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Abstract

Mass spectrometry is a widely used technique in which ions are discriminated according to their mass-to-charge ratio,
but its inability to distinguish different conformations with identical m/q presents a significant weak point. Herein the
development of a travelling wave Ion Mobility Spectrometry (TW-IMS) stage to be added to an existing home-built tandem
mass spectrometer system is reported. This stage uses the Structures for Lossless Ion Manipulations (SLIM) technique,
where the propagation speed of ions through the device is determined by dynamic local electric fields caused by travelling
voltage waves, together with collisions with He buffer gas molecules. The array of electrodes that provides the travelling
wave field is patterned on printed circuit boards. The drift velocity is related to the collisional cross section and, therefore,
to the molecular conformation. Depending on this relation, i.e. their mobility, ions may or may not keep up with the
voltage wave. Thus, mobility separation is based on differences in arrival times at the end of the board. This technique
allows the usage of long ion paths with minimum losses, resulting in good mobility resolution.
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Chapter 1

Introduction

Nowadays, cancer is one of the leading causes of death. In 2020, an estimated 19.3 million new cancer
cases and almost 10.0 million cancer deaths occurred worldwide [1]. Despite these terrifying numbers,
survival rates have improved for many cancer types in the last half century, due to more knowledge on
the causes of cancer and better treatment options. Most known and used treatments are the classical
surgery, chemotherapy and radiotherapy. Especially this last technique is often involved in treatment
plans for tumor control. By means of ionizing radiation, cancer cells are killed locally while the healthy
tissues surrounding them are more or less spared.

The response of these cells to the action of ionizing radiation is not well understood, but seems
strongly in uenced by telomeres [2]. These are protective caps at the end of chromosomes and contain
repeats of the speci ¢ nucleobase sequence dTTAGGG. In normal cells, they shorten with each successive
cell division, but this process can be counteracted by the enzyme telomerase, that elongates the telomeres.
The same enzyme is also overexpressed in 85-%0of all cancers which protects the cancer cells from aging
and dying [3]. Blocking the activity of telomerase is therefore seen as an attractive strategy in cancer
therapy [4]. Structures that can do so are stabilized G-quadruplex structures, that consist of folded
dTTAGGG repetitions. By investigating the interaction of ionizing radiation with oligonucleotides (the
building blocks of DNA) containing the telomere sequence and with G-quadruplexes, the in uence of
telomerase dysfunction and telomere length on the cell's sensitivity to radiation can be explored.

This study is one of the researches conducted by the Quantum Interactions and Structural Dynamics
group. Main focus of the group is to investigate the structure and structural dynamics of gas-phase
biomolecules by employing atomic and molecular physics experimental techniques. These molecules
can fold themselves into di erent structures by for instance forming intramolecular hydrogen bonds.
Already many experimental techniques have been developed for investigating this folding. Since in
living organisms, molecules are mostly found in the liquid environment of biological cells, these methods
are employed in solutions. However, many of the most powerful approaches for molecular structure
determination are gas-phase techniques, i.e. without a chemical environment [5]. Gas-phase experiments
for example give the possibility to discriminate intrinsic molecular properties from e ects of the chemical
environment and to compare experimental data to quantum chemical calculations on a very high level
of accuracy.

For these experiments, the group uses a home-built tandem mass spectrometer named Paultje . This
device brings biomolecular ions into the gas-phase, traps them and subsequently irradiates them. The
products of the interaction between the ions and the radiation are then investigated, which gives insight
in the structure, behaviour and dynamics of the biomolecular ions under investigation. Experiments are
often performed at large scale facilities such as third generation synchrotrons or facilities for fast ion
research. A few examples of experiments are soft X-ray and VUV photoabsorption studies on peptides
and proteins, G-quadruplexes, polyaromatic hydrocarbons (PAH) and keV ion collision experiments [6].
In order to perform these experiments the setup of Paultje has been improved continuously since it became
operational in 2009. In this project, a next improvement is described, namely the ability to control the
conformational state of the biomolecular ions that are being investigated. In its current state, Paultje
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can discriminate ions according to their mass-to-charge ratio, but not on conformation. For biological

systems, precise structural information is of extreme importance, as the function of a biomolecule is
usually de ned by its conformation. The shape of an enzyme for example determines whether or not
it can bind a speci ¢ molecule to provide a reaction favorable environment. Conformation is also of
importance when considering interactions with radiation. An Auger electron caused by radiation for

instance can cause excitation at di erent atoms of the molecule depending on its precise conformation.
Another example is the G-quadruplex, where photoionization can lead to the formation of a valence hole
that migrates towards an energetically favorable site [4]. Here it can weaken or ultimately even break
bonds, which has a large impact on the structure. By comparing structures before and after irradiation,

this change in structure can be investigated.

The above mentioned examples show that conformation is a key property and controlling it will be
valuable in research of ion-radiation interactions. To do so, an ion mobility spectrometry (IMS) stage has
been developed in the Master Research Project reported here, that will serve as an extension of Paultje.

Determining the structure of polyatomic ions in the gas-phase is a challenging problem, that in the
past has been approached by indirect methods such as dissociation or reactivity studies [7]. To obtain
more direct information about the conformational state of these large ions, ion mobility measurements
have appeared in the picture. Over the past several decades, IMS has evolved into an inexpensive and
powerful analytical technique for the detection of gas-phase samples and can be found in a large range of
applications, such as air and food quality analysis, drug and explosives detection and medical diagnostics
[8]. In IMS, ions are separated based on the di erences in their mobilities. This mobility is a measure
of how fast an ion moves through a gas under the in uence of an electric eld and is related to the
collisional cross section of the ion and, therefore, to the molecular conformation. A larger cross section
means that the ion will experience more collisions with the gas molecules and hence will move slower.
Due to the introduction of ways to bring large biomolecules into the gas-phase, IMS, in combination
with mass spectrometry, has become popular in recent years to study biological complex samples, such
as proteins [8].

The project reported here is a continuation of the Master Research Project of Klaas Bijlsma, who
started on developing the IMS stage. He was not able to nish this project, but made a good foundation
to build further on. This report describes the further development of the IMS extension and starts
with an overview of the existing setup of Paultje, as well as explaining the theory behind ion mobility
spectrometry. In Chapter 3, the development and assembly of the stage is then discussed in detail. After
assembling, some rst tests have been performed to see if ions could make it through the stage and this
is reported in Chapter 4. The report ends with an outlook on what still needs to be done, as well as an
overall conclusion of this project.



Chapter 2

Experimental Techniques

This chapter provides all knowledge needed to understand how Paultje operates at the moment and
how it can be improved by means of an extending stage. It starts by giving an overview of the existing
setup in Section 2.1. Here the dierent elements and techniques are discussed to explain how ions
can be separated based on mass and charge. In the next section then, the theory behind ion mobility
spectrometry is given, to demonstrate that ions can be distinguished based on conformation as well.

2.1 Current experimental setup

Paultje is a home-built mobile tandem mass spectrometer system and is named after the German scientist
Wolfgang Paul, who invented the key component in the setup, the radiofrequency (RF) ion trap. For his
work on the ion trap, Paul received the Nobel Prize for Physics in 1989 [9]. In this trap, biomolecular
ions are con ned in a 3D volume to be irradiated by photons or ions. To assure that the radiation only
interacts with the isolated ions, high vacuum conditions (L0 7 mbar) are required. Since the molecular
ions are introduced into the system at atmospheric pressure, transport of ions through a set of pumping
stages is necessary to reduce the pressure stepwise to the operational high vacuum in the trap [10]. A
detector behind the trap then measures the signal of ions with speci c mass-to-charge ratios.

Paultje has been built during the PhD project of Sadia Bari and a rst version, which is described in
her PhD thesis [11], became operational in 2009. The setup has been improved during the PhD projects
of OImo Gonzaled Magana and Dmitrii Egorov, of which the details are found in their theses [10] [6].
Here a brief description of the setup is given, but a more thorough discussion can be found in their
theses.

Before entering the system, the biomolecular ions are brought into gas phase by electrospray ionization
(ESI), after which they are introduced into the vacuum system through a capillary. To drive the ions
through the system to the Paul trap, DC potential gradients are applied. Due to DC bias voltages on
the di erent transport sections and on diaphragms between them, ions move from the high potential ESI
needle to the Paul trap, held at ground potential. After leaving the capillary, ions are guided through an
RF ion funnel (IF) and octupole ion guide to the rst mass spectrometer stage, a quadrupole mass lter.
lons with a speci ¢ mass-to-charge ratio are then brought into the Paul trap, where they are irradated.
Lastly, products of this interaction between radiation and selected biomolecular ions are analyzed in a
second mass spectrometry stage, the time-of- ight (TOF) spectrometer. Figure 2.1 shows a schematic
of all the di erent components, that are brie y discussed in the next subsections.
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Figure 2.1: Schematic of the components of Paultjelmage adapted from [6]

2.1.1 Electrospray lonization

To investigate DNA molecules via mass spectrometry, it is necessary to bring them into gas phase. How-
ever, these molecules are relatively large and therefore di cult to evaporate. Conventionally, molecules
are brought into the gas phase by heating, but the large biomolecules would decompose extensively when
doing so due to their weak bonds. Therefore the method of Electrospray lonization (ESI) is used instead.
A solution of molecular ions is pumped through a needle that is at a few kV relative to a capillary, through
which the ions are introduced into the system. Normally this capillary is situated about 1 cm away from
the needle. As more and more ions arrive at the tip of the needle, charge builds up at the surface of the
pendant drop. Due to Coulomb repulsion between the charges, the uid obtains a characteristic shape,
a so-called Taylor cone. Figure 2.2 shows this formation schematically. Locally, the repulsion is larger
than the surface tension holding the droplet together, and micrometer sized droplets are released as a
ne spray. The droplets move towards the capillary under the in uence of the electric eld. Evaporation

of the solvent results in a decreasing droplet diameter, while travelling towards the capillary. Due to the
smaller size, the charge density on the surface increases and at some point (when the Rayleigh limit is
reached), the Coulomb repulsion becomes equal to the surface tension. Result is a Coulomb explosion
in which the droplet is torn apart and new, even smaller droplets are formed [12].

This process repeats until the droplets reach a radius of a few nanometers. Now di erent mechanisms
can proceed, depending on the size and shape of the molecules [13]. These mechanisms are schematically
shown in Figure 2.3. Low molecular weight species follow the ion evaporation model (IEM), where a
small analyte is ejected from the droplet's highly charged surface by the strong electric eld produced
by the surface. Large globular species, such as folded proteins, follow the charged residue model (CRM),
where the droplet contains one large analyte ion. Due to evaporation, the droplet shrinks. At the point
all solvent molecules are evaporated, the remaining charges are taken by the analyte ion. The third
mechanism, the chain ejection model (CEM), applies to unfolded proteins, where the chains are ejected
stepwise. As can be seen from the gure, this mechanism has elements in common with the IEM.

The polarity of the needle can be either positive or negative, depending on if you want to obtain
positive or negative ions respectively. The capillary is usually held at around 100 V of same polarity as
the needle. It is heated to evaporate any remaining solvent.
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Figure 2.2: Schematic of the formation of a Figure 2.3: Schematic of ESI mechanisms,
Taylor cone from a pendant drop. Image from where blue denotes the solvent and red the an-
[14] alyte. Image from [13]

2.1.2 RF lon Funnel

After leaving the capillary, the ion cloud expands resulting in a low ion transmission e ciency in this
region [10]. In order to improve the transmission of ions and focus them to the central axis, a radiofre-
guency (RF) ion funnel (IF) is used to collect the expanding ions. It consists of a stack of ring-electrodes
of which the internal diameter reduces along the device. lons are focused by applying RF potentials
of opposite polarity (180 degrees out-of-phase) on adjacent electrode rings, like in a stacked ring RF
ion guide [16], but with the distinction that the internal ring diameter decreases. lons are subjected to
the rings' oscillating electric eld, whose amplitude varies with time and axial and radial location. The
time-averaged e ect of a rapidly time-varying RF potential on a slow-moving ion is well represented by a
static pseudopotential [17]. This e ective potential has a distribution corresponding to a steep potential
gradient near the electrodes and an almost eld free region over most of the internal volume, providing
a near particle in a box potential. This, in combination with the decreasing internal diameter, focuses
the travelling ions. Following Liouvilles theorem, focusing ions in space leads to a broadening in their
velocities. Liouville namely states that the density of a phase space (in which every degree of freedom or

Figure 2.4: Schematic of a cross section of an RF ion funnel, where ions move from left to right while
the inner diameter of the electrodes decreasedmage adapted from [15]
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parameter of the system is represented as an axis of a multidimensional space) of any system of particles
subject to conservative forces behaves like an incompressible uid [11]. Focusing of an ion beam, i.e. an
increase of position space density, is thus only possible by a decrease of the momentum space density
(broader range of velocities). To prevent this, the ions must collide with other particles to remove their
kinetic energy. Therefore a relatively high pressure inthel 10 2 mbar range inside the funnel chamber

is needed. To drive the ions along the axis, a DC potential gradient is applied to the ring electrodes.
How the RF signal and DC potential gradient are applied to the electrodes is shown schematically in
Figure 2.4.

2.1.3 RF Octupole lon Guide and Quadrupole Mass Filter

After being focused by the ion funnel, the ions enter the rst mass spectrometry stage where they are
mass-selected. Here, a pressure @0 © mbar is maintained, such that an RF quadrupole mass lter can
select ions with a speci cm=z ratio from the pool of charge states produced by the ESI source. Thereby,
ions with absorbed contamination and other unwanted species can be excluded. The device consists
of four metallic rods onto which RF and DC voltages are applied. The RF signal between adjacent
rods is phase shifted by 180 degrees, like in the RF ion funnel. The path of ions travelling through
the device is a ected by the electric elds from the rods, as shown schematically in Figure 2.5. The
dynamics of a charged particle being surrounded by the 4 rods and hence experiencing a quadrupole
potential can be described by Mathieu equations [10]. The stability of an ion trajectory is de ned by the
dimensionless, mass-dependent parameteesand ¢ that show up in these Mathieu equations [18]. X,y-
coordinate stability and instability regions can be mapped in ana ¢ plot and one such stability region is
shown in Figure 2.6. In order to guide the ions along the z-axis without hitting the rod electrodes (hence
without changing their (x,y) position), a and g should be located in the overlapping stability regions of

x and y. The amount of stable m=z values is re ected in the portion of a mass scan line, showing the
ratio of DC over RF amplitude, that falls in this region. By scanning the amplitudes of the RF and DC
voltages along the mass scan line, a mass spectrum is obtained. The closer this line is to the apex of the
stability area, the smaller the part that is inside this region. This means that the range of m=z values

of ions that reach the end of the quadrupole decreases, which results in a higher resolving power of the
mass Iter [18].

Figure 2.5: Schematic of an ion path through Figure 2.6: Zoomed-in a-q plot where the grey area

an quadrupole denotes an x,y-stability region. The portion of the
mass scan line that is in this grey region re ects the
amount of stable m=z values. Image from [18]
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Since pressure di erence between the ion funnel and quadrupole is more than 4 orders of magnitude,
this cannot be maintained via di erential pumping, that works up to roughly 3 orders of magnitude.
Before the ions can be mass-selected in the quadrupole, the pressure must drop, meaning that another
ion guiding stage is needed. This stage is the RF octupole ion guide, that operates at a pressure of
10 4 mbar. It is a similar device as the quadrupole, but with 8 instead of 4 rods. In contrast to the
qguadrupole, it cannot Iter on mass, but only guide ions through it. Looking again at Figure 2.6, for a
xed RF frequency and given mass,a solely depends on the DC voltage andj solely on the RF voltage.
This means that by keeping a practically zero DC voltage & 0) and applying an RF potential only,
there are many stableq values and hence there is a broad range ah=z valued ions that will have a
stable motion and are guided through the device [18].

Behind the octupole and quadrupole biased diaphragms are placed that serve as electrostatic barriers.
Above a speci ¢ voltage, ions are blocked, but below a certain value the ions can pass. By controlling
this periodically, ions escape in short pulses into the next element.

2.1.4 3D RF Paul Trap

After leaving the quadrupole, the mass selected ions enter the Paul trap, by being focused by an (elec-
trostatic) Einzel lens [6]. This trapping device, in which the ions are trapped to be exposed to radiation,
has a similar working principle as the octupole and the quadrupole. An RF-voltage is applied to a central
hyperbolic ring electrode, enclosed by two hyperbolic end cap electrodes as shown in Figure 2.7 [10]. The
strength of the DC bias applied to the end cap electrodes then determines then=z range for trapping,
as described in the previous section. In the Paul trap, pressure is held at0 ’ mbar. A helium bu er
gas that is pulsed in periodically facilitate dissipation of the kinetic energy of ions entering the trap
through collisional cooling, such that the ions are con ned in a 3D region with a size of a few hundred
micrometers [19]. The trapped ions are exposed to the radiation by opening a beam shutter. To prevent
the ions for being hit multiple times, the exposure time is such that about 10 percent of the ions are
hit by radiation. Energetic dissociation products from the ion-radiation interaction are cooled down by
applying a second bu er gas. Then by turning the RF trap o and applying a DC gradient to the two
cap electrodes, the ions are removed from the trap and directed to the last element before arriving at
the detector.

Figure 2.7: Left: Picture of the Paul trap ring electrode. Right: Schematical cross section of the Paul
trap. Image from [10]
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2.1.5 Time-of-Flight Mass Spectrometer

This last element is the time-of- ight (TOF) tube. Due to the DC voltage mentioned in the last section,
particles are accelerated while moving through the tube towards the detector [20]. In this tube, in which

a pressure in the range ofl0 7 mbar is maintained, ions of the same charge acquire the same potential
energy from the acceleration voltage. This energy is converted into kinetic energy and since their charges
are already the same, di erent arrival times are based on mass. Heavier ions will be accelerated less and
will have a lower velocity than lighter ones, and hence they will arrive at a later time. By measuring the
arrival times a mass spectrum (intensity vsm=z) can be made. There are multiple types of TOF mass
spectrometers and the one used in Paultje is the so-called re ectron. It can focus narrow packets of ions
in time with a wide spread of kinetic energies excellently [21]. In the device, the particle trajectory is
reversed at the end of the tube using an additional electric eld. Particles entering the tube do not all
have the same kinetic energy due to slight di erences in position at the moment they start to accelerate.
lons that are further away from the detector are accelerated over a longer distance and hence acquire a
higher kinetic energy than ones closer to, resulting in an earlier arrival at the detector. With a linear
TOF spectrometer, measurements would suggest that the detected ions have di erent masses, which is
not correct. The re ectron can compensate for these energy di erences by re ecting the particles by an
electric eld, such that higher energy ions take a longer path, but arrive at the same time at the detector
as the lower energy ones, see Figure 2.8.

The detector is situated at the beginning of the TOF tube. It consists of 3 elements, starting with a
microchannel plate (MCP) that attracts the ions due to the polarity of the front side. When an ion hits
the inside of one of the many channels in the MCP, an electron is kicked out and accelerated through the
channel, because the backside of the MCP is biased at a higher voltage. By collisions with the channel
wall, more and more electrons are generated. The electrons are attracted to the second element behind
the MCP, the scintillator, that has a higher bias than the back of the MCP. Here the electrons excitate
particles by collisions and in the de-excitation process photons are emitted. These photons are then
detected by the third element, the photonmultiplier tube (PMT). Incoming photons hit a photocathode,
which emits electrons due to the photoelectic e ect. These electrons are then multiplied by the process
of secondary emission. A digitizer at ground potential then detects the number of electrons (for example
an oscilloscope).

Figure 2.8: Principle of a re ectron, where negative ions of equal mass are detected. Blue has a higher
energy than red and takes a longer path, but arrives at the same time at the detector as redlmage
adapted from [22]

10
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The mass spectrum is made based on 3 di erent scans to eliminate the contribution of contamination
of the bu er gas or neutral molecules from the ESI source. Firstly, the TOF spectrum resulting from
irradiation of trapped molecules and neutral residual gas is recorded. Secondly, the radiation source is
switched o and a TOF spectrum of the initial trap content only is recorded to obtain the mass spectrum
of the initial trap content. For the third scan, the ESI source is switched o and the TOF spectrum
resulting from the ion induced ionization of residual gas molecules was recorded. The latter two spectra
are then subtracted from the rst scan. This cycle of scans is then repeated to assure that long term
uctuations of molecule- and projectile ion currents are averaged out.

2.2 lon Mobility Spectrometry

With the elements discussed in the previous section, Paultje is able to trap mass-selected biomolecules.
Unwanted molecules and ions are Itered out, and from the remaining desired particles, one charge state is
selected and irradiated in the trap. However, these particles cannot be separated based on conformation
with the device. In order to see the structural changes of molecules induced by radiation, you need to
start with a well-de ned conformation. It is therefore necessary that the Paul trap is loaded by molecules
of a single conformation. To select these particles, the technique of ion mobility spectrometry (IMS) will
be applied. In this section, this technique is explained. Firstly the concept of ion mobility is introduced,
which will be used to explain ion mobility spectrometry in the next subsection. Here the discussion
will be focused on a speci ¢ form of IMS, namely travelling wave IMS (TW-IMS). Lastly, the concept
of structures for lossless ion manipulation (SLIM) is explained, which is framed as an extension of the
TW-IMS.

2.2.1 lon Mobility

As the name already suggests, in ion mobility spectrometry, you look at the behaviour of moving ions.
Based on their mobility, di erent ions can be separated and identi ed. In IMS, gas-phase ions move
under the inuence of an electric eld E through a buer gas. The electric eld causes the ions to
accelerate, but due to collisions with the bu er gas molecules they also get decelerated. The net result is
a constant drift velocity vgy. The ratio of this drift velocity and the electric eld is given by the mobility
K', which is a measure of how rapidly the ion moves [7]:

Vd .

K= 2 (2.1)

Hence a stronger electric eld results in a higher drift velocity, as the mobility of an ion stays constant.
By determining the amount of time it takes for a short packet of ions to travel through a drift tube, the
mobilities of the ions are measured. These mobilities are species-speci ¢ and depend amongst others on
the geometry of the ions. Roughly you can say that the ion mobility is inversely proportional to the
collisional cross section . The larger this cross section, the higher the chance for the ion to collide with
a bu er gas molecule, resulting in a lower drift velocity at a speci ¢ electric eld value. To nd the exact
relation betweenK and , kinetic gas theory is used, which is valid when the particle diameter is much
smaller than its mean free path. Revercomb and Mason [23] provide a detailed derivation of the mobility
following the kinetic gas theory, of which a summary is given here.

Consider collisions of moving ions of massn and chargeq = ze with motionless neutral bu er gas
molecules of masdM . Here, z denotes the charge state of one ion, while is the elementary charge.
Upon collision, momentum is conserved. This momentum conservation is expressed as

Lo Lo I !
mhvi+ MhVi = mhv% + Mhv§; (2.2)

where velocities of ions before and after the collision are denoted by the lower-caseand v° respectively
and the ones of the buer molecules by capitalV and V° The brackets indicate averages over many
coII|S|ons Now by de nition, hvi = Vg, and because it is assumed that the bu er gas molecules are not

moving, hV| = 0. Furthermore, when considering the centre-of-mass frame, the scattering of collided

11
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partlcle§ is random in all directions, resulting in a zero average relative velocity after collision and hence
hvd = hv 4. Then Equation 2.2 becomes

M !
= 1+ — hvl: 2.
Vd il (2.3)

Between collisions, the ions are accelerated by the electric eld and experience a foreea = gqE. The
average velocity gained during this acceleration depends on the time between two collision, the so-
called mean scattering time , and is expressed abv gain I = @ . With this velocity, the average gained
momentum can be calculated as well withmhvgain i = qE . Upon collision, this momentum is transferred
from the ions to the bu er gas molecules, resulting in movement of these molecules. Hence the molecules
obtain a non-zero velocity and their average value is expressed as

qE

! — .
hv 4 = SVEE (2.4)

This velocity then can be substituted in Equation 2.3 to arrive at a nice expression of the drift velocity,
where the reduced mass = ™M is introduced:

Vg = E: (2.5)

The mean scattering time can be found by standard calculatlon of elementary kinetic th'eory, where ions
with an average relative velocity to the motionless moleculeshv i, travel a distancehv,i in time

before they collide. This distance is called the mean free path. Assuming a hard-sphere potential,
collision occurs when the surfaces of the spherical particles touch. This is the case if the distance of their
centers is smaller than the sum of the radii of the two particlesd [24]. Hence a moving patrticle can be
seen as being surrounded by a theoretical circle of areathat, when being penetrated by the center of a
di erent stationary particle, indicates that the two particles collide. The area  is called the collisional
cross section and is given by

= d2% (2.6)

In between collisions, ions move through a volume of a length equal to the mean free path and with faces
equal to the collisional cross section . This collision cylinder is shown in Figure 2.9, where collisions
occur between two equally sized particles. Exactly one particle is situated |n the cylinder that has a
volume ofhv i, which means that the number densityN is given by N = nhi The expression for

Vil
is then obtained by rearranging this formula:

1
= W (2.7)
The average relative velocity'hv ri can be reasonably approximated by its root-mean-square valug hvzi.
Noting that now the gas molecules do have an initial velocityhVi and being in the limit of weak electric
eld, which means that the only contribution to the energy of the particles is thermal energy, hv?i is
found via vector analysis. It can be expressed in terms of the Boltzmann constarit and temperature T,
such that the formula of the average relative velocity becomes:
s

hv i Wi = 3KT, (2.8)

This velocity can be substituted in Equation 2.7 to obtain an expression for , that can be subsequently
entered in Equation 2.5. Then the nal formula for the drift velocity has the form:

v = 9E
d—N Pﬁ

Finally, the expression for the mobility is obtained by dividing Equation 2.9 by the electric eld E

(2.9)

12
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Figure 2.9: Schematic of the motion of a red particle that has collisions with black equally sized stationary
particles. Dimensions of the collision cylinder are determined by the mean free path between collisions
and the collisional cross section.mage adapted from [24]

ze 1 1
K=p—p——; 2.10
3N kT ( )

where g has been replaced bye.

2.2.2 Travelling Wave lon Mobility Spectrometry

The theory discussed in the previous section can be applied to determine the collisional cross section
of ions. The technique used for this is called ion mobility spectrometry, of which the French physicist
Paul Langevin has laid the foundation [25]. With this technique, ions of the same mass but of di erent
geometries can be separated by passing them through a gas- lled tube, called a drift-tube, under in uence
of a constant electric eld. Due to their di erent mobilities, the ions exit the tube at di erent times.
Travelling though a tube of length L will cost an ion with mobility K a time t given by [8]:

L _ L
vg KE -
Hence, ions can be distinguished based on their mobility by looking at the di erent transit times. This
separation technique is called drift-tube ion mobility spectrometry (DT-IMS) and it forms the basis of
many other IMS techniques. In practice, DT-IMS has drawbacks. In order for the ions to have enough
time to separate, the tube must be long, which in turn means that the voltage gradient from one end of
the tube to the other must be large to obtain a good electric eld along the tube. Both long drift tubes

as well as the high voltages needed to acquire the large voltage drop are impracticable and therefore
variations on DT-IMS have been introduced [8]. These all make use of the principle of having an electric
eld to separate ions in a gas- lled tube, but they di er amongst others in eld strength and/or geometry.

One such improvement is the so-called travelling wave ion mobility spectrometry (TW-IMS), for
which, in contrast to DT-IMS, no high voltages or lengthy tubes are needed. The main idea of this IMS
technique is that the ions are not guided by a static global electric eld, but rather by a dynamic local
eld, caused by a voltage wave that travels along the ion trajectory. This technique of using travelling
waves was introduced by Giles et al. in 2004 [26], who discovered that for appropriate wave velocities,
amplitudes and bu er gas pressures, ions could be separated based on their mobility. The travelling
voltage wave is applied to a stacked-ring ion guide, in which ions are localized near the central axis by
applying out-of-phase RF voltages to adjacent electrode rings, just as in a RF ion funnel [8]. A pulsed
DC voltage is superimposed on the RF voltage to each electrode in succession to let the ions move along
the tube. After a certain xed pulse time, the voltage steps to the next electrode pair and so on, creating

(2.11)
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Figure 2.10: Series of SIMION plots showing a Figure 2.11: Dierent examples of potential
travelling potential wave that creates a moving wave pro les ranging from a simple” triangu-
electric eld on which an ion can surf'. Image lar shape (a) where E-eld value is constant,
from [26] to a smooth prole (c) where E- eld changes

constantly. Image from [27]

a travelling voltage wave. This voltage wave generates a moving electric eld that ions can feel. The
electric eld is like a wave on which the ion can surf [26]. lons experience the eld of an approaching
wave and start to drift in the same direction as the wave. Figure 2.10 shows such a motion, where the ion
rolls down the potential gradient away from the pulse, resulting in an axial motion along the direction
of the wave to the next electrode at lower potential. Then the voltage pulse moves an electrode further,
raising the potential of the electrode the ion is positioned at. As a result, the ion's potential shoots up,
after which it rolls down away from the pulse again and the whole process is repeated.

Although the propagating wave pushes all ions along, their speci ¢ motion depends on the maximum
ion drift velocity at the front, relative to the wave velocity [27]. As expressed in Equation 2.1, the ability
of the ion to surf and keep up with the wave depends on its mobility. For drift velocities larger than
the wave velocity, ions will have a net velocity equal to the wave velocity. This is because the ions will
move faster than the wave, but then approach the backside of the previous instance of the wave pro le.
The ions are pushed back by an opposite electric eld produced by the backside. Hence the ions will
move at the same velocity as the wave itself and will surf nicely on it. When the ion drift velocities are
much smaller, the ions cannot keep up with the wave and are passed by wave crests many times. It is
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as if the wave passes underneath them [27]. The third regime, where the wave velocity is in between the
maximum and minimum drift velocity values of ions from one bunch, is the most interesting one. Here
the separation between higher and lower mobility ions takes place. Low mobility ions with small drift
velocities are not able to keep up with the voltage wave, while higher mobility ones can. Every once in

a while, the low mobility ions are passed by a wave crest, where they experience a reverse eld from the
backside of the crest. As a result, the ions are pushed back in space, causing a so-called roll-over event
[26]. The drift velocity of the ions is, as discussed previously, determined by their cross section, hence by
their mobility. The larger the cross section, the lower the mobility, and hence the lower the drift velocity,
resulting in more roll-over events. The lower mobility ion therefore takes longer to traverse the tube. In
this way, a bunch of ions with di erent mobilities can be separated based on their di erent arrival times.

In DT-IMS, the mobility, and hence the cross section of the ions under investigation, is obtained
easily from the transit time by using Equation 2.11. This is however not the case in TW-IMS, in which
an averageion velocity needs to be considered. When ions do not have enough speed to catch up with
the wave, they are passed by the wave crest. In this process, the velocity of the ions relative to the wave
velocity is changing constantly. In order to nd an equation for the transit time, therefore the average
velocity needs to be considered. Shvartsburg and Smith [27] developed an analytical model for that,
where radially focusing RF elds are ignored, such that only the 1D transport of ions along the forward
direction of the travelling wave is considered. To even further simplify the model, ion di usion is treated
independently from ion drift. To investigate this ion drift, the wave prole needs to be considered.
The simplest wave pro le to look at is the triangular waveform, as shown in Figure 2.11(a). With a
wavelength of b and an amplitude of U, the electric eld is simply given by E = 2U=h When an ion
with mobility K and velocity v; = KE is not able to catch up with a wave of velocity v,, (meaning that
Vi <Vy), its potential climbs the wave front with a relative velocity of v,, KE . Then the wave crest
is reached in a time

_ b :
" 2w KE)°
When arrived at the crest, the electric eld changes sign and the ion slides down the rear with a relative
velocity v, + KE . The time it takes to arrive to the baseline is then

— b .
T 2(vw + KE)®
After arriving, the ion waits for the next wave for a time to = (p b)=v,. One whole cycle lasts for a

time tc = tg + tg + tg and during this cycle the net displacement of the ion in the forward direction is
equal to

tr (2.12)

tg (2.13)

bK?2E?
d = VitF VitB = W (214)
Hence the average ion velocity over the cycle is given by
d bw, K 2E?
= M (2.15)

“"Tic T p@ (p DKEZ

When ignoring ion di usion, such that the ions are considered drift-driven only, the wave separation is
set to zero. This means thatp = b, which changes Equation 2.15 into

22
Vi = K°E : (2.16)
Vi

This average velocity allows to obtain an overall transit time through a TW device of length L of

L Lvw .

b= T KeED

(2.17)
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Hence in TW-IMS, the transit time is inversely proportional to the square of the mobility, in contrast to
DT-IMS (compare Equations 2.11 and 2.17).

This derivation has been done for the simple triangular wave form where the electric eld has a
constant value Eax , but can be generalized to a more realistic, smooth pro le, where the electric eld
is changing continuously, see Figure 2.11(c). The gradual variation of the electric eld intensity in the
travelling wave fundamentally a ects the separation properties [27]. Shvartsburg and Smith generalized
that in the low mobility limit, when K <<v ,,=Enax , the transit time is expressed in terms of the average
eld intensity, E, as

Lvw |
K2E2'
For high-mobility ions, only the maximum electric eld matters. This is because they are able to surf on
the wave due to their high velocities. In that case, the transit time is obtained by replacingE by Eax
in Equation 2.18.

Since in TW-IMS the transit time depends on the average ion velocity, it is not straightforward to
obtain the mobility and cross section from it. In order for the transit times to be useful, the system

needs to be calibrated with ions of known potential [19].

t; = (218)

2.2.3 Structures for Lossless lon Manipulation

lon mobility spectrometry (and other seperation and ion manipulation techniques) coupled to mass
spectrometry enables analysis of highly complex chemical and biochemical samples, but throughput
and/or sensitivity often decrease when making such combinations due to for example dierences in
sample ow rate, carrier media and/or gas pressure conditions [28]. To enable a complex sequences of
ion manipulations in one platform in which ions can be transmitted and stored with negligible losses, the
concept of structures for lossless ion manipulation (SLIM) has been introduced by Richard D. Smith et al.
(Paci c Northwest National Laboratory, PNNL) [29] in 2014. In the rst experimental design of SLIM,

two planar and parallel boards were used, that each consisted of an array of rung electrodes, bordered
by DC guard electrodes [28]. A schematic of a segment of this design is shown in Figure 2.12. Onto the
rung electrodes, both RF and DC voltages are applied, to con ne ions in between the surfaces (y-axis)
and to create a voltage gradient driving the ions along the rung array (z-direction) respectively. This

Figure 2.12: Schematic of a segment of the initial SLIM design that consists of 2 parallel planes that
contain RF and DC electrodes. Image from [28]
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working principle is similar to the one of the ion funnel and multipole devices as discussed in Section
2.1. The guard electrodes make sure that the ions are con ned in the transversal direction (x-axis).
Using printed circuit board (PCB) based SLIM allows for many di erent electrode designs to be rapidly
fabricated, tested, and applied at low cost [28][30].

The SLIM module discussed so far uses constant potential elds and can be implemented in drift
tube IMS. However, then there are still the high voltage requirements that limit the drift path lengths
that are practical [31]. Smaller path lengths limit the achievable IMS resolution and must be avoided.
Therefore a new SLIM design has been introduced in which the technique of SLIM is combined with the
low voltage advantage of travelling wave IMS earlier explained. This design is referred to as travelling
wave structures for lossless ion manipulation (TW-SLIM) and a segment of the PCB design is shown
schematically at the top of Figure 2.13. In contrast to the constant eld SLIM design that had the RF
and DC potentials both applied to each rung electrode, in the TW-SLIM separate electrodes are used.
Figure 2.13 shows that RF signals are applied to 6 continuous strips, with in between these strips arrays
of small TW electrodes to which the DC signal is applied. Eight TW electrodes next to each other
form 1 set and each electrode can be on (1, speci ¢ DC voltage is applied) or o (0, no voltage, ground
potential). The bottom of Figure 2.13 shows a black-lined block wave where the rst 4 electrodes are on
and the last 4 are o (11110000). Then at a next time step, indicated by the red dashed line, electrode
1 is turned o, but electrode 5 is turned on (01111000). As a result, the block wave prole moves 1
electrode further. This process is then repeated for electrodes 2 and 6, 3 and 7 etc., such that the block
is constantly moving.

In order to realise very long ion trajectories in a much more compact way as compared to a linear
path, a serpentine-shaped path as shown in Figure 2.14 can be used. This is realised by designing a TW-
SLIM module that consists of 90 turns. The electrode con guration to obtain these turns can be easily
produced on PCBs. When these PCBs have the same size as the initial linear TW-SLIM system, they

Figure 2.13: Schematics of a segment of a TW SLIM PCB design showing two sets of 8 TW electrodes
(top) and of the DC voltage applied to each electrode where the red dashed line indicates the voltage
pro le one time step after the black line. Image adapted from [31]
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Figure 2.14: Schematics of a linear and multi-turn TW SLIM (top) together with a SIMION simulation
of the trajectory of 1000 ions on a portion of the multiturn path (middle). The bottom inset shows a
zoomed-in view of the electrode geometry, similar to the one in Figure 2.13, while in the right inset the
electrode structure at a turn can be seen.mage adapted from [32] and [33]

can simply be implemented in the existing setup. This saves a lot of time and costs and therefore shows
exactly one of the main advantages of SLIM. Figure 2.14 shows a SIMION simulation of the trajectory
of 1000 ions on a segment of the serpentine path and as one can see, the ions are able to make the 90
turns and keep con ned to the path. These ions mostly move within travelling traps or bins, since
the region between consecutive travelling waves acts as a small trap [34]. The ions incidentally can roll
back to a previous bin based on their mobility When they arrive at a turn, the ions of an incoming bin
can be e ectively taken over by a bin that moves in the orthogonal direction (if the timing is right) [32].
Figure 2.15 schematically displays the potential landscape near a turn, clearly showing the traps. The
plume width of the ion bunch (2 mm in Figure 2.14) is in uenced by the guard electrode potential as
well as the gap between the SLIM surfaces. When this plume width is smaller than the travelling bin
size, complete transfer of ion plume from one bin into the orthogonal bin is possible. At a turn, it is more

Figure 2.15: Potential energy surface from SIMION near a turn at one instant in time (left) and the
voltage values along the axis of ion motion (right). Image from [32]
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di cult to separate the ions based on mobilities, since they cannot fall back to a previous bin as soon
as they are situated in the orthogonal path. This is because the turn region is con ned by the guard
electrodes. These inactive corners must be taken into account when considering the resolution. It turns
out that there is no loss of resolution at the turns, but the turns also contribute less to increasing the
resolution. In order to e ectively increase the resolution, longer straight sections between turns should
be taken [32].

One thing that can really increase the path length of the ions, without making the device larger is by
implementing a switch. The switch, located at the end of the path, allows the user to let the ions leave
the SLIM to be guided to the next element, or to be guided back to the start of the path to let the ions
walk through the device another time. By applying a repulsive DC voltage to the ve electrodes, that
are separated from each other by the RF electrodes, in one of the two arrays, ions are directed into the
other array [35]. A switch can also be used to select a portion of ions based on their conformation. By
appropriate timing of the switch voltage, only a speci c portion of the ions can be allowed to pass while
the others are de ected. This timing depends on the transit time of the ions.

By combining the serpentine path and the switch, Deng et al. [35] were able to cycle ions through a
13.5-m serpentine ion path multiple times, achieving path lengths of kilometers and resolving powers of
up to around 1860. This is far in the ultrahigh resolution regime, which we speak of when the resolving
power R, is more then 200 [36]. This resolving power is measured as the ratio of the transit time of the
peak centret; to the full width at half-maximum of the peak t [32]:

te
o
However, as the number of cycles increases, the mobility ranges become constrained. This is because the
higher mobility ions will overtake the lower mobility ions that have experienced fewer passes, resulting
in convolution of their arrival time distribution at the detector [36]. To obtain ultrahigh resolution
over broader mobility ranges, a multilevel SLIM module has been developed very recently that contains
multiple stacked serpentine paths. By means of an TW-based ion escalator, ions can be guided to a next
level. In this way again a long ion path is created that increases the resolution, without using multiple
passes. With this technique resolving powers up to 560 have been achieved, albeit that losses were
observed for ions with low mobilities [36], demonstrating that there is enough room for improvement.
The multilayer idea however is very promising, since for example also di erent ion chemistry on di erent
levels could be performed [37].

R, = (2.19)
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Chapter 3

Development and Assembly of the
TW-IMS Stage

The previous chapter explained how the current spectrometer system can be extended by means of an
ion mobility spectrometry stage. In this chapter, the development and assembly of this new stage is
discussed. The design concept of this extension was the topic of Klaas' Master Research Project and
for the details of this design his thesis [19] can be consulted. In the previous chapter, the concept of
TW-SLIM was discussed, that allows for a compact design, low voltage conditions and easy and low-cost
fabrication. Because of these advantages, the new system's design has been based on this concept. The
TW-SLIM stage is implemented between the ESI needle and the octupole ion guide in the current setup

of Paultje and substitutes the existing ion funnel. In this chapter, rst the outline of the SLIM stage is
shortly discussed, after which the design of the di erent elements are treated individually.

3.1 Outline of Design

To be able to implement the TW-SLIM concept into practice, there is more involved than placing 2
parallel PCBs in a vacuum chamber. The ions need to be brought in between the plates in a pulsed
manner and the pressure must be such that the stage can be connected to Paultje without any problem.
This stage replaces the RF ion funnel in the current set up, meaning that it will be placed in between
the ESI needle and the octupole. After having studied numerous articles from the PNNL group, Klaas
had decided to design a speci c setup [19]. A short outline of this system is given here.

The TW-SLIM is realized in the so-called main chamber". Before ions enter this chamber, they
travel through two smaller chambers that each contain an ion funnel. To compensate for the loss of
ions due to selecting a conformation, a capillary with a large internal diameter is desired such that more
ions can be introduced in the system in the rst place. An ion funnel that works at relatively high
pressure and voltage enables this increased ion inlet. Such an ion funnel is called high pressure ion
funnel (HPIF). Behind the HPIF (and in front of the TW-SLIM), an ion funnel trap (IFT) is placed in
a separate chamber. It guides ions like in an ordinary ion funnel, but is able to trap them as well. Then
the ions can be released to the TW-SLIM periodically. The HPIF and IFT are o set from each other
and from the capillary to prevent unwanted neutral molecules, that are not a ected by the electric eld
in the funnels and hence move straight through, to enter the TW-SLIM module. After the module, a
third ion funnel is placed, the so-called rear ion funnel (RIF), to focus the mobility-separated ions. The
RIF operates at the same pressure as the TW-SLIM module. To be able to connect this system to the
existing setup, the pressure must be reduced. A quadrupole ion guide will take on this task and guide
the ions through a chamber with a pressure such that there is a nice pressure gradient from RIF to the
octupole in the existing setup.

Hence to summarize, to system is built as follows: capillary - HPIF - IFT - TW-SLIM - RIF -
guadrupole, see Figure 3.1. In the next sections, the individual elements are discussed in more detail.
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Figure 3.1: Schematic of the extending TW-IMS stage.

3.2 Vacuum Chambers

Before the di erent components in the system are explained, it is good to say something about the
chambers in which these elements are situated. At the start of this project, these chambers, except for
the quadrupole, had already been fabricated by the workshop. Here, some general information is given,
mainly about the dimensions of the chambers.

It was found most suitable to make the ion funnel chambers and main chamber out of a solid piece
of aluminium alloy 51ST (AIMgSi) [19]. Stress analysis by the Finite Element Method (FEM) had been
performed to investigate the e ect of the walls being pushed inwards due to pressure from the outside.
In this way, the thickness of the walls and top and bottom plate of the main chamber was determined.
It was concluded that a wall thickness of 22 mm su ces, as well as a 20 mm and 15 mm thick bottom
and top plate. The length (in the direction of the ion trajectory) and width of the main chamber had
been set to 335 mm and 344 mm respectively, resulting in an inner width of 300 mm which was chosen
arbitrary. The height of the walls was set to 130 mm, to match with the height of the funnel chambers.
lons enter the chamber through a 25.4 mm (1 inch) diameter drilled opening, while the back side of the
chamber was given an opening with a diameter of 90 mm to allow the RIF to stick out.

The HPIF and IFT are united in one so-called front chamber, which was drilled out of the remaining
block of aluminium from the main chamber. This chamber consists of two compartments, each giving
room to an ion funnel. These sections are cylindrically shaped with a diameter of 90 mm and are
separated by a 6 mm thick wall. This wall has an opening of diameter 25.4 mm to let ions move from
the HPIF to the IFT. The length of the HPIF chamber is 135 mm, while the IFT chamber has a length
of 107 mm. Total length of the front chamber is therefore 248 mm. It has an outside width and height of
120 mm and 140 mm respectively. The chamber is open both at the front and back to be able to access
the ion funnels. A front plate holding the capillary closes the system at one side, while the other side is
connected to the side wall of the main chamber.

To the other side of the main chamber, a rear chamber is attached that holds the RIF. As in the front
chamber, a cylinder of diameter 90 mm is drilled to facilitate space for the funnel. The RIF sticks out of
the chamber, such that it extends into the wall of main chamber. Total outside length, width and height
of this chamber are 103 mm, 130 mm and 130 mm respectively. The front is open, while in the back a
25.4 mm opening is situated. The back surface has a thickness of 20 mm and has a 5 mm deep circle
milled on it. The quadrupole support disk ts neatly into here, ensuring its alignment. More about this
is discussed in the section about the quadrupole.

In all but the RIF vacuum chambers, openings that are compatible with the KF-40 standard were
placed on the side walls to deliver the required electrical wires, as well as ones for ISO-63 in the bottom,
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