ions are guided and extracted from the gas catcher to the ion guide, as shown
in Figure 3, α-spectrometry measurements are performed. α-spectrometry is used to identify the
extracted radionuclides based on their α-particles emitted in the decay process. The α-decay is
characterized as:

A
ZX → A−4

Z−2Y + 4
2He

The α-particles are mono-energetic, which means they are emitted with a characteristic energy.
This makes it easy to identify the decaying radionuclides. Using an α-source as a probe, to study
the ion transport and the ion extraction efficiency from the gas catcher, is a well-known em-
ployed method [8,9,15,17,34–37]. The setup for the α-spectrometry measurements is explained in
chapter 3.

A detector is needed to measure the emitted α-particles. There are two types of silicon detectors
used for α-spectrometry: Passivated Implanted Planar Silicon (PIPS) detectors and Silicon Surface
Barrier (SSB) detectors. In the experiments performed in this research, a silicon surface barrier
detector is used. The working principle is explained in Section 2.2.1. Section 2.2.2 contains more
details about the radioactive sources that were used in this work.

2.2.1 Silicon Surface Barrier detector

A silicon semiconductor detector is installed behind the carpet to detect the radioactive ions that
are extracted from the gas cell. Silicon detectors are reverse biased and consist of a combination
of p-type and n-type silicon materials, which are created by adding an impurity to the pure silicon
material [38]. The reverse bias is created by applying a positive voltage to the n-type silicon.
P-type silicon contains a small amount of acceptor impurties: it has an excess of holes in the va-
lence band, whereas n-type silicon contains a small amount of donor impurities: it contains more
electrons than holes in the conduction band [39]. Hence, adding impurity atoms to the silicon
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result in the characteristic charge carriers of the semiconductor. Combining the p-type and n-type
silicon results in a p-n junction. This leads to a depletion region, which is free of electrons and
holes. Emitted α-particles entering the silicon detector lose a small amount of energy and create
electron-hole pairs. The average energy needed to create an electron-hole pair in silicon is 3.62 eV
at room temperature [39]. The electron-hole pairs result in an electrical signal proportional to the
energy of the α-particle. The measured α-energies identify the radioactive isotopes. The resulting
α-spectrum is specific for the mother isotope.

The energy resolution is dependent on the electronic noise from the leakage current, capacitance,
and the bias resistor, as well as the energy loss and straggling in the detector’s entrance window.
The leakage current is strongly dependent on the type and temperature of the detector. Higher
leakage currents result in larger electronic noise, which is why low leakage currents are desirable.
The electronic noise of the leakage current and capacitance will be minimized using the optimal
settings for the shaping-time constant of the amplifier. The noise of the bias resistor is usually
negligible, but for high detector temperatures, it might be necessary to decrease the value of the
bias resistor. This results in a higher electronic noise. The energy loss and straggling in the
entrance window of the detector is dependent on the angle at which the α-particles enter. If they
enter perpendicular to the detector, the resulting energy loss is minimal. However, if they enter
at an angle, they have to pass through a thicker layer of material, which results in a higher energy
loss, thus, a lower energy resolution. Many more parameters have an effect on the performance
of the detector [40]. In general, the resolution is better for smaller detectors, but the counting
efficiency is better for larger detectors. Hence, depending on what is needed, a compromise has to
be made to find the optimal working settings of the detector.

2.2.2 Radioactive sources

In this research, two different radioactive sources were employed: an 241Am alpha source and a
223Ra ion source. The 241Am was used to become acquainted with α-spectrometry and to perform
detector tests. The α-spectrum is well-known, showing two distinct 241Am peaks. The decay
properties of 241Am are given in Table 1, Section 2.2.3.

The 223Ra ion source also has a well-known, easily identifiable α-spectrum. However, it contains
a long-lived parent and a number of short-lived daughter nuclei in transient equilibrium, which
makes the spectrum a little more complex compared to the spectrum from 241Am. Its decay prop-
erties are given in Table 2, Section 2.2.4. 223Ra is chosen as an ion source due to the short half-life
of its daughter nucleus, 219Rn (t1/2 = 3.96 s). It is quick and easy to determine whether the ions
have been extracted. Another advantage is the relatively short half-life of the parent nucleus,
223Ra (t1/2 = 11.44 d). If there is a contamination on the detector, it takes a couple of months for
the 223Ra to decay, which is relatively fast.

The 223Ra ion source is prepared from an open 227Ac source, its decay chain is shown in Figure 5.
227Ac has a very long half-life (t1/2 = 21.77 y), which makes it easy to prepare fresh 223Ra ion
sources. The preparation is done in our own laboratory at the University of Groningen. Only a
very thin layer of radioactive material is deposited on the source screw. If the source is too thick,
the energy resolution decreases, and small detailed peaks are not well resolved. More information
about the source preparation can be found in Section 4.2.1 from Ref. [41].

One physical effect that has to be considered is the loss of the 219Rn isotopes. The 219Rn isotopes
can be used to study the ion transport. Radon is a noble gas, which is transported in a gas stream.
The radon has to be filtered from the gas stream and captured in front of the detector. This is
done by installing an ion catcher foil in front of the detector. The catcher foil captures the 219Rn
nuclei, from which they decay to the detector.
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The absolute activity of the ion source can be calculated using the following equation:

A = AM
Surface area detector

Area detector

=
Σα

tL

4πs2

πr2
(9)

where Am is the measured activity of the sum of all the detected peaks divided by the live time,
tL, s is the distance between the source and the detector, and r is the radius of the active area of
the detector.

2.2.3 Decay properties 241Am

241Am decays to excited 237Np states via α-decay. The α-decay energies with their respective
branching ratios are given in Table 1. The branching ratio means that in 100 decays, ∼ 84α-
particles with an energy of 5485.56 keV and 13α-particles with an energy of 5442.80 keV are
emitted. The remaining 3% are distributed over the other decay channels. Hence, two clearly
distinguishable peaks are expected to be found in the measurements (Am I/Am II).

Table 1: Decay properties of 241Am. The data are taken from [42].

Isotope Half life Decay Notation Energy Branching ratio
mode used (keV) (%)

241Am 432.2 y α 5388.23(13) 1.6(2)
α Am II 5442.80(13) 13.0(6)
α Am I 5485.56(12) 84.5(10)
α 5511.47(13) 0.22(3)
α 5544.5(16) 0.34(5)

2.2.4 Decay properties 223Ra

The decay chain of 223Ra is shown in Figure 5, and the decay properties are given in Table 2. It
is expected to measure eight different peaks when the source is in front of the detector (Figure 7),
depending on the energy resolution of the detector: two of 223Ra (Ra I/Ra II), three of 219Rn (Rn
I/Rn II/Rn II), one of 215Po (Po), and two of 211Bi (Bi I/Bi II).
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Figure 5: Decay chain of 227Ac. The half-lives of each nuclide are indicated below the isotope
symbols. The source installed in the vacuum chamber is 223Ra. The blue boxes indicate β−-decaying
isotopes, the yellow boxes indicate α-decay, and the black box indicates a stable nuclide.

Table 2: Decay properties of 223Ra. The data are taken from [43].

Isotope Half life Decay Notation Energy Branching ratio
mode used (keV) (%)

223Ra 11.44 d α 5539.80(90) 9.2(2)
α Ra II 5606.73(30) 25.7(5)
α Ra I 5716.23(29) 52.6(13)
α 5747.0(4) 9.2(2)

219Rn 3.96 s α Rn III 6426.0(10) 7.5(6)
α Rn II 6552.6(10) 12.9(6)
α Rn I 6819.1(3) 79.4(10)

215Po 1.78ms α Po 7386.2(8) 100

211Pb 36.1min β− 1372 (endpoint) 100

211Bi 2.14min α Bi II 6278.2(7) 16.23(14)
α Bi I 6622.9(6) 83.77(14)
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3 Experimental setup

Two different setups were used in this work: a test setup was built to test the silicon detectors,
and, subsequently, the silicon detector was mounted inside the CISe setup behind the carpet. This
chapter gives an overview of both setups, and describes the equipment used.

3.1 Test setup

A box of old silicon detectors was made available for this project. The first step was to determine
which ones were working, and to get familiar with the equipment. This required to build the test
setup.

A silicon detector was placed inside a vacuum chamber, which was connected to a vacuum pump, as
shown in Figures 6 and 7. The pressure is monitored by a gauge in the vacuum line that measures
pressures below 1Torr. A vacuum is needed because air has the effect of slowing down α-particles
and dispersing their energy. The detector gives its signal to the charge sensitive preamplifier. The
main function of the preamplifier is to maximize the signal-to-noise ratio, which is why it is crucial
to locate the preamplifier as close as possible to the detector. As the signal coming from the detec-
tor is very low, the preamplifier also serves as the first amplification stage [44]. The bias voltage
of the detector is supplied to the High Voltage (HV) connection point on the preamplifier. The
output signal of the preamplifier goes to the linear pulse-shaping amplifier. Its main function is to
amplify and shape the amplitude signal from the preamplifier. The ORTEC Model 450 Research
Amplifier has 100 shaping-time constant combinations [45]. The goal was to optimize the amplifier
settings to get a well resolved α-spectrum for the different silicon detectors.

The amplifier output is connected to an ORTEC Multichannel Analyzer (EASY-MCA-8K), which
in turn is connected to a computer with the MAESTRO software program. The MCA converts the
incoming voltage pulses into a spectrum, distributing the number of counts over specific channels
or bins. These channels are related to energy, and each channel corresponds to a certain voltage
range. Hence, pulses with a voltage within this range, will end up in the same channel.

Two radioactive sources were used to test the detectors: an 241Am alpha source and a 223Ra ion
source. A schematic overview of the experimental setups is shown in Figures 6 and 7 for the
measurements with the 241Am and 223Ra source, respectively.

3.1.1 Schematic setup using 241Am

The 241Am source was placed inside a vacuum chamber, 2 cm above the detector. The schematic
diagram of this experimental setup, and a picture of the design of the detection setup, is shown in
Figure 6.
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Figure 6: (a) Schematic diagram of the test setup used to test the detector with an 241Am source.
The source was placed in a vacuum chamber, 2 cm above the detector. The dashed green- and solid
blue lines indicate the vacuum- and electric connections, respectively. (b) Picture of the design of
the detection setup for the 241Am source, which is installed in the vacuum chamber.

3.1.2 Schematic setup using 223Ra

For the measurements with the 223Ra source, the setup was slightly modified (Figure 7). The
distance between the source and the detector increased to 8.6 cm. Also, an ion catcher foil with
a diameter of 22mm was assembled 0.3 cm above the detector. A negative voltage was applied to
the foil to attract the positively charged ions. This was done by connecting a cable to the foil in
between the two plates made of polycarbonate.
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Figure 7: (a) Schematic diagram of the test setup used to perform measurements with a 223Ra
source. The source was placed in a vacuum chamber, 8.6 cm above the detector. In between, an ion
catcher foil with a diameter of 22mm was assembled 0.3 cm above the detector. The dashed green-
and solid blue lines indicate the vacuum- and electric connections, respectively. (b) Picture of the
design of the detection setup for the 223Ra source, which is installed in the vacuum chamber. An
M5 source screw was mounted on the top plate at 8.6 cm distance from the detector.

3.2 CISe setup

The schematic diagram of the CISe setup is shown in Figure 3. However, within this project, a
detector holder was placed behind the carpet (Figure 11). Instead of the laser ablation source, a
223Ra ion source (Section 2.2.2) was mounted inside the gas cell. This research has been conducted
to examine if the ions can be extracted through the carpet by installing a silicon detector behind
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the carpet. This section describes the function of the various components that are needed in the
setup: the gas catcher, the electronics and the carpet, and the design of the detection system.

3.2.1 Gas catcher

The main function of the gas catcher is to slow down and guide the ions to the ion guide. Figure 8
shows the design of the gas catcher, including its main components. The gas catcher is operated at
room temperature (293K) and a helium pressure of p0 = 50mbar. The gas cell is filled with helium
gas to slow down the ions. A dewar filled with liquid nitrogen surrounds the helium gas line, this
is called a cold-trap. The cold-trap is used to decrease the amount of impurities in the helium by
freezing them out. To monitor the pressure, two pressures gauges are connected: a digital pressure
gauge and an analog pressure gauge. The digital pressure gauge is not calibrated for helium, but
it is accurate for pressures up to ∼ 10−2 mbar. The analog pressure gauge is used to measure the
pressures from 1 mbar.

Figure 8: Schematic overview of the gas catcher coupled to the ion guide. Figure adapted from
Ref. [10]. The numbers circled in red indicate, in sequence, target holder #1 and target holder #2.

A 223Ra ion source is installed inside the gas
catcher on target holder #2. These ions are
guided towards the ion guide by an electrode sys-
tem. This electrode system, shown in Figure 9,
consists of DC ring electrodes (or DC cage) and
a RF carpet that provides a RF- and DC field.
The DC cage consists of 16 ring electrodes con-
nected by equal resistors of 50 kΩ that create an
electric field gradient, resulting in a gradual de-
crease in voltage. This means that the first ring
(grid electrode) has the highest maximum volt-
age given by the power supply, while at the last
ring, at the extraction side, a minimum voltage
of 0V is applied. The metal wire at the grid
electrode also prevents the ions from flying in
the wrong direction. The result is that the ions
are being guided to the extraction side of the gas
catcher.

Figure 9: Picture of the electrode system that
helps guiding and extracting the ions from the
gas cell. Figure adapted from Ref. [27]. The RF
carpet is mounted at the extraction side of the
gas catcher.
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3.2.2 RF carpet

The RF carpet is mounted at the extraction side of the gas catcher. The concentric ring electrodes
have a phase difference of 180° between adjacent electrodes, and an electrode gap of 0.125mm. The
DC gradient of the carpet has the same function as the DC cage: a maximum voltage is applied to
the outer ring electrode of the carpet, and a minimum voltage (0V) to the ring electrode closest
to the exit hole. A picture of the front- and the back side of the carpet is shown in Figure 10. The
diameter of the carpet is 250mm, and the extraction orifice has a diameter of 0.45mm [27]. The
working principle of the RF carpet is explained in Section 2.1.1.

Figure 10: Front- and back side pictures of the carpet. (a) Front side of the carpet, which has a
total diameter of 280mm. The electrode structure has a diameter of 250mm. (b) Zoomed view of
the front side of the carpet, showing the exit hole which has a diameter of 0.45mm. Also evident
is the concentric ring electrode structure. The gap between the electrodes is 0.125mm. (c) Back
side of the carpet, showing the electronic components consisting of resistors and capacitors.

Simulations and first experiments were already performed to examine the ion guiding in the gas
catcher and the ion extraction from the gas catcher to the ion guide. The ion trajectories in the
vicinity of the exit hole of the RF carpet were simulated by B. Andelić [27]. The DC gradient on
the RF carpet was set to 3V/cm. The results show a 100% transmission, where the electric fields
and gas-flow were included in the calculations [10]. In the first experiments, it was investigated if
the ions, created by laser ablation, hit the carpet by using the carpet as a Faraday cup. The ions
hitting the carpet are available for ion extraction. It was determined that the number of charges
observed on the carpet ranges from 1.7 · 108e to 4.5 · 1010e [46].

Hence, according to the simulations, it should be possible to guide and extract the ions from the
gas catcher using a RF carpet. And, according to first experiments, the ions are guided towards
the carpet. The next experimental step to examine is if the ions are being extracted from the gas
catcher to the ion guide. A detection system has been designed to perform these measurements,
which is described in Section 3.2.3.

3.2.3 Design detection system

The setup used to perform the measurements within the CISe setup is shown in Figure 11(a). The
important components are indicated. To install the detector inside the setup, a detector holder had
to be designed. It had to fit inside the area behind the carpet, which has a length of 125mm [12]. A
holder for the detector, as well as for the foil, was needed. This resulted in the design shown in Fig-
ure 11(b) and 11(c). The holders for the detector and the foil were both made of PEEK (Polyether
Ether Ketone), and the support ring was made of aluminium. The foil holder has a diameter of
9mm. The length of the detector holder is 100mm and the distance from the carpet to the foil
holder is 8−10mm. It was possible to change the distance between the detector- and the foil holder.
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Figure 11: (a) Setup for the detection of ions behind the carpet. The important components are
indicated. A radioactive 223Ra ion source was mounted inside the gas cell on target holder #2 and
the designed detector holder, shown in (b) and (c), is placed behind the carpet. The holders for the
detector and the foil were made of PEEK, and the support ring was made of aluminium. The foil
holder has a diameter of 9mm. The distance between the foil holder and the detector holder is, in
this figure, 15mm.

Figure 12: Design of the foil holder. A cable will
be clamped in between the small stainless steel
plate and the copper ring, which is connected to
the foil.

The foil is mounted on non-conducting ma-
terial, PEEK. A copper ring is connected to
the foil so that it is possible to apply a volt-
age to the foil. Applying a negative volt-
age to the foil will result in the capture
of the positive ions extracted from the gas
catcher. This is realized by connecting a
stripped cable to the copper ring, fixed in
between the ring and the stainless steel ca-
ble clamp. The clasp made from PEEK
is used to hold the ring in place. Figure
12 shows a picture of the design of the foil
holder.

The influence of various foils and meshes was
examined, which is why the design of the de-
tector holder changed between measurements.
Figure 13 shows pictures of two different designs of the detector holder. The distance between
the detector and the foil is 15mm for both designs.
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The first design, shown in Figure 13a, was used to test the various foils and meshes. The foil holder
has material removed around the edges because of the gas flow. For the mesh there would not be a
problem since the gas can flow through the holes from the mesh, but the gas cannot be evacuated
through the foil. The detector holder also has material removed from its edges for the same reason.

After examining the foils and meshes, the second design was made with the idea to attract more ions
using the aluminium mesh. A new foil holder was manufactured, closing the edges (Figure 13b).
This allowed the gas to only pass through the middle hole, which will result in a higher extraction
efficiency.

(a) Detector-foil: 15mm. (b) Detector-mesh: 15mm.

Figure 13: Two different designs of the detector holder.
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4 Measurements and analysis

This research has been performed to examine the ion guiding and ion extraction from the gas
catcher. The first measurements were done in a test setup, the results are shown and described
in Section 4.1. The measurement results from the CISe setup are reported in Section 4.2. Lastly,
Section 4.3 shows the results of the measurements of the DC gradient on the DC cage and the RF
carpet.

4.1 Test setup

The goal of the test setup was to investigate various silicon detectors and optimize the settings
to get a well resolved α-spectrum. The first step was to get familiar with the working principle
of the detector and with the equipment in the setup. Three detectors were tested, two of them
extensively because of the promising results. In this thesis, the focus was on these two detectors.
The results are discussed in sections 4.1.1 and 4.1.2.

4.1.1 Detector ORTEC 23284C

Since the detectors used were old, they did not all come in the proper case where the specifications
were written on. Hence, unfortunately, the specifications of this detector are not known. The
results are subdivided into the radioactive sources that were used.

241Am alpha source

The first measurements were performed with a radioactive 241Am source. The setup for these
measurements is shown in Figure 6. Different settings had to be adjusted to find a well resolved
α-spectrum. Settings on the amplifier that had to be optimized were the gain factor, coarse and
fine gain, and the shaping time constant. The shaping time constant consists of a low-pass filter
called integrate, and a high-pass filter called differentiate. Besides, the bias voltage for the optimal
performance of the detector had to be found.

The optimal bias voltage was found by performing several measurements for bias voltages between
50V and 150V in steps of 20V. It was determined that for a bias voltage of 70V, the performance
of the detector was not increasing anymore.

Increasing the gain resulted in the peaks shifting to different channels, a broadening of the peaks,
and a lower number of counts. The noise count rate also increased. Since this is as expected, it is
concluded that the amplifier is working. An example of the measurement results for different fine
gains is given in Figure 14.
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Figure 14: Study of the influence of the amplifier gain on the measurements using an 241Am
source. Increasing the fine gain results in broader and lower peaks, and a shift of the peaks to
different channels. The channel numbers at which the peaks occur are indicated in the figure. Note
that this figure shows the raw measurement data. The lines are drawn to guide the eye.

The shaping time constant also had to be optimized. Measurements for different combinations
of the integrate and differentiate settings were performed. For this detector, integrate was set to
0.5 µs, and differentiate was also set to 0.5 µs. These settings were also used for the measurements
shown in Figure 14.

An 241Am source was used to test the detector. The goal was to find a well resolved α-spectrum
by finding the optimal combination of the settings of the amplifier, and the bias voltage given to
the detector. A compromise had to be made between the resolution of the peaks and the noise
that is picked up by the detector. Increasing the gain resulted in an increase in the dead time,
which is undesirable. The optimal settings for the amplifier were found when the gain was set to
200 coarse gain and 0 fine gain, and the shaping time constant was set to 0.5 µs integrate and 0.5 µs
differentiate. The fitted α-spectrum of 241Am is shown in Figure 15.
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Figure 15: Alpha-decay spectrum of 241Am. The black dots correspond to the measured data points,
the blue lines to the fit of the individual peaks, and the red line is the sum of the fit of the individual
peaks. The fit function used is the alpha peak with 3 tails. The measurement time was 2.5min with
silicon detector ORTEC 23284C. The bin width is 1.1253 keV.

The program used for the fitting is COLEGRAM [47]. The fit function used is the alpha peak with
3 tails. It is the sum of a Gaussian and three left-sided tails [48]:

ALPHA3(x) = G(x) + T1(x) + T2(x) + T3(x) (10)

where G(x) and Ti(x) (i = 1, 2, 3) are given by:

G(x) = A · exp
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2
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(
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)))
where x0 is the position, A the amplitude, σ the standard deviation, Ti (i = 1, 2, 3) the relative
tail amplitude, and τi (i = 1, 2, 3) the exponential slope.

223Ra ion source

After verifying the detector was properly working with an 241Am source, measurements with a
223Ra source were performed. The setup for these measurements is shown in Figure 7. Measure-
ments without a foil, with 13µm aluminium foil, and with 0.5 µm aluminium foil were performed.
The peaks in the measured spectra are identified based on their α-energies and labelled according
to the notation given in Table 2.

Measurements without a foil

For these measurements, the ion catcher foil is removed from the setup shown in Figure 7. The
source-detector distance is 8.3 cm. The results are shown in Figure 16. For all measurements the
bias voltage was set to 120V, and the amplifier settings were set to 100 coarse gain, 4.5 fine gain,
0.25 µs integrate, and 0.5µs differentiate.

The first measurement was performed with the 223Ra source inside the vacuum chamber. This
corresponds to the blue graph in Figure 16. The peaks from Bi II, Rn III, Bi I, and Rn I overlap.
Rn II is expected to be inside the Bi I peak since the resolution is not good enough to distinguish
this peak separately. However, the result shows that the detector is able to characterize most iso-
topes of the decay chain of 223Ra. For more information about the decay chain of 223Ra, see Table 2.
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The first background measurement was performed by removing the radioactive ion source. This
results in the disappearance of the 223Ra peaks. The α-peaks from 219Rn and 215Po also disappear
because of their short half-lives. The red graph in Figure 16 corresponds to the peaks of 211Bi,
which are still detected because of the long half-life of its β-decaying parent 211Pb (t1/2 = 36.1min).

A second background measurement has been performed 72min after the first background mea-
surement. The result is shown in green in Figure 16. From the activity of Bi I in background
measurement 1 (red) and background measurement 2 (green), the half-life can be calculated. This
is done by rewriting the radioactive decay law:

A = A0 · e−λt (11)

= A0 · e
− ln(2)

t1/2
t

(12)

to:

t1/2 =
− ln(2) · t

ln
(

A
A0

) (13)

The activity of Bi I in background measurement 1 is measured to be A0 = 3.94 ± 0.11 cps, and
in background measurement 2, A = 0.95 ± 0.06 cps. The uncertainty in the activity is calculated
with Equation 21, given in Appendix A.1. The time between the two background measurements
was t = 72min. With these values, the half-life is calculated to be t1/2 = 35.08 ± 1.63min. This
corresponds to the half-life of 211Pb, which is as expected. The equation for the calculation of the
propagated error in the half-life is given in Appendix A.2 (Equation 25).

Figure 16: Measured spectrum of the decay of 223Ra for detector ORTEC 23284C (blue graph). The
red- and green graphs represent the background measurements where the source was removed. The
measured spectra correspond to the peaks of 211Bi, which are still detected because of the accumulated
211Pb. The measurement time was 300 s. The bin width is 17.039 keV. Note that this figure shows
the raw measurement data. The lines are drawn to guide the eye.

Measurements with an aluminium foil

For the next measurements, an aluminium ion catcher foil was installed in between the radioactive
source and the detector. To study the influence of the aluminium foil, two measurements with a
different foil thickness were compared to a measurement without a foil. Figure 17 shows the results.
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The measurement without a foil, blue graph Figure 17, is included so that it can be compared to
the foil measurements. The peaks are identified based on their α-energies and labelled according
to the notation given in Table 2. The two measurements with the foil show a shift in energy. This
is because ions propagating through a target material lose energy by ionization and excitation of
atoms in the material, which is known as energy straggling. Due to this energy straggling, the
resulting peaks have a broader energy distribution. The relation between the ion energy loss and
the material thickness is known as the stopping power, dE/dx.

Figure 17 shows that the energy shift is much larger for the red graph than for the green graph.
This means that the ions have to pass through more target material for the measurement that
resulted in the red graph, thus, resulting in higher energy loss. The thickness of the foils can be
calculated with the measured energy shift according to the following equation [49]:

d =
∆E(
dE
dx

)
E0

(14)

where d is the thickness of the foil, ∆E is the measured energy loss, and (dE/dx)E0
is the total

stopping power for the initial energy of the particle. It is assumed that the thickness of the material
is much smaller than the particle range, d ≪ R. Note that, due to microscopic inhomogeneities,
the thickness of the aluminium foils will not be the same everywhere. Hence, the calculated foil
thicknesses are an approximation.

The stopping power, dE/dx, can be calculated using the software package SRIM (Stopping and
Range of Ions in Matter) [18]. The total stopping power has an electronic- and a nuclear stopping
power contribution. The electronic stopping refers to the inelastic collisions between the incoming
ion and the electrons in the target material. The nuclear stopping is due to the elastic collisions
between the incoming ion and the nuclei in the target material.

The thickness of the aluminium foils is calculated by examining the energy shift of both the
Ra I and Po peaks. The radium and polonium peaks are indicated for all three measurements
in Figure 17. The energies of the blue, red, and green radium and polonium peaks are given
in Table 3. The α-particle energy from the decay of 223Ra and 215Po is equal to 5716.23 keV
and 7386.1 keV, respectively. For these energies, the electronic- and nuclear stopping power are
calculated by SRIM. The results are given in Table 3.

Table 3: Energies and stopping power in aluminium of the radium and polonium peaks.

ERa,blue = 5716.232

ERa,red = 3672.836

Energy ERa,green = 5738.204

(keV) EPo,blue = 7386.104

EPo,red = 5760.176

EPo,green = 7408.076(
dE
dx

)
elec,Ra

= 1.502 · 102

Stopping power
(
dE
dx

)
nucl,Ra

= 1.067 · 10−1

(keV/µm)
(
dE
dx

)
elec,Po

= 1.279 · 102(
dE
dx

)
nucl,Po

= 8.538 · 10−2

With the values given in Table 3, the thickness of the aluminium foil of the measurement that
resulted in the red graph (Figure 17) is calculated to be:

dRaI =
5716.232− 3672.836

(1.502 · 102) + (8.538 · 10−2)

≈ 13.6 µm
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dPo =
7386.104− 5760.176

(1.279 · 102) + (8.538 · 10−2)

≈ 12.7 µm

d =
dRaI + dPo

2
≈ 13 µm

For the measurement result shown in green in Figure 17, the thickness of the aluminium foil is
calculated to be d ≈ 0.2µm.

Figure 17: Measured spectra of the decay of 223Ra for detector ORTEC 23284C. The blue graph
corresponds to the measurement without a foil. The red- and green graph correspond to the measure-
ments where an aluminium foil was installed in between the source and the detector, the thickness
of this foil was 13 µm and 0.2 µm, respectively. The measurement time was 900 s. The voltage
applied to the aluminium foils was −300V. The bin width is 21.972 keV. Note that this figure
shows the raw measurement data. The lines are drawn to guide the eye.

As shown in Figure 17 (red graph), ions passing through 13 µm aluminium foil lose a lot of energy.
The peaks broaden and have more overlap with the other ions measured, resulting in a decrease of
the peak resolution. It is not possible to distinguish all the peaks as in the measurement without
a foil. Hence, it can be concluded that the 13µm aluminium foil is too thick to measure the 223Ra
decay spectrum.

The energy shift of the measurement where 0.2 µm aluminium foil is employed, is very small. This
is due to the small amount of target material the ions have to traverse. It was expected to detect
the peaks at slightly lower energies compared to the measurement without a foil. However, as
shown in Figure 17 (green graph), the peaks shifted to higher energies. It is possible that the
detector calibration shifted, resulting in the peaks at higher energies.

It is still possible to differentiate the peaks of the measurement where 0.2 µm aluminium foil was
used. The resolution between Rn I and Bi I is even better compared to the measurement without a
foil. A more extensive study on the different foils is performed in the CISe setup, which is described
in Section 4.2.1.
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4.1.2 Detector ORTEC 19754C

The specifications of this detector are BA-24-150-1500. The numbers correspond to energy resolu-
tion, active area, and depletion depth, respectively. The A indicates that it is a partially depleted
silicon surface barrier radiation detector, and the B stands for a B mount, where there is a microdot
connector on the rear of the detector.

An extensive study of the influence of the amplifier settings and the bias voltage on the α-spectrum
was performed using detector ORTEC 19754C. This was done with a 223Ra ion source. The
results show that the settings for the integrate and differentiate on the amplifier demonstrate a
well resolved α-spectrum when they are both equal to 1 µs or both equal to 1.5 µs. The settings of
the gain are equal to 200 coarse gain and 0 fine gain. Measurements were performed without a foil
in between the source and the detector. The optimal settings were found to be 100V for the bias
voltage, and integrate and differentiate were set to 1µs. The result is shown in Figure 18.

Figure 18: Measured spectrum of the decay of 223Ra for detector ORTEC 19754C. The bin width
is 28.791 keV. Note that this figure shows the raw measurement data. The lines are drawn to guide
the eye.

The spectrum shown in Figure 18 shows that the Ra II, Ra I, Bi I, Rn I, and Po peaks are easily
distinguishable, even though the bin width of 28.791 keV is quite large. Rn II is expected to be
inside the Bi I peak since the resolution is not good enough to distinguish this peak separately.
Compared to the α-spectrum of detector ORTEC 23284C shown in Figure 16 (blue graph), the
peaks for Rn III and Bi II appear to have a worse resolution measured with detector ORTEC
19754C. They are both inside the broadened peak as indicated in Figure 18. However, the mea-
surement result shows that the detector is able to resolve the most important isotopes of the decay
chain of 223Ra.

4.1.3 Conclusion

In the test setup, the α-spectra of two silicon detectors were studied. Both detectors produced a
well resolved α-spectrum. The next step is to perform measurements in the CISe setup, where the
detector is installed behind the RF carpet as shown in Figure 11(a). For this, detector ORTEC
19754C was selected to mount inside the CISe setup because of its smaller size and its easier
mounting principle.
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4.2 CISe setup

The goal was to examine if ions were extracted from the gas catcher by installing a silicon detector
behind the RF carpet. Installing the detector was realized by designing a detector holder. The
design of this holder is shown in Figure 11(b) and Figure 11(c). The setup used for these measure-
ments is shown in Figure 11(a).

The first measurements were performed with a Source Place Holder (SPH) that replaces the carpet.
The plate has a diameter of 280mm, and a thickness of ∼ 5mm. The middle of the plate has a
tapped hole to mount an M5 source screw. For these measurements, the distance from the source
to the detector is 23 − 25mm. Different foils and meshes were tested using the SPH, where the
foil holder was installed 8 − 10mm behind the plate. The results are given in Section 4.2.1. The
foil or mesh with the best performance was used for the carpet measurements. Before these carpet
measurements, the optimal settings were determined using the source plate, of which the result is
shown in Section 4.2.2. The results for the carpet measurements are described in Section 4.2.3.

4.2.1 Testing various foils and meshes

The working of different foil- and mesh materials was examined at pressures of ∼ 10−2 mbar. The
goal of the ion capture foil is to capture the 219Rn ions. The influence of applying a negative
voltage to the foil is investigated by comparing this measurement to the measurement where 0V
was applied to the foil. It is expected to see an increase in the number of counts for the 219Rn peaks,
which will then also lead to an increase of the peaks of 215Po and 211Bi. The foil measurements
are also compared to the measurement without a foil. This is done to determine the energy shift
so that the thickness of the foil could be calculated. The energy shift of both the Ra I and Po
peaks have been taken into account for the foil thickness calculation. The design of the detector
holder used for these measurements is shown in Figure 13a. The bias voltage of the detector for
these measurements was 30V.

Aluminium foil

The measurement result for the aluminium foil is shown in Figure 19. Compared to the measure-
ment without a foil, the peaks for Po, Rn I, Bi I, and Bi II have less counts. This is due to the
energy straggling of the positive ions with the electrons from the target material, ions can get lost
in the foil. The thickness of the aluminium foil is calculated to be ∼ 1.3 µm, using Equation 14
and the values of the variables given in Table 4.

Table 4: Energies and stopping power in aluminium of the radium and polonium peaks.

ERa,blue = 5716.252

Energy ERa,red = 5543.506

(keV) EPo,blue = 7386.13

EPo,red = 7213.384(
dE
dx

)
elec,Ra

= 1.502 · 102

Stopping power
(
dE
dx

)
nucl,Ra

= 1.067 · 10−1

(keV/µm)
(
dE
dx

)
elec,Po

= 1.279 · 102(
dE
dx

)
nucl,Po

= 8.538 · 10−2

Figure 19 shows that there is no difference between the measurements where 0V (red graph) and
−1000V (green graph) was applied to the foil. The small increase in the Rn I peak is due to
statistical fluctuations. It was not possible to apply a lower voltage to the foil, as this resulted in
a breakdown voltage.
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Figure 19: Examining the influence of the aluminium foil. The blue graph indicates the measure-
ment without a foil, the red- and green graphs correspond to the measurements where 0V and
−1000V was applied to the aluminium foil, respectively. The measurement time was 1800 s. The
bin width is 28.791 keV. Note that this figure shows the raw measurement data. The lines are
drawn to guide the eye.

Aluminized mylar foil

When the carpet is in place, the foil holder is close to its extraction orifice. Aluminium foil is fragile
due to the gas flow from the gas cell to the ion guide section. Aluminized mylar foil is mechanically
more stable. It is more flexible than aluminium foil, and therefore less prone to tearing. The mylar
foil has a small layer of aluminium on both sides. To make sure the negative voltage is applied to
both sides of the foil, a small piece of aluminium foil connects the two parts. The measurement
result for the aluminized mylar foil is shown in Figure 20.

The mylar foil measurements also show a decrease in the number of counts compared to the
measurement without a foil, which means part of the ions are lost. The thickness of the aluminized
mylar foil is calculated to be ∼ 6 µm, using Equation 14 and the values of the variables given in
Table 5.

Table 5: Energies and stopping power in mylar of the radium and polonium peaks.

ERa,blue = 5716.252

Energy ERa,red = 5082.85

(keV) EPo,blue = 7386.13

EPo,red = 6839.101(
dE
dx

)
elec,Ra

= 1.011 · 102

Stopping power
(
dE
dx

)
nucl,Ra

= 6.865 · 10−2

(keV/µm)
(
dE
dx

)
elec,Po

= 8.389 · 101(
dE
dx

)
nucl,Po

= 5.474 · 10−2

Figure 20 shows that there is no difference between the measurements where 0V (red graph) and
−1000V (green graph) was applied to the foil. For the aluminized mylar foil it was also not possible
to apply a lower voltage to the foil, as this resulted in a breakdown voltage.
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The small peak with the same energy as the Po peak of the measurement without a foil is most
likely from a pinhole in the foil. Some of the α-particles do not “see” the foil and, as a result, do
not lose (part of) their energy to the foil. Hence, these particles are detected in the same channel
as the measurement without a foil in between the source and the detector.

Figure 20: Examining the influence of the aluminized mylar foil. The blue graph indicates the
measurement without a foil, the red- and green graphs correspond to the measurements where 0V
and −1000V was applied to the aluminized mylar foil, respectively. The measurement time was
1800 s. The bin width is 28.791 keV. Note that this figure shows the raw measurement data. The
lines are drawn to guide the eye.

Stainless steel mesh

The stainless steel and aluminium meshes were tested because the foils did not give the desired
results. The measurement result for the stainless steel is shown in Figure 21. The size of the holes
in the stainless steel mesh is ∼ 0.1mm. Due to the holes in the mesh, there is no measured energy
shift: the peaks appear in the same channel as the measurement without a foil. Hence, the wire
thickness of the mesh is determined with a caliper, and it is measured to be ∼ 0.07mm.

It is apparent that a large amount of the α-particles are lost in the mesh compared to the mea-
surement without a foil. Figure 21 also shows a small increase in the number of counts in the
Rn I peak for the measurement where −1000V was applied to the mesh compared to the applied
0V measurement. However, it was possible to apply a lower voltage to the stainless steel mesh
compared to the aluminized mylar- and aluminium foil that were tested. So, another measurement
was performed where −2000V was applied to the mesh. This resulted in another small increase
with respect to the measurement where −1000V was applied to the mesh.
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Figure 21: Examining the influence of the stainless steel mesh. The blue graph indicates the
measurement without a foil, the red-, green-, and light blue graphs correspond to the measurements
where 0V, −1000V, and −2000V were applied to the stainless steel mesh, respectively. The
measurement time was 1800 s. The bin width is 28.791 keV. Note that this figure shows the raw
measurement data. The lines are drawn to guide the eye.

Aluminium mesh

The spectrum obtained with the aluminium mesh is shown in Figure 22. The size of the holes in
the aluminium mesh is ∼ 1.5mm. The wire thickness of the mesh is determined with a caliper
and is measured to be ∼ 0.26mm. The aluminium mesh has larger holes compared to the stainless
steel mesh, which resulted in a smaller loss in the number of counts compared to the measurement
without a foil.

For the aluminium mesh, there is a significant increase in the number of counts for Rn I, and
therefore also for the bismuth and polonium peaks, as shown in Figure 22. Applying −1000V to
the aluminium mesh already resulted in a higher peak for Rn I, which was not the case for the
tested foils. This increase is also higher compared to the stainless steel mesh. For the aluminium
mesh it was also possible to apply lower voltages to the mesh. The measurement result where
−2000V was applied to the mesh is shown in light blue, Figure 22. It shows an even further
increase of the α-particles detected in the Rn I peak.
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Figure 22: Examining the influence of the aluminium mesh. The blue graph indicates the measure-
ment without a foil, the red-, green-, and light blue graphs correspond to the measurement where
0V, −1000V, and −2000V were applied to the aluminium mesh, respectively. The measurement
time was 1800 s. The bin width is 28.791 keV. Note that this figure shows the raw measurement
data. The lines are drawn to guide the eye.

Conclusion

Four different ion capture materials were tested to determine which one had the best performance.
The idea is to capture the 219Rn ions, leading to an increase in the number of counts. This was
studied by comparing measurements where a high negative voltage was applied to the foil/mesh
to measurements where 0V was applied to the foil/mesh. As shown in Figures 19 and 20, the
foils did not show an increase in the number of counts of the Rn I peak when a negative voltage
was applied to the foil. It is possible that the applied negative voltage was not high enough, but
−1000V was the maximum obtainable voltage due to the breakdown. The meshes on the other
hand did show a significant increase in the number of counts in the Rn I peak when a negative
voltage was applied. For the stainless steel mesh, Figure 21, this increase is smaller than for the
aluminium mesh, Figure 22. The measurement with the stainless steel also had a greater loss of
α-particles. Hence, it can be concluded that the aluminium mesh had the best performance, and
this will be used for the carpet measurements.

4.2.2 Source plate holder measurements

The performance of the detector can change between measurements. As seen in Figure 22, not
all the peaks are distinguishable. So, to get a well resolved α-spectrum, the bias voltage of the
detector was modified to find the optimal setting. This was found to be 70V. The result is shown
in Figure 23. A voltage of −2500V was applied to the aluminium mesh. The fit function used is
the alpha peak with 3 tails, see Equation 10. The energies of the peaks are indicated in the figure,
which are in good correspondence with the energies given in Table 2.
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Figure 23: Alpha-decay spectrum of 223Ra from the source plate holder (SPH) measurement. The
black dots correspond to the measured data points, the blue lines to the fit of the individual peaks,
and the red line is the sum of the fit of the individual peaks. The fit function used is the alpha peak
with 3 tails. The measurement time was 900 s with silicon detector ORTEC 19754C. The bin width
is 29.819 keV.

4.2.3 Carpet measurements

For the carpet measurements, the radioactive ion source, 223Ra, was placed on target holder #2,
shown in Figure 11(a). A similar spectrum as shown in Figure 23, without the 223Ra peaks, is
expected. The 223Ra decays in the gas cell, so this will not be detected. However, as shown in
Figure 24, only two peaks were measured. The fit function used is the alpha peak with 3 tails,
see Equation 10. The voltages applied to the DC electronics are −3000V to the aluminium mesh,
300V to the DC cage, 0V to the DC carpet, and 50V to the target holder.

Figure 24: Alpha-decay spectrum of 223Ra from the carpet measurement. The black dots correspond
to the measured data points, the blue lines to the fit of the individual peaks, and the red line is the
sum of the fit of the individual peaks. The fit function used is the alpha peak with 3 tails. The
measurement time was 900 s with silicon detector ORTEC 19754C. The bin width is 34.47 keV.

The peaks that were measured, were identified as the two bismuth peaks, Bi I and Bi II (Figure 24).
This was in the first place determined by taking the source out and performing another mea-
surement. The two peaks were still present, which means they do not correspond to the 219Rn
(t1/2 = 3.96 s) and 215Po (t1/2 = 1.78ms) peaks because of their short decay times.
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After the carpet measurements, another source plate measurement was performed so that the two
measurements could be compared. The results are shown in Figure 25. Overlaying the carpet
measurement (Figure 24) with the measurement performed in the source plate holder (SPH),
also shows that the measured peaks correspond to bismuth. The bismuth peaks of the carpet
measurement are not as sharp as the peaks from the SPH measurements due to the lower count
rate, but the peaks can be attributed to 211Bi.

Figure 25: Overlaying the carpet measurement with the source plate holder measurement. It shows
that the peaks from the carpet measurement (red) correspond to the bismuth peaks. The measure-
ment time was 900 s. Note that this figure shows the raw measurement data. The lines are drawn
to guide the eye.

The half-life of the peaks can be determined to support the idea of the peaks corresponding to
bismuth. Usually, this is done by a measuring device, reporting each time a count is detected in
a specific channel. However, in this study, the decay rate was determined by a rough estimation.
After removing the source from the gas cell, the activity was determined by performing eight short
measurements. The activity is the average value over the whole measurement time. Table 6 shows
the measured activities at specific times and their errors.

Table 6: Measured activities at specific times for the decay rate study. The calculated errors are
also given.

Time Measurement Measured Vertical Horizontal
time activity standard deviation standard deviation

(min) (s) (cps) (cps) (min)
19.65 505 0.39 0.0278 8.42
28.87 505 0.31 0.0248 8.42
38.00 505 0.30 0.0244 8.42
69.40 505 0.16 0.0178 8.42

139.77 505 0.02 0.0063 8.42
206.15 1010 0.01 0.0031 16.83
224.38 1000 0.01 0.0032 16.67
242.85 1035 0.01 0.0031 17.25

At t = 0, the source was removed from the gas cell. “Time” in Table 6 is the time that has
passed after taking the source out plus the measurement time. After 12min, the first measurement
was performed. Hence, it is assumed that all the detected 211Bi comes from the decay of 211Pb
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from the mesh. Five measurements of 505 s, and three measurements of 1010 s, 1000 s, and 1035 s
were performed. At these times, the activities were written down. The total measurement time
is taken as the horizontal error. The vertical error is calculated with Equation 21, where t is the
measurement time. The data points are fitted to the exponential radioactive decay law function,
see Equation 11. The result is shown in Figure 26 (blue dotted line). Since the activity is the
average value over the whole measurement time, the uncertainty in the activity is probably larger.
However, here it was assumed it follows the Poisson distribution law.

Figure 26: Decay rate of the Bi I peak shown in Figure 24. The plot shows the data points for the
average measured activity after a certain amount of time had passed. The blue dotted line indicates
the fit function of the data points, where the fit is indicated in the legend. The purple and orange
lines indicate the decay of 211Bi and 211Pb, respectively. The green line indicates the activity of
211Bi decaying from 211Pb. It was assumed that A0 = 0.584 cps was the starting activity of 211Bi
and 211Pb.

Figure 26 also indicates the decays from 211Bi and 211Pb. From the extrapolated fit function,
the determined starting activity, A0 = 0.584 cps, is assumed to be the starting activity of 211Bi
and 211Pb. The activities of 211Bi and 211Pb are calculated using the radioactive decay law
(Equation 11). The activity of 211Bi decaying from 211Pb is dependent on its own decay as well
as the rate at which 211Pb decays, forming new 211Bi nuclei. This can be calculated using the
following equation:

A2 =
λ2

λ2 − λ1
A0

1

(
e−λ1t − e−λ2t

)
+A0

2e
−λ2t (15)

where the first term in the equation represents the number of 211Bi nuclei formed in the decay of
211Pb, and the second term represents the decay of the 211Bi nuclide. λ2 and A0

2 are the decay
constant and the initial activity of 211Bi, respectively, λ1 and A0

1 are the decay constant and the
initial activity of 211Pb, respectively. In Figure 26, the purple and orange lines show the decay of
211Bi and 211Pb, respectively. The green line indicates the activity of 211Bi decaying from 211Pb,
which is assumed to be zero at time t = 0.

The nuclides reach transient equilibrium after a certain amount of time has passed. This means
that parent-daughter nuclides decay at the same half-life, that of the parent nuclide [50]. Af-
ter ∼ 9min, the 211Bi decaying from 211Pb starts to decay with approximately the same half-life
as its parent nuclide, 211Pb. Hence, it is expected to find the half-life of 211Pb from the fit function.
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The half-life can be calculated according to the following equation:

t1/2 =
ln(2)

λ
(16)

where λ is the decay constant. From the data in Figure 26, the decay constant is determined to
be λ = 0.0201 ± 0.0015 permin. Using Equations 16 and 29, the half-life and its uncertainty are
calculated to be t1/2 = 34.5 ± 2.6min. This corresponds to the half-life of 211Pb, which confirms
that the measured peaks correspond to 211Bi.

4.3 Results

As determined in Section 4.2.3, 211Pb is extracted from the gas catcher and captured on the
aluminium mesh. From here, it decays into 211Bi which is identified by the detector. However,
this was not the result that was expected. Multiple measurements were performed by changing the
voltages of the DC electronics and the RF carpet. A summary of the results is given in Table 7.

Table 7: Summary of the measurements performed by changing the voltages of the DC electronics
and the RF carpet. The DC electronics include the DC cage, DC carpet, and target holder.

Pressure RF carpet DC cage DC carpet Target holder Mesh 211Bi peaks
(mbar) (Vpp) (V) (V) (V) (V) observed

50 off 0 0 0 -3000 yes
50 79, 96 0 0 0 -3000 yes
50 79, 98 0 150 0 -3000 no
50 79, 98 300 150 0 -3000 no
50 79, 98 300 163 0 -3000 no
50 79, 98 300 163 50 -3000 no
50 79, 98 300 120 50 -3000 no
50 79, 98 300 0 50 -3000 yes

When all the electronics were off, 211Bi peaks were observed, and when all the electronics were on,
there were no peaks observed. Hence, it was concluded that something in the electronics was not
working. Through systematic studies (Table 7), it was found that the DC field of the carpet was
blocking the ions. When the DC carpet was on, and there was no voltage applied to the DC cage
and the target holder, no ions were extracted. Changing the voltages on the DC cage and target
holder, and increasing and decreasing the voltage on the DC carpet, did not result in any peaks.
As soon as the voltage on the DC carpet was turned off, the two 211Bi peaks appeared. Hence,
it was decided to measure the gradient of the DC carpet and the DC cage to verify if they were
working.

In Appendix B, Section B.1, the measured voltages on the ring electrodes of the cage are given in
Table 8. Figure 29 show how the rings were numbered. For these measurements a voltage of 300V
was given at the power supply. This value is taken because in the simulations from B. Andelić [27],
a DC gradient of 7V/cm is used. Also, L. Blaauw [46] performed measurements to determine how
many ions were guided to the carpet for different cage voltages up to 300V. The most ions were
guided to the carpet when the voltage on the DC cage was set to 300V. For a voltage of 300V
at the power supply, the measured voltage on the grid electrode was 299.6± 0.1V and on the last
electrode (#16), closest to the RF carpet, a voltage of 0V was measured. A gradual decrease of
∼ 20V was measured at each ring electrode. This results in a DC gradient of:

(299.6− 0)

44.3
≈ 6.8V/cm (17)

The measurement results of Table 8 are also plotted and shown in Figure 28. The data points
follow a straight line. Hence, the DC gradient measurement results verify that the electronics of
the DC cage work correctly.
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The DC gradient of the RF carpet was determined by measuring the voltage on the outer- and
inner ring electrodes of the carpet, as shown in Figure 27. One measurement of the voltage on
the ring halfway on the carpet was included as well. The DC gradient was calculated for different
voltages that were applied at the power supply. For each value, the voltage on the outer- and inner
ring electrode was measured. The results are given in Appendix B, Section B.2, Table 9.

Figure 27: Measurements of the voltage on the concentric ring electrodes of the RF carpet. (a)
Measurement of the voltage on the outer ring electrode. (b) Measurement of the voltage on a ring
electrode halfway across the carpet. (c) Measurement of the voltage on the inner ring electrode,
the extraction orifice. The measured voltages are indicated in the figures. A voltage of 151V was
given at the power supply.

In the simulations performed by B. Andelić [27], a DC gradient of 3V/cm was used for the carpet.
With the radius of the carpet being equal to r = 12.5 cm, this results in a voltage of 37.5V. From
the DC gradient measurements given in Appendix B.2, Table 9, a gradient of 1.465V/cm was mea-
sured for a given voltage of 39V. This is not even close to the 3V/cm, which was in disagreement
with the design specifications.

In the experiments, the highest possible voltage that could be applied before breakdown, was 151V.
For this, the measured voltage on the outer ring electrode is equal to 152.0 ± 0.1V, and on the
inner ring electrode it is equal to 82.3 ± 0.1V. However, the inner ring electrode is supposed to
be equal to 0V. The voltages were also measured at the back side of the carpet, at the resistors.
The results are indicated in the picture of the back side of the carpet, see Figure 30, and are also
plotted and shown in Figure 31. It was expected to see a gradual decrease in voltage from the
outer ring to the inner ring, following a straight line. However, the results show that the voltage
decreases faster for the outer rings compared to the inner rings.

Hence, it is concluded that the DC field of the RF carpet is not working as expected.
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5 Discussion

From the experiments, it was concluded that 211Pb, and therefore 211Bi, was extracted from the
gas cell. However, it was found that these nuclei were only extracted when the voltage on the DC
carpet was turned off. This means that the DC ion guiding of the RF carpet is not working as
expected, which leads to longer transportation- and slower extraction times. This might also be
the reason why the 219Rn and 215Po nuclei were not extracted. The 219Rn and 215Po ions have
half-lives of 3.96 s and 1.78ms, respectively. If the extraction time is not fast enough, the 219Rn
and 215Po decay or recombine in the gas cell, and are lost. Since the half-life of 211Pb is much
larger (t1/2 = 36.1min), there is more time to extract these ions before they decay. Hence, for
future experiments, it is recommended to perform more research into the working of the DC field.
Proper ion guiding by electric fields helps reducing the extraction time.

Another reason why the 219Rn ions might not be extracted is the gas purity. Impurities in the
gas lead to undesired ion losses. The 219Rn ions can neutralize through collisions with the helium
buffer gas or impurities. Usually, to reduce the amount of impurities and enhance the ion survival
probability, the gas cell is operated at cryogenic temperatures [9, 15,36,41]. However, in the CISe
setup, the gas cell is operated at room temperature. It is essential for the gas cell to be operated
at ultra-pure conditions: ultra-high vacuum and ultra-high buffer gas purity [16, 41, 51, 52]. Al-
though the gas cell was frequently baked to reduce impurities and reach high-vacuum conditions,
the measurements in these thesis were performed with a helium purity of 5.0 (Linde). To reduce
the amount of impurities in the helium gas, a cold-trap was used. Measurements to extract 219Rn
recoils from a gas catcher operated at room temperature have already been performed with mod-
erate helium gas purity (4.6) and a cold-trap [17]. It was concluded that the highest purity of
the helium gas does not necessarily provide the highest efficiency. The ions can only reach the 2+

charge state when they collide with the helium. Thus, for increased impurity levels, the doubly
charged ions will reduce to single charged ions [17], leading to higher efficiencies.

Although it should be possible to extract ions from a gas catcher using a lower buffer gas purity,
it is recommended to employ high-purity conditions. Thus, measurements with a helium purity of
6.0. In combination with a cold-trap, this will reduce the level of impurities even further and the
influence on the measurement results can be examined.

There were also some limitations specific to the setup. One of them is the “RF carpet box”, which
was used to give the RF signal to the carpet. A picture of the RF box is shown in Appendix C,
Figure 32. It shows that the RF box is a bit tilted because of the connection point of the cable.
Because of this, it is possible that the wires inside touch. This is not desired since these wires are
not insulated. For the short term this was solved by wrapping Kapton tape around the wires for
insulation. However, it was not always possible to produce a stable signal. Hence, for the long
term, it is recommended to design a new RF box that runs in a more stable manner.

Another issue which might be worth looking into, is the heat dissipation of the RF carpet. High
RF powers create a lot of heat which can damage the electrical components of the carpet. A
change in the RF power leads to a change in the RF carpet temperature. The number of detected
α-particles are dependent on this temperature [51]. A coil is soldered on the back side of the carpet
(Figure 10(c)), which ensures the heat is dissipated. However, at high temperatures, the coil can
fall off. If it is not possible to provide the necessary RF voltage without damaging the electrical
components, an alternative design may have to be found.

Since the gas catcher was operated at room temperature, there were some problems with performing
measurements in summer. When it was very warm outside, the temperature in the lab rose as well.
This resulted in unstable conditions where it was sometimes not possible to perform measurements.
Although this is not something one can prevent, it is recommended to perform the measurements
when the temperatures are more stable around 20 °C.
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6 Summary & conclusion

In this thesis, the ion guiding in- and ion extraction from the gas catcher were examined by per-
forming α-spectrometry. A detector holder was designed for this purpose and installed behind the
RF carpet. A radioactive ion source, 223Ra, was mounted inside the gas catcher. In the first exper-
iments, different ion capture materials were tested. The measurement with the aluminium mesh
had the best performance, and was used in the carpet measurements. The carpet measurements
confirmed the ion extraction of 211Bi (Figure 24), but not as expected: a problem in the ion guiding
process was found. The 211Pb ions, and therefore the 211Bi ions, were only extracted when the
voltage on the DC carpet was off. This resulted in slower extraction times since the DC guiding
of the carpet was not working. This might also be the reason why 219Rn (t1/2 = 3.96 s) and 215Po
(t1/2 = 1.78ms) were not detected. This problem has to be solved to decrease the extraction time
before continuing with the measurements. Other possible future adjustments include the purity
of the helium buffer gas, the stable operation of the RF box, and the heat dissipation of the RF
carpet. When a proper ion extraction is achieved, the performance of the setup can be optimized
by tuning the RF with the DC electronics. The next step would be moving the radioactive source
from target holder #2 to target holder #1 (Figure 11(a)), further away from the carpet, to examine
the differences. Another future experiment would be moving the detector further behind the RF
carpet, to test the guiding of the ions through the ion guide (Figure 3).
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A Error propagation

A.1 Standard deviation of the activity

The standard deviation of the activity is given by:

σc =
σ

t
(18)

where σ is the standard deviation, and t the time. Radioactive decay for long-lived isotopes follows
the Poisson distribution [53], which means σ is equal to

√
N . N is the total number of counts and

is equal to the count rate C times the measurement time t. So equation 18 can be written as:

σc =

√
N

t
(19)

=

√
C · t
t

(20)

=

√
C

t
(21)

where the count rate C is equal to the activity.

A.2 Uncertainty of the half-life t1/2

The half-life is dependent on the measured activity, as shown in Equation 13. The uncertainty
in the measured activity propagates to the half-life because of this dependence. The error in the
half-life is calculated as follows:
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where t is the time between measurements, A is the activity, σA is the standard deviation of activity
A, A0 is the activity of the previous measurement, and σA0 is the standard deviation of activity A0.

When the values for λ and ∆λ are known, the uncertainty in the half-life can be calculated as
follows:

∆t1/2 =
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∂t1/2

∂λ
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)2

(26)
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= ln(2) · ∆λ
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(29)
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B DC gradient measurements

B.1 DC cage

The DC gradient of the DC cage was determined by measuring the voltage on the ring electrodes.
For these measurements, a voltage of 300V was given at the power supply. The results of the
measured voltages on each ring are given in Table 8, and are plotted in Figure 28. Figure 29 shows
how the rings were numbered. The cage has a length of 443mm. With this, the DC gradient is
calculated to be:

(299.6− 0)

44.3
≈ 6.8V/cm

Table 8: DC gradient measurement results for the cage. The voltage given at the power supply is
300V.

Ring electrode Voltage
(#) (V)
Grid 299.6± 0.1
2 278.3± 0.1
3 257.4± 0.1
4 236.8± 0.1
5 216.5± 0.1
6 196.4± 0.1
7 176.6± 0.1
8 156.8± 0.1
9 137.2± 0.1
10 117.7± 0.1
11 98.2± 0.1
12 78.7± 0.1
13 59.20± 0.01
14 39.60± 0.01
15 19.88± 0.01
16 0

Figure 28: DC gradient measurement results for the cage, where a voltage of 300V was applied to
the power supply. The uncertainty in the measured values (indicated in Table 8) is smaller than
the size of the date points.
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Figure 29: DC cage structure. The left ring electrode corresponds to the grid electrode or ring
electrode #1. The right ring electrode corresponds to #16. In between, ring electrodes #2–#15.
The ion stream is also indicated.

B.2 DC carpet

The DC gradient of the RF carpet was determined by measuring the voltage on the outer- and
inner ring electrodes of the carpet. The gradients were determined for different voltages that were
applied to the power supply. The results are shown in Table 9. The RF carpet has a diameter of
250mm.

Table 9: DC gradient of the RF carpet for different voltages applied at the power supply. The RF
carpet has a diameter of 250mm.

Voltage at Voltage Voltage DC gradient
power supply outer ring inner ring

(V) (V) (V) (V/cm)
11 12.40± 0.01 6.75± 0.01 0.452
24 25.50± 0.01 13.86± 0.01 0.931
39 40.10± 0.01 21.79± 0.01 1.465
50 51.01± 0.01 27.72± 0.01 1.863
74 75.7± 0.1 41.14± 0.01 2.765
99 100.4± 0.1 54.4± 0.1 3.68
124 124.9± 0.1 67.6± 0.1 4.584
148 150.0± 0.1 81.2± 0.1 5.504
151 152.0± 0.1 82.3± 0.1 5.576

The voltages were also measured at the back side of the carpet, where the electronic components
are situated. The results are shown in Figure 30. A voltage of 151V was applied to the power
supply.
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Figure 30: Back side of the RF carpet. The voltage was measured at different resistors indicated
in the picture. The uncertainty in the measured values is 0.1V.

Figure 31: DC gradient measurement results for the RF carpet, where a voltage of 151V was applied
to the power supply. The voltage was measured at different resistors, as indicated in the Figure 30.
The uncertainty in the measured values is 0.1V, which is smaller than the size of the data points.
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C RF carpet box

Figure 32: Picture of the RF carpet box.
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