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Abstract

This master thesis investigates the characterisation of a quadrupole device in order to
include it in an experiment dedicated to the study of the [(COz),,-(H20),]" ionic clusters
using high-resolution rovibrational spectroscopy. The interest of a quadrupolar element
is triple: it can be used as an ion guide, as a mass filter or as an ion trapping system.
In this work, it is shown that the same quadrupole device can be used in those three
different purposes. This master thesis focuses mainly on the development of numerical
simulations about the quadrupole. The quadrupole which will be used in the laboratory
is noted quadrupole A in this work, and its performances are compared with two other
systems, noted quadrupole B and quadrupole C. The quadrupole B is a newly designed
quadrupole with round rods reproducing a hyperbolic field shape and the quadrupole C is
designed with hyperbolic rods, allowing one to use the formalism of the Mathieu equation.
The stability triangle of each system is derived. It is shown, through numerical simulations
performed in SIMION and with a self-made Python script, that the quadrupole A can act
as an ion guide, as a mass filter and as an ion trapping system. The Python script has
been extended, allowing one to simulate ion trajectories in a multipolar system of any order.
Those developments are particularly interesting to design future traps in the laboratory.
Then, the current experimental setup is briefly presented, followed by a possible design for
the future experiment including the quadrupole. With that new experimental setup, the
required conditions to perform continuous excitation are discussed. Finally, the design of a
miniaturised quadrupole is proposed, opening opportunities for the study of larger molecules.
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Chapter 1

Introduction and motivations

Since the 1950s, the field of atomic, molecular and optical physics (AMO) has witnessed sev-
eral impressive breakthroughs. In terms of charged particles manipulation, Wolfgang Paul
is the first scientist who succeeded experimentally to control an ion beam with a quadrupole
[1]. Today, quadrupolar ion trapping systems are commonly called Paul traps in reference
to his work. W. Paul received the Nobel Prize in Physics in 1989 with Hans G. Dehmelt "for
the development of the ion trap technique." [2]. H. G. Dehmelt realised the experimental
trapping inspired by Penning a few years before, and named it therefore the Penning trap [3].

With those traps, ion-photon [4] and ion-molecule reactions [5] can be studied in great
details. The quadrupole can be used as an ion guiding system too, keeping the ion beam fo-
cused and injecting it properly into the next experimental element. The mass filtering of an
ion beam is also possible with a quadrupole device, opening opportunities in high-resolution
mass spectrometry. With the emergence of high power UV and IR lasers, spectroscopic
studies of (macro-)molecules is performed and compared with the quantum physics theory
of molecular states. Those breakthroughs were accompanied, in the 1960s-70s, by the
extended theoretical description of the ion motion in a quadrupolar field, with the work of
(among others) Peter Dawson [6] and Dieter Gerlich [7]. Their works summarise the basics
of quadrupole fields, the uses of a quadupole device and outline some specific experimental
effects such as the acceptance, the fringing fields, some non-linearities, etc.

A wide range of simulations have been performed more recently (in the 1990s-2000s) by
Taylor et al. [8, 9, 10, 11]. They simulated a large number of realistic situations in order to
precisely derive some typical behaviour of a quadrupole.

Thanks to the three main experimental uses of a quadrupole (ion guide, mass filter or ion
trap), it is a versatile tool that can be included in a wide range of experiments. First of all,
the quadrupole takes part in a lot of researches in fundamental physics: it is used, among
others, to determine fundamental constants [12], to perform quantum physics experiments
[13] or to do high-resolution spectroscopy [4]. Secondly, it is important in a wide range
of biological studies: it allows one to analyse large biomolecules such as amino-acids [14],
proteins [I5] or even viruses [16] and it takes part in a lot of soft-landing processes (surface



deposition) [17].

In terms of fundamental physics, two main fields can be explored from the use of a
quadrupole device. The first one is about very high-resolution spectroscopy of atoms and
fundamental particles, in order to study quantum systems, implement atomic clocks, etc.
One could cite, for example, all the work performed by the group of David Wineland (Nobel
Prize in Physics in 2012) which combines in a perfect way all the notions of ion trapping,
laser cooling and single ion spectroscopy [18, [19] and pushed the investigation of frequency
standards much further than before. His group participated, for example, at the creation
of entangled quantum states with trapped atomic ions [20] opening opportunities to the
development of ion-trap quantum computers [21], 22].

The ALPHATRAP experiment [23], at the Max Planck Institute (Heidelberg, Germany),
aims to perform experiments on hydrogenlike lead '2*Pb8!* in order to validate the quantum
electrodynamics theory under high electromagnetic fields. In the experimental setup, some
multipolar devices are used, the main one being a cryogenic Penning trap.

In the last years, the research field of atomic clocks has been pushed further in order to
develop atomic clocks with highly charged ions (HCIs) [24, 25]. Their advantage lies in
their extreme sensitivity, opening opportunities in the measurement and characterisation of
candidates for dark matter, in the measurement of the variation of fundamental physics
constants, etc.

The second investigation in terms of fundamental physics is related to the spectroscopy
of species of astrophysical interest. The kinetic constants of chemical reactions occuring
in space can also be determined with such a device. Among others, one could cite the
important work of Dieter Gerlich who pioneered the use of the 22-pole trapping system
instead of the usual quadrupole [26] 27, 28]. The 22-pole is usually coupled with a cold head
in order to reproduce the outer space conditions and single spectral signatures. The studied
ions are for instance hydrogen clusters [29, [30], water complexes [31], HoD" [32] or even
Cdo [33]. One high level experimental setup is for example the one of Oskar Asvany and
Stephan Schlemmer, also including a 22-pole system in order to perform high-resolution spec-
troscopy on small ions. This setup is called COLTRAP and performs ion trapping at 4 K [34].

Then, spectroscopy on large ions and on biomolecules has been developed. The biggest
problem in this study was to generate a biomolecular ion of high mass, but the develop-
ment of techniques such as electrospray ionisation (ESI) [35] 36] and matrix assisted laser
desorption ionisation (MALDI) [37, B8] overcame that problem. A wide overview of those
techniques can be found in a paper written by Thomas Rizzo, Jaime Stearns and Oleg
Boyarkin [39].

Another use of a quadrupole, more linked with the applied sciences, resides in soft land-
ing. This idea has been introduced in 1977 by Franchetti et al. [40] and aims to prepare and
modify surfaces with a slow mass-selected ion beam. The idea is to change the properties of
a surface in order to perform material analysis, mass spectrometry, surface science, etc. A



wide range of experimental installations including quadrupole devices are used in order to
perform soft landing [41], [42]. Among others, one could cite the BEEQ, coupling a magnetic
sector (B) with two electric sectors (EE) and an electric quadrupole mass filter (Q) [43].
The setup of J. Laskin’s research group is instead made of two quadrupoles, operating in
ion guiding and mass selection mode respectively [44]. Finally, a third kind of experimental
setup, in the research group of Blake et al., uses an ion trapping system after the quadrupole
mass filter [45] 46).

One final and very contemporary hot topic is the use of a quadrupole mass filter in
the viral analysis. It has been proven [16] that an ionic virus can be generated, guided
and filtered even with a mass of 40 million Da. A triple quadrupole mass filter is used in
that experiment in order to select effectively the virus. It has been surprisingly observed,
also in other studies [47, 48], that even after ionisation, mass selection and detection, the
virus is intact and has kept its infectivity. Thanks to a high development in terms of
instrumentation, it is now possible to analyse in depth the viruses and some incoming
technologies presented in [49] seem promising for the future.

In this work, a quadrupole system is analysed in detail. Its purpose is to take part in
an experiment aiming to perform high-resolution photodissociation spectroscopy on CO3
and [(COz2),,-(H20),,]" complexes. The motivation behind this investigation is to show
that the same quadrupole device can act as an ion guide, as a mass filter and as an ion
trapping system. Three different quadrupoles are compared in the following. Therefore,
different denominations are used in order to avoid any confusion. The quadrupole used in
the laboratory is called quadrupole A. A second quadrupole, with round rods of a ratio
r/ro = 1.1468 (where r is the radius of the rods and ry is the free field radius between the
rods) and reproducing ideally the desired hyperbolic field shape, is called quadrupole B.
The last quadrupole, with a perfect hyperbolic field, is called quadrupole C.

In the next chapter, the theoretical formalism is explained: the equations of motion and
the stability regions of an ion travelling into a quadrupole are presented. This theoretical
formalism is extended to multipolar elements of any higher order. Then, the quadrupole A
is presented in the [chapter 3] Some theoretical results are reproduced thanks to simulations
in SIMION and Python. The quadrupole A is compared with two other quadrupolar
systems, B and C. The expected performances in terms of ion guiding, mass filtering (and
the associated mass resolution) and ion trapping are presented in the . Due to the
Covid-19 pandemic and the consequent closure of the laboratory, the quadrupole has not
been tested on the existing spectrometer. Still, in the [chapter 5] the current experimental
setup is introduced and a new experimental setup, using the quadrupole for infrared
photodissociation spectroscopy, has been designed for a future possible implementation.
The ability to perform continuous excitation is discussed and a presentation of a smaller
quadrupole, improving the setup, is done at the end of this master thesis.






Chapter 2

State of the art

2.1 The quadrupole

Starting from the basics, an electric quadrupole device is a device made of four electrodes
on which a certain voltage is applied. The purpose of a quadrupole is to act on a beam of
charged particles. The force acting on those particles is the Lorentz force:

F=qE+qix B (2.1)

with F the force applied on the particle in [N], ¢ its charge in [C], E the applied electric
field in [V/m], ¥ the velocity of the particle in [m/s] and B the applied magnetic field in
[T]. The latter is equal to zero in this study, the quadrupole is purely electrical.

There are two main kinds of quadrupoles widely developed in ion beam experiments:
2D and 3D quadrupoles. Their respective representations are given in The
purpose of each quadrupole is different. In the 2D quadrupole, the system is open at both
ends in the z direction: ions will flow through the quadrupole. In the 3D design instead,
the quadrupole is closed and ions will therefore be confined: the quadrupole will only act
as an ion trapping system.

The presented quadrupoles in are made of hyperbolic electrodes, which
is useful in terms of potential description (see [subsection 2.1.2). In this work, the used
quadrupole is a 2D system, represented in [Figure 2.2l It is made of four round rods, each
rod being equally distributed on a circle of inscribed radius rg. The rods are circular instead
of hyperbolic and a discussion about this approximation will be done in the It is

surrounded by an outer cap cylinder which is grounded to isolate the system.

In order to guide and confine ions, an alternating field with an eventual DC offset is
applied to the electrodes. Due to the frequency range of the alternating field, mostly in
the range of the MHz, one usually speaks about radiofrequency quadrupoles (RFQ). The
radiofrequency is applied such that each opposite electrode has the same potential, and
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two neighbour electrodes have an opposite potential (7-shifted). The charged particles will
bounce back and forth between the rods while travelling through the quadrupole.

Figure 2.1: Schematic representation of two quadrupoles made of hyperbolic electrodes. (a)
2D quadrupole and (b) a cross-sectional view of 3D quadrupole, also known as Paul trap.

Figure 2.2: (a) Picture of the quadrupole device that will be used in the future laboratory
experiment, mounted on a flange and with its connectors (white wires) and (b) schematic
representation of the quadrupole A.

2.1.1 Ton motion in an oscillatory field

The ion motion in an oscillatory field is the key point to understand the conditions of
operation of a quadrupole. It has been widely studied by Gerlich (1992): this section is
inspired by the second chapter of [7]. It has been mentioned before that the force acting on
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the ions is the Lorentz force (Equation 2.1)), so in absence of a magnetic field, the equation
of motion is: )

mi = qEy(7) cos(Qt + ¢) + qE,(7) (2.2)
with m the mass in [kg], 7 the position vector in [m] and ¢ the charge in [C]. The electric
field is the sum of two terms: a static field and an oscillatory field, noted Es and EO
respectively (in [V/m]), with Q the angular frequency of the oscillatory field in [rad/s| and
¢ the angular phase in [rad].

_ In the simplest case, one can consider that the electric field is a purely oscillating field
(Es(7) = 0) without any phase shift (¢ = 0). The solution is then trivial:

qEo

7(t) = Ry — @ cos(t ith  @=
7(t) 0 — a cos(Qt) wi Q=

(2.3)

with 7o the initial position of the ion in [m] and @ the amplitude of the oscillation in [m].
Each term is considered to be expressed in SI units. A typical value of the norm of @ can
be derived by taking m = 44 amu (corresponding to CO3 or N,O*, 1 amu = 1.66 10~%7
kg), ¢ = 1.60 107 C (for a singly charged ion), = 27 x 1 MHz and the norm of the
electric field is close to |Ep| ~ 5 10® V/m. It turns out that |@| ~ 10~* m.

Most of the time, the equation of motion is inhomogeneous given the shape of the
electric field. Consequently, it can be solved analytically for a set of particular geometries
only. The purpose of this section is not to derive all the mathematical principles behind the
resolution of depending on the shape of the electric field. One single relevant

solution (more general than [Equation 2.3|) will be considered, corresponding to the solution
under the so-called adiabatic approximation.

The idea is to distinguish two contributions to the ion trajectory in the quadrupole: a
slow drift term (the secular motion) and a fast oscillating term (the micromotion). This
hypothesis is valid if €2 is high enough to keep @ small compared to Ry. For example, in
the approximation made before for |@| ~ 10~* m, this hypothesis is valid if Ry = 5 107 m.
The solution is then written as:

f(t)= Ro(t) + Ri(t) (2.4)
—— ——
smooth drift  oscillating term

with, from [Equation 2.3, R;(t) = —dcos(Qt). By considering also that E(7,t) varies

smoothly with 7, the electric field can be expanded around ﬁo as:

E(7) = Ey(Ry) + VE(Ry) (F— Ro) + ... (2.5)
and recalling the definition of 7 (Equation 2.4)), it can be written:
E(7) = Ey(Ry) — (@ - V) E(Rp) cos(Qt) + ... (2.6)

\]
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Getting back to the equation of motion (Equation 2.2), with the hypothesis of E;(f”) =0

and ¢ = 0, one has for the acceleration part:

mr = m(}%o + ]13:1)
= mﬁo + m[—dcos(Qt) + 2adQsin(Qt) + @Vcos(Qt)]
~ mﬁo + maQcos(Qt)
~ mﬁo + qEycos(Qt) (2.7)

the derivatives of @ have been neglected since they are taken as small compared to the
smooth drift term. The electric field term is written by using [Equation 2.6;

qﬁocos(Qt +¢) = q[Eo(ﬁo) —(a- ﬁ)
= qFEycos(Qt) — q(a -

E(Ry) cos(Qt)]cos(Qt)
V) Ey(Ro)cos () (2.8)

Pluging the egs. {D and 1} in eq. 1) one can see that the qﬁocos(Qt) term cancels

out. Consequently, the equation of motion becomes:

mBy = —q (@ V) Ey(Ry) cos*(Qt) (2.9)
2
R
== = (Eo - V) Egcos®(0t) (2.10)
2
_ 1 2 2 . ,
= =50 VE§ cos*(02t) (using vector analysif]) ~ (2.11)
2
—q '
- ~ AmQ2 VEy (using < cos*(QU) >perioa= 1/2)  (2.12)

As long as the objective is to derive an equation of motion for the smooth drift term, the
cosine term can be averaged over one period. This is also justified by the fact that by
hypothesis, Ry varies smoothly and slightly over one oscillation period.

This equation shows that the ion is, on average, feeling a field gradient force. By adding

a non-zero static electric field ES(F) = —V¢;, one obtains the final equation of motion:
- - . s\ 5
mRy = —-VV*(Ry) with V*(Ry) = Q)2 +qos (2.13)

where V*(Rp) is called the effective potential (in [V]). The derivation of this potential has
important consequences. Firstly, it is valid in a wide range of common geometries. The
equation of motion becomes a simple differential equation with no time dependence in the
potential term. The only limitation, beyond the hypothesis made before, is related to the
frequency of the motion: higher order harmonics are not considered in this approximation

YE-V)E = iVE? - E x (V x E) = JVE? because (V x E) = 0 by definition.



2.1. THE QUADRUPOLE

(only €2 is present in R;(t)) although some other frequencies can be present in the secular
motion.

To have an information about the energy of the moving ion, one has to integrate the
[Equation 2.13|over time. It gives:

2

1 5 ¢E
5 s — Em 2.14

with E,, the total energy of the ion in [J]. This quantity is called the adiabatic invariant
of the motion since it remains constant all along the ion trajectory in the quadrupole. It
shows the direct correspondence between the kinetic energy stored in the micromotion and
the electric potential.

The final objective, to push the reasoning further, is to find the conditions under
which the adiabaticity criterion is valid. Indeed, in general, the equation of motion is
non-conservative and leads to an increase in the total energy of the ion. The adiabaticity cri-
terion is satisfied if the oscillatory process is fast compared to the smooth drift, which is slow.

This dinstinction between fast and slow could be done by comparing the relative
velocity of both motions, or by comparing the secular frequency of the ion w with the RF
frequency €, etc. Indeed, the secular motion is expected to be periodic in most of the cases
(and in the case of a quadrupole), and the secular frequency of the motion w is associated to
that periodicity. Another possible distinction, recalling the Taylor expansion of the electric

field (see [Equation 2.8)), is that the first order term, i.e. the change in the field, has to be
small compared to the field F(R)) itself. This condition is written as:

12(a - 6)Eo‘ _ 2q| VEy|
| Ey| me?2

n= (2.15)

The first equality is the ratio between the electric field perturbation and the field
amplitude. It has to be smaller than one to preserve adiabaticity. A complete discussion
about the values of 1 ensuring adiabatic conditions can be found in the previously cited
book of Gerlich [7]. The underlying development is not of particular interest here. The
conclusion of the discussion is that, in most of the cases, the system is adiabatic if n < 0.3.
This condition is not exclusive: an ion might have an adiabatic motion with n > 0.3 but it
will depend on other factors than the ones considered here.

To conclude this section, it is important to note that adiabaticity and stability are not
the same concept: an ion can have a stable trajectory even if its total energy changes along
it. Under some conditions, the trajectory of an ion under the adiabatic conditions could
also be unstable. The question is then: under which conditions can one consider that the
ion has a stable trajectory along the quadrupole 7 One answer can be that a trajectory
is stable if and only if it has a bounded phase space. However, in a quadrupole of finite
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length, ions with a non-bounded phase space can be transmitted if the latter is growing up
slowly. Another definition, more appropriate, could be that a trajectory is stable if a small
perturbation leads to a stable oscillatory equilibrium. This idea will be used in the next
section to derive stability conditions of the quadrupole.

2.1.2 Application to the quadrupole : the Mathieu equation

The formalism derived in the previous section is quite general, making approximations on
the applied field but not on the geometry. In this section, the equation of motion will be
reconsidered with the particular potential seen in a 2D quadrupole. The following is widely
inspired by the work of Dawson and Whetten [50] and March and Hughes [51]. They have
reviewed previous works about the quadrupole behaviour in order to derive the complete
mathematical description of the RFQ. In the case of a quadrupole, the equation of motion
takes a specific form, known as the Mathieu equation. This equation can be derived from
the potential distribution in a quadrupole:

¢ = ¢o(Az? + oy® +72%) (2.16)

with A\, ¢ and ~ being three factors depending on the geometry. The potential has to obey
the Laplace equation:

Vi =0 (2.17)
— V2 [qbo()\xZ +oy? + ’yzz)] =0
— Afto+7=0 (2.18)

In the case of a 2D quadrupole with hyperbolic electrodes, one finds:

A=—0= and =0 (2.19)

7(2)
with ry the inscribed radius between the electrodes in [m]. Taking an alternating field of

the form U — Veos(Qt + ¢), the [Equation 2.16| can be written:

6 = [U — Veos(Qt + ¢)] 2 it s (2.20)

o
with U and V the DC and RF amplitudes respectively in [V], Q the angular frequency of
the oscillating field in [rad/s| and ¢ the phase shift in [rad].

Getting back to the equation of motion and knowing that the electric field derives from
the potential given in [Equation 2.20| one obtains:

E, = _9¢ _ —[U = Veos(Qit + ¢)] i; (2.21)
Ox 3

E, = _9¢ = [U — Vcos(2t + qb)] — (2.22)
8y 5

10
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and for the equation of motion:

d*z 2z
Mmooy =4 (U = Veos(Qt + ¢)] — (2.23)
o
d? 2
md—t‘g = q[U — Vecos(Qt + ¢)] *g (2.24)
o

It is important to note that, in this configuration, the x and y motions are decoupled,
which is an advantage considering the resolution of the above equations. Those equations
correspond to the Mathieu equation, of the form:

d*u
€@ + [ay — 2quc08(26 + @)|lu =0 (2.25)
By identification, one can find the adimensional Mathieu factors:
Qt 8qU 4qV
_ L=t = t——— 2.26
¢ 2 “ m§2rd ¢ m2rd (2:26)

where, in the two previous equations, u denotes x or y. The coefficients are respectively
positive in the z direction and negative in the y direction to be consistent with egs. (2.23)

and (2:24).

The solutions of that equation have been derived in 1868 by Emile Mathieu [52]. It is a
special form of Hill’s equation that can be applied to a wide range of oscillatory processes
in physics. According to Floquet’s theory, solutions of the Mathieu equation can be written
in the following form (details in [53, 54, [65] for example):

u(€) = Arett Y Cone®™ 4 Age™ 3" Chpe™ ™™ (2.27)

n=—0oo n=—oo

where Ay, A, are constants to be determined considering the initial conditions. The C5,
coefficients and the parameter p depend only on the initial (a,,g,) combination and not
on the initial conditions of the ion. This is a key property of the quadrupolar systems:
the shape of the trajectory, i.e. the nature of the motion, will depend on the operating
conditions only and not on the initial parameters (position, phase and velocity) of the ion.

tells one whether an ion will have a stable trajectory in the quadrupole or
not. The stability criterion is considered to be the following: an ion has a stable trajectory if
and only if u remains finite when £ tends to infinity. Of course, this mathematical definition
is not sufficient in a real setup: it will be precised further, by taking into account the finite
dimensions of the quadrupole. Stability depends on the value of p, which is a complex
number. Considering ;1 = a + 3, one has three cases to distinguish:

1. a # 0: the solution will be unstable because of either the ¢ or e #¢ term, diverging
to infinity as £ increases.

11
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2. a =0 and [ is real but non-integer: the solution will be periodic and stable. This is
the zone of stability.

3. a =0 and § is an integer: the solution is periodic but unstable (see for example [55]
or the third chapter in [56] for more details). This case allows one to determine the
limits of each stability region.

Given the required conditions on p and remembering that it only depends on a, and
Gu, it is possible to reconstruct the so-called stability diagram of the Mathieu equation.
This diagram shows the regions in the (a,, q,) plane where the solutions do not diverge.
The Mathieu equation being solved in both x and y directions independently, it is the
superposition of both diagrams that provides the stability region of a quadrupole. If a
periodic solution exists, the [Equation 2.27| can be written:

u(§) = Arer i Cancos ((2n + B)€) + Age ™ i Consin ((2n + B)E) (2.28)

n=—oo n=—0oo

One way to find the C5,, coefficients is by expressing them in a recurrence equation, involving
the ag and bg parameters, directly related to a,, ¢, and 8. The stability limits are usually
expressed as a function of the parameter ¢, and are given by the ag and bz characteristic
curves, where 8 € Z. In the literature, ag is usually related to even values of 8 and by
to the odd ones. The stability diagram is usually reconstructed by considering iso-5 lines
where, for the first stability region, 5 € [0,1], for the second, 5 € [1,2], etc. For example,
one can write the limits of the first stability region as [I]:

1, 7, 29 ,
S R L SR 9.29
@0 = ~50 T 158% ~ 53p4% (2:29)
1 1
by=1—q, — gqi + @qi - (2.30)

A graphical representation of the stability diagram is given in [Figure 2.3| In|Figure 2.3a),
four stability regions are represented for positive g, only. The system is stable in the
shaded areas and the limits of those regions are indicated with ag and bg. The limits
have been computed thanks to the mathieu_a(f,q,) and mathieu b(j3,q,) functions in
the scipy.special package in Python. In[Figure 2.3D] a zoom has been made on the zones
of stability for the smallest (a,,q.) values. Both the stability regions along the z and y
directions of the quadrupole are represented: as long as their voltages are opposite, there is
a symmetry in their stability diagrams with respect to the ¢, axis. The first stability zone
is highlighted in the figure. It is mostly used in the experiments because of its accessibility
in terms of electronical parameters.

The first stability region (by considering positive a, values only), also called the stability

triangle, is shown in [Figure 2.4 The two limits are set by —ag and b; (see eqs. ([2.29)
and ([2.30)). The quadrupole described in this work will operate in that stability triangle.
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2.1. THE QUADRUPOLE

W stable in x
B stableiny

Figure 2.3: (a) 4 stability regions computed from the solution of Mathieu equation (the
figure is symmetric for ¢, < 0 with respect to the a, axis) and (b) zoom on the 1 stability
region of the quadrupole, obtained by overlapping both stability diagrams along the x and
y directions.

The extreme ¢, value is 0.904. That value tells one the minimal m/z ratio that can be
selected in the ion guiding operating mode (see [subsection 2.1.4). The apex of the stability
triangle is denoted with an arrow in [Figure 2.4, This operating condition is used in the
case of mass filtering (see subsection 2.1.5). Finally, one can also note all the small region
where ¢, < 0.3: this is where the adiabatic approximation is valid.

One last point about this Mathieu equation and the stability of the ion motion concerns
the frequency of oscillation of the ion. Given the [Equation 2.28] one can see that the sine
and cosine terms in the expansion are taking (2n + )¢ as an argument. Recalling the
definition of £ (see [Equation 2.26]), one can deduce that the secular frequency of the ion is:

Wy = (N £ %)Q with n € Z (2.31)

this frequency is not unique: this is a spectrum depending on the value of 3, linked to a,
and ¢,. Some mathematical fits between the latter coefficients have been done in [6], the
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2.1. THE QUADRUPOLE

most accurate one being:

ﬁ‘(“— (a-1¢*  (at+T7)¢"  (9a®+58a+29)q°
U 2a-1P-¢ B2(a-De—4) 64la—1)(a-4a-

3 ) v (2.32)

some tables about those coefficients have been published in [57, 58] for example.

0.00 -
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qu

Figure 2.4: Detailed view of the first stability region (shaded in grey), for positive a, values
only.
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Figure 2.5: (a) Typical trajectory of an ion in a quadrupole and (b) its associated fast
Fourier transform.

A typical ion trajectory is shown in and its spectrum is shown in
The operating conditions are (a,,q,) = (0,0.548). The RF frequency is 2 = 27 x 1 MHz.
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2.1. THE QUADRUPOLE

According to the [Equation 2.32, 5 ~ 0.415. This means that the frequencies should be:
wo = 0.207 MHz, w; = 0.793 MHz, wy, = 1.21 MHz, w3 = 1.79 MHz, etc. This corresponds
well to the frequencies computed with the Fast Fourier Transform (FFT) of the trajectory.

2.1.3 Non-ideal effects and fringing fields

The previous subsection gave an overview of the expected stability regions of a quadrupole.
Still, it is based on the asumption that the quadrupole generates an infinite and perfect
hyperbolic electric field between its rods. The quadrupoles used in laboratory experiments
have a finite length, inducing two major side effects:

1. Some theoretically unstable ions are transmitted.

2. The presence of fringing fields modifies the trajectory of each ion before and after the
physical limits of the quadrupole.

The first point will be explained in more details in [section 4.2l The main idea is that
some unstable ions are transmitted if their instability grows slowly while travelling into the
quadrupole. This leads to a decrease in resolution when the quadrupole operates in the
mass filtering mode.

The second point deserves to be explained in more details. The electric field does not
end abruptly at both ends of the quadrupole: there are fringing fields. An example of this

effect is shown in [Figure 2.6]
2
el
(@&

.,

Figure 2.6: Equipotential lines at the extremity of the quadrupole rods, in the yz plane
(x = 0), showing the presence of fringing fields. The legend is 1: the two opposite rods of
the quadrupole having the same potential and 2: an electrode at fixed potential.

X

Two main studies have modeled and summarised this effect. The paper of Hunter
and MclIntosh is more theoretical and proposes a mathematical function to model the
fringing fields [59]. The one of Dawson is more empirical and draws conclusions about the
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2.1. THE QUADRUPOLE

consequences of fringing fields on the ions trajectories [60].

As a first guess, it appears that the fringing fields are linearly decreasing from the end
of the quadrupole. The work of Hunter and McIntosh has shown that this relation scales
more exactly with the function:

EFF<x7y727t) = ¢(377y727t) <1 - eia27bZ2) (233)

with Epp the fringing field in [V/m], ¢(z, vy, z,t) the hyperbolic potential in [V] and a and b
two numerical constants depending on the distance between the rods and the next element
(in [1/m] and [1/m?] respectively). The position z is considered as starting from the end of
the rods and is expressed in [m]. This relation shows that to lower the effect of fringing
fields, one could place two metal plates at both ends of the quadrupole, just after the
rods. Those endplates should be grounded in order to isolate the system as much as possible.

The fringing fields are inducing a small oscillation of the charged particles before entering
into the quadrupole and after their exit. Those oscillations are often measured in number
of RF cycles seen by the ion, that number being given by:

Nrr = VRptpr (2.34)

with vgp the RF frequency in [Hz| and tpp the time during which the ion feels the fringing
fields in [s].

Dawson has shown that those small oscillations cancel the phase effect of the quadrupole.
With an abrupt potential, the ion trajectory is strongly influenced by the initial RF phase
while entering into the quadrupole. This is no more the case with fringing fields. This effect
is beneficial for the ion transmission. However, a drawback of those fringing fields effect is
that if too many RF cycles are experienced by the ion in the fringing fields region, i.e. if
its kinetic energy is too low or if the RF frequency is too high, its trajectory can become
unstable. This causes a significant decrease in transmission.

2.1.4 Ion guiding

The first and simplest use of a quadrupole device is as an ion guide. This mode is also
called the RF-only mode since in most of the cases, no DC offset is applied to the electrodes.
Consequently, the Mathieu coefficient a, is equal to 0 and the stability is fully determined
by the value of ¢,. The main interest in an ion guiding system is to know which ions, in
terms of masses, are effectively guided by the quadrupole. Taking the definition of the ¢,

coefficient, it turns out that:
m 4V

2 - 2.

This means that a certain mass-over-charge ratio is selected if and only if it is above a
minimal ratio given by the [Equation 2.35; the RF-only quadrupole is actually a high-pass
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2.1. THE QUADRUPOLE

mass filter. This can be interesting in an experiment if, for example, one wants to analyse
the contamination of low masses with respect to the mass of interest. By increasing smoothly
the RF voltage, low masses will be less and less transmitted and a change in signal should
be observed. Also, by pushing the RF voltage at high values, only higher masses than the
one of interest will be guided and their relative amount can be deduced.

In most of the actual ion beam experiments, a quadrupole in RF-only mode is placed
just after the ion source in order to guide the ions to the main device (trapping system,
interaction region, etc.). There, the RF-only quadrupole can also act as a focusing element,

as shown in [61} [62]. This focusing effect will be explicited in the [section 4.1}

2.1.5 Mass filtering

The purpose of this subsection is to prove that a quadrupole can act as a mass filter in
certain operating conditions. The following discussion is based on the work of Miller et al.
[63]. The idea is to understand, thanks to a simple qualitative description, the action of
the quadrupole mass filter. To simplify the analysis, it is more convenient to distinguish
the action of the quadrupole depending on the plane considered (XZ or Y Z), each pair of
electrodes separately. The considered particles are positive ions: the effect would have been
opposite for negative ones.

First of all, the action of the alternating field is the following: during one half of the
RF oscillation, the potential is positive, the particle is focused towards the center of the
quadrupole. Then, during the next half-period, the potential is negative and the ion is
defocused towards the electrode in that plane. Thanks to the alternating potential, the
ion is successively focused and defocused, in a stable way if one stays in the stability triangle.

In a second step, one can think about the action of both the DC and RF potential on
the ions, depending on their masses. The DC potential is taken positive in the X Z plane
and negative in the Y Z plane. Considering the X Z plane, a heavy ion will mostly feel an
average potential and the RF oscillations will not perturb its trajectory in a significant
way. Instead, a light ion will be strongly deflected by the RF oscillations and, if the RF
potential becomes too negative, the light ion will crash onto the electrodes of that plane.
The electrodes in the X Z plane act as a high-pass mass filter.

If one considers the electrodes lying in the Y Z plane, the effect will be opposite. The
heavy ions will again be influenced by the mean value of the potential, i.e. the DC potential,
but this time it is negative. It means that those ions will feel an average defocusing potential
until they crash onto the electrodes. Instead, for the lighter ions, the RF potential will act
as a correction potential while positive. The electrodes in the Y Z plane act as a low-pass
mass filter.

Combining the two previously mentioned effects, one can carefully adjust both the DC
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m— X-Z plane
Y-Z plane
QMF

Transmission

Figure 2.7: Hlustration of the mass filtering effect of a quadrupole. This figure is adapted
from Fig. 9 in [63].

and RF potentials in order to select a specific mass. One could say that the quadrupole is a
band-pass mass filter: if the ion is too light, it will be unstable in the X Z plane. If it is too
heavy, it will crash onto the electrodes lying on the Y Z plane. This band-pass mass filtering
effect is illustrated in [Figure 2.7 The action of both XZ and Y Z planes are represented
separately and their combined effect corresponds to the shadowed grey area. In order to
operate as an efficient mass filter, one will tend to minimise the range of masses that are
passing through the quadrupole but being also careful to keep a sufficient transmission.

This key concept of resolution will be discussed in more details in the [section 4.2

In a more practical point of view, the operating conditions under which a quadrupole
can operate as a mass filter are given thanks to the stability triangle. Given the Mathieu
coefficients a,, and ¢, (see [Equation 2.26]), one can see that masses are scanned along
a constant U/V line. The goal of the mass filter is consequently to operate as high as
possible on the stability diagram, near the apex of the triangle. The value at the apex is
(@y, qu) = (0.237,0.706). The link between (a,, q,) and U/V is given recalling the definition
of the Mathieu coefficients:

_ 8qU
Ay = mQ2r? U Ay
{qu o, TV,

At the apex, it gives U/V = 0.1678. This is the ideal mass scan line of a quadrupole. It
is represented in [Figure 2.8, with several points corresponding to different masses. In the
first represented case, the mass selection is perfect. Still, by reducing the slope of the U/V
curve, the mass selection becomes worst: this is illustrated with a second slope U/V =
0.16, where 3 masses are selected instead of the desired one only. This can be seen because
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2.1. THE QUADRUPOLE

m — 2, m — 1 and m are all three in the shaded grey region corresponding to the stability
triangle of the mass m.

— U/NV =0.1678
u/V =0.16

10 T T T T
80 85 90 95 100 105

Vg [V]

Figure 2.8: Zoom on the top of the stability triangle (in grey - see [Figure 2.4)), represented
in U/V coordinates. Each black line represent the limit of stability for each mass.

2.1.6 Ion trapping

It has been mentioned in that ion trapping is widely performed with a 3D
quadrupole device: ions have to be confined in all three directions of space. 2D quadrupoles
can be used as ion trapping systems too, thanks to two additional electrodes placed at the
entrance and at the exit of the quadrupole. The trapping operation is performed in three
steps:

1. The entrance electrode is switched off: ions enter into the quadrupole. The exit
electrode has a voltage higher than the kinetic energy of the ions. Consequently, ions
are reflected back at the end of the quadrupole.

2. The entrance electrode is switched on, to act as an electrostatic mirror in the same
way as the exit one. Thanks to both electrodes, ions will bounce back and forth in
the quadrupole.

3. After a certain trapping time, the exit electrode is switched off and the trapped ions
will fly away from the quadrupole to reach any other experimental section.

This sequence is represented in [Figure 2.9 During the trapping operation, ions will
interact together and with the rest gas in the trap via two processes. The first one is a
simple collisional process that tends to narrow the energy distribution. The second process
is a reactive process, where more complex molecules are formed. Also, the addition of a
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cold head can allow one to perform helium tagging, which will be briefly discussed in the

lsubsection 2.2.2,

In terms of operating conditions, the purpose is not to be mass selective anymore: one
can stay low in the stability triangle. This is even better to keep small DC and RF voltages
to prevent wide ions trajectories. Indeed, if the trajectories are too large, the ions will be
lost when reflected at one end of the quadrupole.

injection switch ejection time

1 1

T 1

1 1

1 1

1 1

1 1

entrance H :
electrode _| OPEN CLOSED ! time

voltage i H
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] 1 1

1 1 1
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. ! 1 1
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electrode } | } time
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voltage ! ! ! >

1 ] 1

T‘“‘EL‘,T' Hi‘,

Figure 2.9: Typical timeline of a trapping operation, representing the voltages of the inner
and the outer electrodes as a function of one trapping sequence.

2.2 Higher order multipoles and modern setups

2.2.1 Theoretical considerations

All the mathematical developments made in sections [2.1.1] and [2.1.2] have been done by
considering the simple equations of motion under the adiabatic approximation, or by consid-
ering a simple hyperbolic potential for the quadrupole. In this subsection, the equations of
motion for multipolar fields of any order are presented and the existence of a stability dia-
gram is discussed. Again, the derivation is valid for ideal multipolar elements only. In a real
experiment, a serie of other effects might appear (misalignment of the rods, fringing fields,
non-ideal electrical contact at the rods, etc.). In order to have a better representation of
the studied multipoles, a schematic view of an octupole and a 22-pole are given in[Figure 2.10]

The potential induced by a series of hyperbolic electrodes uniformly distributed at a
distance rg from the center is given by solving the Laplace equation. It is often written
in polar coordinates [7], 64] and the transformation in cartesian ones gives, for a 2n-order
multipole:

_ %o

o(z,y) = o {C’ga:”yo — C22" 2y + O™yt — L (2.37)
0
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Figure 2.10: Schematic representations of (a) an octupole and (b) a 22-pole.

where |

do=U—Veos(Qt +¢) and CF= m for k <n (2.38)
Note that, when n = 2, the [Equation 2.37| corresponds to the potential in the quadrupole
(see [Equation 2.20]). The equations of motion can then be computed from the general

potential and the electric field. By analogy with the egs. and - one has:

E, = == [nC% " 1y" — (n —2)C%z" 3y + (n — 4)Cla" Pyt — ] (2.39)
Ey: [ 202 n— 2y1+404 n—4 3 606 n—6 5_|_ ] (240)

and for the equation of motion, the generalisation of the egs. and - gives:

d2
md—; = —,% [U = Veos(Qt + ¢)] [nCra™1y° — (n — 2)Ca"y® + (n — 4)Cpa" y* — ..
0
(2.41)
d2
md—ti’ = (U= Veos(Qt + ¢)] [-2C7a"y! + 40" y" — 6Coa" %" + . (2.42)
0

As for the quadrupole case, one can find an analogy with the Mathieu equation given the
following parameters:

i=2 = B AU G = i—n3qV
To n " m2r2 " 2mQ2r2

(2.43)

e+ bz — 2ol + 0]l (2.44)

where u and @ denote x, y or T, y respectively. The n coefficient corresponds to a multipolar
element made of 2n-poles. The [...| denotes the adimensional power expansion in z and y
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respectively, given in the egs. (2.41)) and (2.42)). The Mathieu parameters and equation for
the quadrupole (n = 2) correspond well to the previously derived one in the [subsection 2.1.2
Also, it can be shown (from the [Equation 2.15| and by knowing the shape of the electric
field) that the adiabatic parameter 7, for a 2n-pole, is written [7]:

r n—2

1=a () (2.45)
To

with again, in the case of the quadrupole, n = ¢,. The adiabatic condition n < 0.3 remains

accurate for multipolar elements of any order. However, in the case of higher multipolar

fields than the quadrupole, it is impossible to determine a stability diagram. The x and

y equations of motion are non-linear and coupled and the solution depends on the initial

conditions (position, velocity and phase) of the ion.

Due to this lack of information about the stability of a higher order multipolar element,
it is hard to perform efficient mass filtering with them. They are more widely used in ion
guiding or trapping. The advantage in using higher order elements lies in the potential
shape around the electrodes: the higher the multipolar field, the larger the field-free region.
The interest in a large field-free region is that the ion-photon, the ion-ion or the ion-molecule
interactions happen without any significant external perturbation.

2.2.2 Cooling versus heating

In some recent experiments, a lot of setups are cryogenically cooled down to temperatures
around 4 K or even below. The interest in cooling the ions while trapping them has been
already explained in the introduction: it is useful for the fundamental study of ion-molecule
reactions. Cooling is also extended further, for spectroscopic measurements, studies of
biomolecular ions, etc. The interest there is that due to the complexity of biomolecules, it
is much easier to study them when they have a low energy: a smaller number of transitions
are observed with a better signal-to-noise ratio.

In order to reach the cryogenic temperatures desired in all those experiments, one has
to use the so-called buffer gas cooling technique. A detailed description of this process can
be found in [65] [66]. The main idea is to use a buffer gas in a cold cell and to inject the
ion beam into it. Helium is especially used as a buffer gas for two main reasons. It is a
noble gas, weakly interacting with other molecules and it has a low vapour pressure at
cryogenic temperatures. Then, by colliding with the helium atoms, the injected ions will be
thermalized and cooled down close to that cryogenic temperature.

In most of the actual experiments, buffer gas cooling is done into the ion trapping
system, which is always a 2n-pole with n higher than 2. Indeed, it has been shown that
an ion in a quadrupole can not be cooled down to a few kelvins due to the RF-heating
process. The fast micromotion of the ions perturb the collisional processes happening in
the trap and therefore hinders the cooling. This effect has been studied for several 2n-poles
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n [67], showing that RF-heating decreases as the order of the trap increases. This is due
to the fact that the field free region increases while increasing the number of poles: the
micromotion is only visible close to the rods.

In some experiments, one has to find a compromise between the high number of poles
and the radial confinement of ions [39]. If an optical access is required, the laser is injected
on the axis of the ion beam. Due to the large field-free region of high order multipoles, ions
are not confined enough and so the interaction with the laser beam is low, leading to a
small output signal.

2.2.3 Actual experiments

As it has been mentioned in the introduction, in the last few years, several experiments have
shown the importance of quadrupoles but also higher order multipoles. In this subsection,
experiments including two main types of multipoles (octupole and 22-pole) will be explained
in more details. Finally, one last innovative concept of ion guiding and trapping will be
presented.

Concerning ion spectroscopy, the COLTRAP experiment [34] of Asvany et al. is a
reference. The central part of the experiment is a cryogenic 22-pole trap, able to reach
temperatures of 4 K. They have demonstrated the fact that the helium used as a buffer
gas can stick to the injected ions, forming small clusters. This helium tagging can be
used as a spectroscopic technique while scanning the frequencies of an IR laser. Indeed, if
a rovibrational transition is encountered, the resonance excitation will break the ion-He
bond: a loss in the ion-He complex proves the existence of a transition. Another method,
called laser inhibition of complex growth (LICG), consists in a competitive process between
helium tagging and the interaction of the ion with a laser [68]. The measurement of the
ion-He counts provides the spectrum of the excited ion.

In biomolecular analysis, the trend is also to use octupole or 22-pole traps. They are
usually coupled with a cold head, aligned with a UV and/or an IR laser in order to dissociate
the molecule and analyse its fragments. An example of such a setup is used by Rizzo,
Boyarkin et al. [39], where their initial 22-pole has been replaced by an octopole [69]. This
choice has been made for the previously mentioned reason of ion beam alignment with the
laser and because they have observed that RF-heating does not impact the vibrational
cooling drastically. Other determinant factors in the choice of an octopole instead of a
22-pole for such an experiment are discussed in the previously cited paper.

Finally, one last innovation deserves to be mentioned: the planar multipole ion trap
[66], [70]. This recent kind of ion trapping system differs completely from the previously
mentioned multipolar systems in terms of design. It is made of two parallel chips on which
the guiding and trapping voltages are applied, as shown in [Figure 2.11] Its main advantages
are the miniaturisation, the simplicity, the versatility and the reduced cost of such a system.
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The first reference, about the design of Wester et al., is about the guiding and trapping of
small ions while the second one, referencing a patent submitted by Rizzo et al., aims to
analyse large biomolecules. Both techniques seem to be very promising for the future of ion
trapping.

Figure 2.11: Top view and picture of a planar trap design. Fig. 7 in [66].
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Chapter 3

General simulations on the
quadrupole

The goal of this chapter is to apply the formalism of Mathieu equation derived in
tion 2.1.2| to the quadrupole A, which will be used in the future experimental setup.

This will be done thanks to simulations: there are key points which need to be evaluated

before getting to the laboratory. In fact, it allows one to have a first idea about the
performances of the real setup. It also imposes constraints on the operating parameters
that have to be reached by the electronics.
In this work, the quadrupole A has been modeled and its performances have been simulated
thanks to two different softwares. Firstly, with SIMION [71], which is a powerful simulation
tool widely used in ion optics. Secondly, a Python code (version 3.0) has been written
in order to compare and put into perspective the results obtained with SIMION. That
comparison provides also a better understanding of the setup and further possible updates.
This chapter introduces all the simulation formalism and discusses the basics of the
quadrupole stability.

3.1 Modelisation

3.1.1 Studied setup

First of all, the quadrupole A has been drawn according to its real dimensions. This has
been done in SIMION thanks to Geometry Files (.GEM) (see Appendix I in [71]) because of
the versatility and the accuracy of such an approach. Also, the symmetry of the quadrupole
has been used to spare some memory. In the performed simulations, each grid unit (gu),
i.e. the mesh, corresponds to 0.25 mm. The final .GEM file used to draw the quadrupole is

given in The drawn and real quadrupole are shown in [Figure 3.1 Its main
dimensions are given in the [Table 3.1]
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Figure 3.1: (a) Picture of the quadrupole device that will be used in the future laboratory
experiment, mounted on a flange and with its connectors (white wires) and (b) schematic
representation of the quadrupole A.

Table 3.1: Summary of the main dimensions of the quadrupole A. All numerical quantities
are given in mm.

Length | radius of the rods | free space radius | outer cap radius
200 6.3 4.5 32

In a real experiment, there are additional elements next to the quadrupole: it is placed

after the skimmer and surrounded by two electrodes. Those elements are represented in
[Figure 3.2] Starting from the left of the figure, one can distinguish the skimmer, directly
mounted on an electrode (number 3 in to perform the extraction. This is the
link between the valve and the whole experiment. Then, a second electrode (4) has been
added to optimise the ion focusing and achieve a good injection of the ion beam into the
quadrupole. The quadrupole system is surrounded by two electrodes (5 and 6) to perform,
for example, ion trapping.
The only important parameter to keep in mind concerning the skimmer is its radius of
aperture: rg = 1.25 mm. Several different skimmers are available in the laboratory but the
currently used one has that radius 5. The aperture of the electrode (ree. = 12 mm) is
much greater than the free space radius of the quadrupole (rg = 4.5 mm).

3.1.2 Simulation parameters

In the simulations, the quadrupole transmission will be studied for several operating
conditions in terms of electrical parameters, extraction voltages, etc.

The quadrupole transmission is also highly dependent on the ion distribution in space and
velocity. In the laboratory, ions are produced in a supersonic expansion. Consequently,
the ions will have a velocity distribution given by a Maxwell-Boltzmann distribution. In
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Figure 3.2: Cut view of the different elements of the simulated setup in SIMION. Each
number represents an electrode (1 and 2 being the rods of the quadrupole, the rods 2 are
not visible given the cut).

SIMION;, this distribution has been approximated by a gaussian one. The mean velocity,
600 m/s, corresponds to the mean velocity of a jet of argon. Here, the goal is to deal with
CO, instead of Ar, but the carbon dioxide supersonic jet is seeded in Ar: this is why a
mean value of 600 m/s is used. The full width at half maximum (FWHM) of the ion beam
has been put at 100 m/s, i.e. 26 K around the mean velocity. This is a typical enlargement
for such a jet. All the parameters related to the ion distribution are given in [Table 3.2]

Table 3.2: Main parameters of the ion distribution at the skimmer.

0 19 31 445 62 75 275288.5 7 [mm]

Spatlal. distr. Velocity distr. | Mean velocity | FWHM velocity | # ions | m/z ratio
(radius)
Uniform circular .
(1.25 mm) Gaussian 600 m/s 100 m/s 1000 44

Regarding the electronics, a few parameters can be varied. They are mainly the skimmer
and electrodes voltages for the first part of the setup. Moving to the quadrupole, one can
adjust the RF and DC voltages, the frequency and the phase of the oscillating potential.
The voltage of both surrounding electrodes can be specified too. After a first discussion
with the electronic workshop, the RF frequency has been taken at 1.2 MHz. The other
parameters will be specified depending on the simulation set.

3.2 First simulations

3.2.1 Extraction voltage

The first simulation that has been done is regarding the extraction voltage of the skimmer
and the electrodes (3) and (4). The ions coming from the supersonic jet have a low kinetic
energy: it stands around Ej;, = 0.082 eV (see . This kinetic energy is not
sufficient to inject the ions into the quadrupole efficiently. They will be reflected, they will
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3.2. FIRST SIMULATIONS

oscillate in an unstable manner: the ion guiding is, generally speaking, difficult to handle.
A minimal extraction voltage has to be applied to the first set of electrodes in order to
focus and inject the ions properly into the quadrupole.

In order to analyse the effect of this extraction voltage, one has to be in a highly stable
position in the stability diagram and, by increasing the extraction voltage, transmission
should increase at the exit of the quadrupole. In this case, the couple of DC/RF voltages
is at (U,V) = (8,80), i.e. (ay,q,) = (0.122,0.610). This point is indicated on a stability
triangle in This is low in the stability diagram compared to the operating
condition of the mass filter mode, i.e. the apex of the triangle. The choice in this operating
condition is justified by the fact that one wants to observe the effect of the extraction only,
not any instability that might appear because of an almost unstable operating point.

0.30

0.25 4

0.20 A

 0.15

0.10
(0.610,0.122)
0.05 -

0.00 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 3.3: (a) Operating point in the stability diagram for which the extraction voltage has
been analysed and (b) equipotential contours for a non-zero extraction voltage on electrodes
(3) and (4). The same cut view as in [Figure 3.2/ has been done.

In a set of equipotential lines are represented, showing the smooth potential
decrease between electrodes (4) and (5) (see [Figure 3.2| for the corresponding legend). This
potential decrease will induce both acceleration and focusing on the skimmed ions.

The summarises the results from the previously mentioned scan. One can
observe a qulck increase in transmission from 0% (without extraction) to 100% (around
1 V). Two cases have been simulated: the first simulates the extraction with a certain
voltage applied to the electrode (3) and the second case simulates the extraction with the
same voltage applied to both electrodes (3) and (4). In that second case, the voltages
have been taken as equal for both electrodes. Two main parameters are impacting the
transmission: the fringing fields and the focal length of the electrostatic lens corresponding
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Figure 3.4: Transmission through the quadrupole as a function of the extraction voltage
(applied to the skimmer system in [Figure 3.2)).

to the "skimmer + electrodes" system.

For an extraction voltage of 1 V, the outgoing ion beam remains highly divergent:
the ions are strongly deflected in output because of the fringing fields. The divergence
is reduced with a higher extraction voltage because the ions will spend less time in the
fringing fields region (they have a higher kinetic energy) and therefore will be less deflected
at both the entrance and the exit of the quadrupole. An extraction voltage of 2 V for both
the electrodes (3) and (4) has been selected as reference for the next simulations. It gives a
good compromise between the acceleration of the ions and the divergence of the outgoing
beam.

With that extraction voltage, both curves (i.e. with or without the electrode (4) after the
skimmer) are transmitting all ions. The powering up of the electrode (4) is only modifying
the focal point of the equivalent electrostatic lens.

3.2.2 Divergence, beam size and focusing effects

One important approximation has been done so far regarding the ion beam distribution: it
has been considered uniform in space, i.e. perfectly aligned and collimated. Experimentally
speaking, this is not necessarily the case: the skimmer induces a certain beam divergence
or anyway does not give a perfectly collimated ion beam as an output. Numerical studies
[72, [73] about the effect of a skimmer similar to the one used in the laboratory show that
the ion beam size is larger after passing through the skimmer, but this enlargement is
stable: it is not divergent. A qualitative transmission analysis has been done for a set of
distributions, by varying the radius and the divergence angle of the input distribution. Still,
as long as the electrodes induce a focusing effect on the ion beam, a perfect transmission is
kept until highly divergent and/or large beams. For example, in the (unfavourable) case of
a divergence half-angle of 5° for a beam radius of 3 mm, the transmission is still maximal
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for the (U, V) = (8,80) conditions.

Thanks to the strong focusing effect, the optimal distance between the quadrupole and
the skimmer can be determined: it will correspond to the focal length of the electrostatic lens
associated to the "skimmer+electrodes (3) and (4)" system. According to the simulations
made on SIMION with an acceleration voltage of 2 V, the beam is focused at a distance
f >~ 6.77 cm from the tip of the skimmer. This is why, for that potential and considering
the setup in [Figure 3.2, it is convenient to put the second electrode to the same acceleration
voltage: the focal length is closer to the entrance of the quadrupole. Without the second
electrode, the focal length is smaller (~ 4.1 cm) and so the beam diverges much more while
entering into the quadrupole.

All those notions of divergence and beam size are related to the acceptance of the
quadrupole. It corresponds to all the points in phase space that lead to a stable trans-
mission through the quadrupole for a certain operating condition. The acceptance can
be determined thanks to the operating conditions and the ion distribution parameters.
Numerous studies have investigated this acceptance problem [6], 64, [74) [75]. Tt turns out
that it is highly dependent on (a,, ¢,) but also on the initial RF phase seen by the ions.

As long as the supersonic jet is non-uniform in space and time, it is hard to control the
phase at which the ions enter into it: the ion bunch is usually longer than one RF cycle.
Also, as it has been explained in the [subsection 2.1.3] the fringing fields cancel out the
phase effect on transmission. The acceptance should be computed anyway for a specific
(ay, q,) operating point and several phase angles. This can be simulated for example thanks
to the matrix method. This method is based on the same idea as the ABCD matrix in
light optics but transposed to the study of ion optics. It is based on phase space dynamics.
More details about this method can be found in [74), [76], [77].

The effects of both the focusing and the acceleration voltage can be seen in
and respectively. Those figures show the spatial and velocity distributions at
the skimmer (hashed blue) and at the focal point (orange) respectively. Instead of speaking
about velocities, one should speak about speed: the represented quantity is the norm of the
velocity vector, taking into account the small x and y components at the focal point.

The velocity distribution after the extraction is obtained by supposing that the electric
potential is perfectly transferred into kinetic energy and added to the initial kinetic energy
of the ion. It turns out that:

2 2
muv mu? .
Ekin,ertr = Ekm,im‘t + Eelec — 2e:ctr = 2’"” + qv
2qV
= Veatr = || Vi + m (3.1)

with ¢ the charge in [C], V the acceleration voltage in [V], m the mass in [kg] and v the
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Figure 3.5: (a) Spatial and (b) velocity distributions before extraction and at the focal
point of the extraction system.

speed in [m/s]. For an extraction voltage of 2 V, it gives veuy, = 3022 m/s. As it can be
seen from the simulation in [Figure 3.5b] the central value is located around vf,eq >~ 2850
m/s: it can be deduced that, at the focal point, around 6% of the energy transfer is not
achieved yet. Indeed, the potential value at the focal point is still equal to 0.23 V on the
main axis, the total energy transfer will be achieved at the center of the electrode (5).

One final comment can be made regarding the extraction voltage. Indeed, it might seem
quite low given the standard high voltages used in ion optics, for example in time-of-flight
experiments, gating/bunching units, etc. Scientists do not agree on the strategy to adopt,
some advocating for a high extraction voltage and others for the lowest possible one [66].
It actually strongly depends on the experimental setup, on the operating conditions (for
example in terms of pressure), on the desired resolution, etc. Three main arguments can be
made to defend the low extraction point of view.

Firstly, by analysing other papers and experiments of the same kind. According to the
theory and some experimental setups developed by Gerlich et al., following the formalism
in the simulations of Taylor et al. and some other papers (see for ex. [75]), it turns out
that an extraction voltage of 2 V is consistent. The objective of this experiment is to be as
flexible as possible: the same quadrupole device will be used as an ion guide, as a mass filter
or as an ion trapping system depending on the experiment. In the case of mass filtering
for example, it will be shown in the that the resolution evolves in R o< 1/Eyp,.
Because of that, a small voltage must be applied at the extraction.

Secondly, one can think about the collisions experienced by the ions with the residual gas

in the chamber. When accelerated, the ions heat up by colliding with that gas: this effect
has to be avoided (or anyway minimised) to keep the produced ions at a small temperature.
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This has to be confirmed in the laboratory experiment.

Thirdly, one last great advantage of a low kinetic energy stands in the transit time of the
ions in the quadrupole. The purpose of this experiment being the analysis of rovibationnal
spectra produced thanks to laser photodissociation, a longer transit time implies a longer
possible excitation of the ions. A small kinetic energy is consequently required in order to

perform continuous excitation (see [section 5.3)).

3.3 Reconstruction of the stability triangle

Besides the extraction voltage, another important characteristic of the quadrupole is its
stability region. The quadrupole should operate in the stability triangle, given a certain
DC and RF voltage and given a certain RF frequency.

According to the theory previously derived (see [subsection 2.1.2)), an ion will have a
stable trajectory if the operating condition of the quadrupole stays between the —ay and
by curves, representing the limits of the stability triangle. It has been shown in
that U/V slopes correspond to a,/2q, slopes on the stability diagram. The
maximal slope passes through the apex of the triangle, which has the following coordinates:
(au, qu) = (0.237,0.706). This means that the maximal slope giving stable trajectories
is U/V = 0.1678. In order to reconstruct the stability triangle effectively, scans have
been performed, using SIMION, along constant U/V slopes. The result of those scans are
represented on both a 2D and 3D view for different slopes in [Figure 3.6, On the 2D view,
only points with a transmission above 1% are represented.

As a first observation, one can say that the stability triangle is, in general, well
reconstructed: the quadrupole A correctly follows the theory. However, by looking carefully
to the limits of stability, it can be observed that the match is not perfect. This is partly
due to the spacing of each considered operating condition: a finer scan on each U/V slope
should be performed near the limit of stability. Still, another more significant effect can
be observed. The stability points seem to be "shifted" to the left with respect to the
theoretical triangle. The simulated apex is equal to (ay,q.) = (0.231,0.688) instead of
(@, qu) = (0.237,0.706) in the theory and the extreme g, value is ¢, = 0.872 instead of
¢. = 0.904. Two hypotheses have been made to explain this shift:

1. SIMION tends to underestimate the rq due to the grid definition: a finer grid should
be used to approach the exact value.

2. The potential form between the rods is not exactly hyperbolic due to the fact that
round rods are used instead of hyperbolic ones. The Mathieu equation is not exactly
describing the ion motion.

Firstly, the grid size has been increased to 10 gu/mm (gu = grid unit), in order to check
the validity (or not) of the first hypothesis. The obtained stability triangle was identical to
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Figure 3.6: Reconstruction of the stability triangle of the quadrupole A thanks to simulations
in SIMION. (a) 2D representation with the dotted black line corresponding to the theoretical
stability limit (see egs. and (2.30)) in [subsection 2.1.2)). Only points above 1% of
transmission are represented. (b) 3D representation of all the simulated conditions.

the previous one: the shift was present. One can conclude that SIMION works perfectly
well even with a grid size of 4 gu/mm.

To check the validity of the second hypothesis, it is interesting to go back to the early
work of Denison [78]. In that work, widely cited by all scientist performing simulations on
quadrupoles, Denison specifies that the potential due to rounds rods is actually different
that the one produced by hyperbolic rods. The solution of the Laplace equation for the
potential has to be written as a serie expansion:

¢ = (U —Vecos (Qt)) i@ Cm <;)m cos (mf) with 0 = atan(y/x) (3.2)

Given the symmetry of any multipolar system, the potential changes sign when 6 changes
by /2. It implies that:

cos <mg) =—1l=m=22n+1) with  neN (3.3)

Consequently, m is restricted to a set of values given by m = 2,6, 10, 14.... Therefore,

can be also written:

T )2(2n+1) cos (2(2n + 1)) (3.4)

6= (U — Veos (1)) i C, (

To

The Mathieu equation is adapted accordingly and becomes coupled along both x and y
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directions: , 9 . 9\2
P - o Tty "
die — _[au - QUCOS(2€ + ¢)] ngoon@” + 1) ( To ) (35)
X [zcos(2(2n + 1)0) + ysin(2(2n + 1)0)]
Py z+y
e =0~ aucos(2¢ + ) ;Oc (2n+1) ( " ) (3.6)

X [ycos(2(2n + 1)0) — xsin(2(2n + 1)0)]
with a,, q, the Mathieu coefficients. This coupling makes the resolution of the system more

complex. [Equation 3.5| and [Equation 3.6| correspond well to the Mathieu equation if Cy = 1
and the other coefficients are equal to zero.

The key point is to be able to determine the value of each C), coefficient for any system.
A lot of studies have investigated this problem, tending to optimise the r/rq ratio that gets
rid of higher order terms. Those studies have been chronologically done by Dayton (1954)
[79], Paul (1958) [80], Lee-Whiting (1971) [81] and Denison (1971) [78]. The optimal ratios
are slightly different depending on the studies and depending on the numerical precision
considered in each case. The most satisfactory result in terms of numerical precision is 7 /7
= 1.1468. With that radius, the C; term tends to zero.

The latest simulations performed by Gibson and Taylor (2001) [10] suggest that the
ideal ratio is between r/ry = 1.125-1.13. This ratio does not eliminate the 6 order term
and so does not minimise the non-quadrupole behaviour. The interest in that value lies
in the behaviour of the quadrupole as a mass filter: that ratio of r/r0 ~ 1.127 provides,
theoretically, a better mass selection and a better resolution.

In the quadrupole A, the ratio is equal to r/ro = 1.4: this is much larger than the ideal
ratio. This means that the potential between the rods does not correspond to the one of
hyperbolic rods, i.e. the one considered in the Mathieu equation: it contains also higher
order potential contributions, corresponding to a 12-pole, a 20-pole, etc. Anyway, it is clearly
specified by Denison that whatever the r/ry ratio, a stability diagram still exists for any
quadrupolar system with round rods. This diagram is simply shifted depending on the ratio.

This conclusion is really important for two reasons. First of all, it explains why the
stability triangle of the quadrupole A is shifted with respect to a hyperbolic case. Secondly,
it allows to compare the performances of the quadrupole A with quadrupoles B and C and
find how to optimise the setup in the future.

3.4 Comparison with an ideal setup

In this section, the conclusion drawn about the non-ideal behaviour of the quadrupole is
illustrated: firstly, the C), coefficients are computed and secondly, the previously computed
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stability triangle is compared with two other cases: quadrupole B and quadrupole C.

3.4.1 Computation of the C, coefficients
The method used in order to derive the C), coefficients of the quadrupole A is the following:

1. Potential files have been generated directly from SIMION to .PATXT files, managed
with a Python script.

2. A perfect hyperbolic potential has been generated in the script, in order to compare
it with the one from SIMION and compute their relative differences.

3. A least square fit has been done along the z-axis of the quadrupole to derive the C,,
coefficients.

A contour plot of each system is shown on figs. [3.7a] and As a first observation, it is
hard to distinguish a significant difference in both potential shapes between the electrodes.
The relative difference between both potentials is represented on figs. [3.7d and [3.7d] The
difference between both systems is smaller than 4% in most of the regions. It increases
from zero at the rods to a maximum value around 0.57y and decreases then until the center

of the quadrupole, as represented in [Figure 3.7d]

To translate mathematically the difference in potential between both systems, one has
to compute the C,, coefficients related to the quadrupole with round rods. A least-squares
fit method has been used in that purpose and the result is presented in [Figure 3.8a] As a
first guess, the fit, the hyperbolic potential and the SIMION data seem to overlap, but a
zoom on the curve shows that this is not exactly the case: the least-squares fit and the
data from SIMION match perfectly while the hyperbolic potential is slightly smaller. The
fit has been done by considering four C,, coefficients, from Cj to C5. Their values are given

in [lable 3.3l

In is represented the relative difference between the fit and the data obtained
thanks to the potental file from SIMION. It can be observed that the fit is accurate up to a
relative precision of 4 107%. This means also that the found coefficients are coherent and
can be compared with other studies. The value of Cj seems to be in adequation with other
papers [78, [82] but the C; value seems a little bit overestimated. No precise data about
higher order coefficients have been found in the literature.

Table 3.3: Summary of the C), coefficients found with the least-square fit on the potential
of the quadrupole A.

Co Gy Cy Cs
1.02 | -0.017 | 8 1073 | -0.012
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Figure 3.7: Contour plots of the potential in the XY plane of 2 quadrupolar systems. (a)
the quadrupole currently used in the lab and (b) the hyperbolic case. (c) Difference of the
potentials represented in (a) and (b) and (d) the latter difference taken along the z-axis (y
= 0).

Finally, besides the discussion about the ideal r/ry ratio that gets rid of the C} term,
another solution developed in some papers is to add an octopole or an hexapole field to
the quadrupole one. Those fields acts as correcting contributions cancelling the higher
order terms. This has been widely studied by the group of Douglas et al. It turns out that
under some conditions, a quadrupole with added octopole or hexapoles fields display better
performances that the quadrupole field only [83] [84] [85].

3.4.2 Comparison of three stability triangles

As long as a stability triangle exists for each r/rg ratio, it is interesting to compare the one
of the quadrupole A with two other cases. Firstly, again in SIMION, with the quadrupole
B: it has the same ry but a different radius r for the electrodes, in order to obtain the
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Figure 3.8: (a) Fit of the potential along the r—axis (normalised with 7). The difference
with the ideal hyperbolic potential is clearly shown on the zoom. (b) Difference between
the fit and the data from SIMION.

ideal ratio r/ro = 1.1468. Secondly, a Python script has been written to have another
comparison point: this corresponds to the quadrupole C. This script is constructed as follow
(inspired by Taylor et al. [8]):

1. All the quadrupole and ions parameters are specified. Another script has been used
to generate several ion distributions (uniform, gaussian, etc.).

2. The Mathieu equation is solved thanks to a Runge-Kutta method of 4" order (with
solve_ivp in the scipy integrate package).

3. The obtained data is treated, displaying the desired output (ion trajectories, trans-
mission, stability, etc.).

As a first result, it is interesting to analyse and compare a simple ion trajectory in all
three cases. The ion has been taken at a starting position (x,y, z) = (0.1 r¢,0.1 74,0) mm,
the origin being at the central point between the electrodes and z being the direction of
propagation of the ion. In terms of electronics, the frequency is set to » = 1 MHz, the
phase is set to ¢ = 0 in ¢t = 0 and the voltage combination is (U,V) = (0,15).

The results of that simulation are shown in [Figure 3.9 It is clear that the trajectory
along the quadrupole A is different than the one along the quadrupole C allowing to use the
Mathieu equation. Indeed, the oscillation amplitude is roughly the same in each case, but
the oscillation frequency is different. There is a shift of the ion trajectory in the quadrupole
A with respect to the quadrupole C. On the other hand, the ion travelling in the quadrupole
B simulated in SIMION has a similar trajectory to the one from the Mathieu equation.
This shows again that, because of a difference in the r/ry ratio, the potential form in the
quadrupole A presents higher order contributions than the pure hyperbolic case (quadrupole
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Figure 3.9: Comparison of an ion trajectory along the quadrupole with respect to the (a)
axis and in the (b) zy plane. The trajectory of the quadrupole B has not been displayed in

(b) for a better clarity.

Q).

As a second step, the stability triangle has been reconstructed with the quadrupole B

in SIMION and the result is shown in [Figure 3.10] The same simulations have been done
with the homemade Python script for quadrupole C and the resulting triangle is shown in

Figure 3.11}
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Figure 3.10: Reconstruction of the stability triangle corresponding to the ideal r/rq ratio
(quadrupole B). (a) 2D representation, the dotted black line corresponding to the theoretical

stability limit. (b) 3D representation of the whole scan.
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Figure 3.11: Reconstruction of the stability triangle thanks to the Python script solving
Mathieu equation. (a) 2D representation, the dotted black line corresponding to the
theoretical stability limit. (a) 3D representation.

It can be observed on the [Figure 3.10| that the quadrupole B (i.e. the one with
r/ro = 1.1468) simulated in SIMION fits much better with theory than the quadrupole A. Tt

remains a little bit shifted at some points, but this is mostly due to the sampled points of the
scan. The shift is clearly smaller than for the quadrupole A. As an example, it is interesting
to compare the apex of each system. In the quadrupole A, the simulated apex is located
in (ay,q.) = (0.231,0.688) while in the quadrupole B, it is in (a,,q,) = (0.234,0.698).
This difference is small but non-negligible. As a reminder, the apex given by the Mathieu
equation (which is the apex obtained for the quadrupole C) is (a,, q,) = (0.237,0.706).

3.5 Discussion

In this chapter, a first approach of the quadrupole A has been done by analysing its
behaviour thanks to SIMION. The simulation formalism has been presented, with all the
specific parameters of the studied system. A sensitivity analysis on the extraction voltage
and on the divergence of the ion beam has been done, showing that the system is robust for
a wide range of input distributions. If the ion beam shape is worst than expected (highly
divergent for example), the extraction voltage could be increased, but this presents some
disadvantages, the main one being a decrease in mass resolution (see . The
stability triangle of the quadrupole A has been reconstructed, showing a small shift with
respect to the theory. This shift has been understood by looking more carefully to the
shape of the electric field induced by the rods, which is not exactly hyperbolic: it contains
higher order terms. Those higher order contributions have been quantified thanks to the
C,, coefficients of the electric field expansion. The latter explanation for the shift has been
validated given two other simulations. The first one was with SIMION but by changing the
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r /7o ratio (quadrupole B), in order to reproduce the hyperbolic potential with round rods.
The second one was with a Python script solving the Mathieu equation (quadrupole C).

Thanks to those studies about the general behaviour of the quadrupole, one can
investigate its performances with a better understanding of the underlying process. This

has been done in three particular operating modes: the ion guiding, the mass filtering and
the ion trapping.
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Chapter 4

The performances of the quadrupole
A in three operating modes

The purpose of this chapter is to show that, combining the theory and the first simulations,
the quadrupole A, that will be used in a further laboratory experiment, is able to act as an
ion guide, as a mass filter and as an ion trapping system. This will be done thanks to simu-
lations in SIMION and Python. The laboratory experiment aims to measure rovibrational
spectra of CO3 ions and [(COs),,-(Ho0),,|* complexes. Therefore, the masses of 44, 62,
80, 98 and 116 amu are typically used in the following simulations. As a first study, the
number of CO5 molecules has been kept at one and only the number of H,O molecules has
been increased.

The conditions under which it is possible to guide, filter or trap ions are discussed. The
performances of the quadrupole, especially the resolution in the mass filter mode, are shown
with a set of simulations outlining the effect of several experimental parameters. Finally,
the Python script is extended to simulate ion trajectories in any multipolar device.

4.1 The quadrupole as an ion guide

As it has been explained in the state of the art (see [subsection 2.1.4), the quadrupole acts
as an ion guide in RF-only mode or with a low DC voltage: the purpose of the guide is, by
definition, to let a large range of ions fly through it. This is achieved by staying low in the
stability triangle. Given the extreme g, value found in [section 3.3} it turns out that the
maximal RF voltage to transmit masses greater than 44 amu (singly charged) is V ~ 114 V
(for a frequency of 1.2 MHz). To have a more accurate extreme value, the RF voltage has
been finely scanned around 114 V. The result of the simulation can be seen in [Figure 4.1a]
The transmission remains at 100% up to 113.9 V, just before the critical value. The same
kind of scan has been done on masses with an RF voltage of 113.9 V and the result of the
simulation is represented in [Figure 4.1b] It shows that a mass below 44 amu will not be
selected for that voltage: the ion guide works as expected.
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Figure 4.1: Transmission as a function of (a) the RF voltage applied to the electrodes and
(b) the mass of the ions.

The ion guide used at its extreme point in RF-only mode (extreme right of the triangle)
acts as a high-pass mass filter that eliminates impurities.
The experiment using the quadrupole aims to perform rovibronic spectroscopy on complexes
produced by the valve and with a higher mass-to-charge ratio than 44 amu corresponding
to COJ . If one wants to analyse those complexes, the RF voltage can be increased in order
to eliminate lighter masses. This is experimentally possible in the limit of the electronics
supply: at a certain point, the theoretical RF voltage is too large with respect to the
maximal RF voltage that can be provided by the circuit. This limitation will be briefly

discussed in the [section 5.2

Despite this high-pass mass filtering capability, an ion guide can act as a focusing
element. The ions experience a certain number of RF cycles while travelling through the
quadrupole. This number is given by:

Nrr = VrFlion (4.1)

with vgr the RF frequency in [Hz| and t;,, the time of flight of the ion in the quadrupole
in [s]. Much like electromagnetic or sound waves, the envelope of the ion bunch oscillates,
leading to the presence of bellies and nodes. A precise choice of the operating conditions
can lead to a focusing or a defocusing of the bunch at the exit of the quadrupole. This
focusing effect is illustrated in [Figure 4.2al

A periodic focusing effect is observed as a function of the ¢, value. In the same figure is

also represented the evolution of the variance of the beam divergence angle. Both curves
are shifted by a half-period. The higher the beam size, the smaller the divergence angle:
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this corresponds to a belly of the wave. On the contrary, the smaller the beam size, the
higher the divergence angle: this is a node of the wave. Those two extreme conditions are

depicted in [Figure 4.2 It turns out that to have a non-divergent beam in output, it is
better to maximize the beam spot size at the exit of the quadrupole as to minimise the

divergence.
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Figure 4.2: (a) Variance of the ion beam spot size and of the divergence angle as a function
of the operating conditions. Only ¢, is indicated, a, = 0. (b) Representation of the
simulated ion bunch in SIMION for two cases. The legend is 1: the quadrupole and 2: the
outer electrode. The operating condition is indicated on the figure.

4.2 The quadrupole as a mass filter

In this work the quadrupole will be used as a mass filter with the aim to observe rovibronic
transitions thanks to the excitation of a continuous wave laser source. With a quadrupole
mass filter, a mass selection can be performed with slow ions, which is a great advantage
if one wants to perform continuous excitation (see . By selecting properly the
desired mass to analyse, the observed spectral signature will be mass specific and the ion
detection will reach high sensitivities.

Also, in fundamental physics, if one wants to observe the amount of a certain product
resulting from an ion-molecule reaction, a mass filter is usually installed after the trapping
system. This is the case in the following experiments of Gerlich or Asvany for example
[26], 27, 134]. A scan on the U/V values (i.e. the mass scan line) provides the mass spectrum

of the reaction.
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4.2.1 Mass resolution

In order to select a specific mass in the best way, one has to think about the mass resolution
of a quadrupolar system. Indeed, the better the resolution, the better the mass selection.
The resolution is defined as: m

R= - (4.2)

i.e. the ratio between the peak mass (m) and the full width at half maximum (Am) of that
peak.

It has been already mentioned in sections and [3.3] that in the stability triangle of
a quadrupole, U/V lines are also called mass scan lines: the best mass selection is achieved
when the slope of the scan line crosses the apex of the triangle.
It has been shown by Paul et al. [T, 80] that the resolution can be written:

B 0.126 B 0.126
©0.16784 —U/V — (0.16784 — ) +6/V

R (4.3)

This relation is based on the stability diagram of a quadrupole. Indeed, because ¢, is
inversely proportional to m, one can derive a relation for g,pe,/Ag, and transpose it to
m/Am. Here, Ag, corresponds to the range of ¢, values intercepted by the U/V (or a,/2q,)
slope considered. This reasoning process is depicted in |[Figure 4.3al The |Equation 4.3|is
only valid in a range of Ag, < 5% since it is based on a Taylor expansion of the g, equation
near the apex.

0.26 40
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Figure 4.3: (a) Graphical illustration of the methodology leading to the derivation of
and (b) graphical illustration of the impact of the application of a dc offset

on the resolution.

is only valid in the case of an infinitely long quadrupole and considering an

ideal behaviour. At the denominator of this expression, the 0.16784 factor corresponds to
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the slope passing through the apex of the stability triangle, i.e. the maximal a,/2q, ratio
providing stable conditions. The second equality is obtained given the following relation
between U and V, U = 4V — §, where v (an adimensional factor) and ¢ (in [V]) are two
parameters that can be modified experimentally. In a laboratory experiment, this is how
resolution can be changed: one can vary U proportionally to V' or by only adding a small
DC offset. The parameter « corresponds to a change in resolution, because the U/V slope
is either increased or lowered. The parameter ¢ corresponds to the addition of a certain
dc offset, implying a change in the origin of the U/V slope. The effect of a change in ¢ is

illustrated in [Figure 4.3bl Two cases can be distinguished:

1. If § = 0, the resolution will stay constant for any mass: this is the constant m/Am
mode.

2. If 6 # 0, the resolution will become proportional to V. This means that R will
increase or decrease (depending on the sign of the offset) proportionally to V' and so
proportionally to m. This is the so-called constant Am mode.

In a real setup, the resolution is limited by several experimental factors, the most
important one being the finite length of the quadrupole. Because of that, some theoretically
unstable ions will be transmitted, leading to a decrease in resolution. This effect is
mathematically translated by considering the number of RF cycles seen by an ion while
travelling into the quadrupole [6]. The higher the number of cycles is, the higher its
interaction with the electric field, the more precise is the ion selection and the higher the

resolution will be. The number of RF cycles introduced in the is developed

here as:
Lovad m
N = 19 e Dovadt | ——— 4.4
VRF v VRFLguad 2B ( )

with vgp the frequency in [Hz|, Lyyqq the length of the quadrupole in [m], m the mass in
[kg] and Ej;, the kinetic energy of the ions in [J].

The link between the resolution and the number of RF cycles is given by the following
empirical relation [86]:

N’I’l
R=— 4.5
; (45)

where h is a constant depending on the experimental setup and n is close to 2. This
link can be understood as follows: getting back to the solutions of the Mathieu equa-
tion (see [subsection 2.1.2)), it has been shown that the stability depends on the value of
a certain parameter J. The latter is directly related to the frequencies making up the
trajectories of the ions. This § parameter can be expressed in the same form as

Indeed, iso-3 lines near the apex can be considered as straight lines as shown in [Figure 4.4]

By considering the link between a,,, ¢, and /3 (see|[Equation 2.32)), one can derive an equation
for 5 as a function of U/V. Paul et al. have shown that depending on the axis, 5 can be
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Figure 4.4: Zoom on the higher part of the first region of the stability diagram, where iso-
lines are represented. Taken from [6].

written [80]:

, _ 0.16784 - U/V

Oy 0.562 (4.6)
0.16784 — U/V
(1- 82 = 2 37 / (4.7)

The [ factor can also be written in terms of the number of RF cycles experienced by the
ion: it is related to the frequency of the secular motion. Considering N = 1/23, and
N =1/2(1 — ), it turns out that the theoretical value for the h factor is h = 2.23 in
the x direction and h = 5.43 in the y direction. On the other hand, the A factor has been
experimentally measured and some papers have shown that it lies between h = 12 and
h = 20. For example, Austin et al. have shown that, for reasonable values of R (typically

from 20 to 500), the power law in is a square law with h close to 20 [86].

By considering a factor of around 15, the maximal attainable resolution by a quadrupole
with hyperbolic electrodes can be written:

m

R~vi,L? 30EL

(4.8)

In this experiment, with vgr = 1.19 MHz and E,;, = 2.082 eV, the resolution should be
close to R ~ 413 in the best case.

A first simulation has been done for a range of masses to observe the mass resolution of
each system (quadrupoles A, B and C). The (U,V) combination used for this simulation
corresponds to the one of the apex found thanks to the simulations presented in the
chapter 3| The result of the first simulation obtained with the quadrupole A as a mass
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filter is given in [Figure 4.5a It turns out that the transmission is good for a quite wide
range of masses: the resolution is equal to R = 59, which is bad compared to the ideal
value (R ~ 413).
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Figure 4.5: Transmission as a function of the mass of the ion beam passing through the
quadrupole (a) for the quadrupole A (b) for the three studied systems.

A comparison has been done with the two other cases in [Figure 4.50] It is clear that
the quadrupole A has a worst resolution than both other systems, and the quadrupole C
has a really good resolution. Indeed, in that case, Am = 0.075 and so R = 587. That value
is even better than the resolution derived before, considering the number of RF cycles (see
. For that quadrupole, the h factor is smaller because no other effect than the
finite length of the quadrupole have been considered. For the quadrupole B, the resolution
(R = 157) is almost three times higher than the one of the quadrupole A.

One can observe that the transmission in the quadrupole A is large (T ~ 70 %) compared
to the two other studied systems (T ~ 50 % and T ~ 10 % for the quadrupoles B and C
respectively). To increase the resolution, one could take operating conditions where U/V
> 0.1678, theoretically out of the stability diagram. As long as this quadrupole does not
exactly obey the Mathieu theory, it could have stable operating conditions at higher values:
the stability triangle could be slightly shifted up. This has not been proven before (see
but the transmission higher U/V slope could have been investigated. Given
that hypothesis, a mass scan has been done with U/V = 0.17. There, transmission is low
(a few percents) and represented in . The resolution is improved from R = 59 to
R = T71. This value is still far from the ideal case.

4.2.2 Effect of several parameters on the resolution

In order to check that the behaviour of the quadrupole is consistent with the theoretical
resolution (see [Equation 4.8|), a few scans have been performed on several determinant
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Figure 4.6: Transmission as a function of the mass for a U/V slope of 0.17.

parameters. It has been supposed that any frequency and any voltage can be reached by
the electronics but this is of course not the case in the real setup. A discussion about the
experimental limitations will be done in the [chapter 5]

Input beam parameters

The same mass scan as before has been performed with an increased beam radius. Conse-
quently, some ions are out of the acceptance of the quadrupole: the transmission is lowered
for a beam radius up to r = 4 mm, as shown in Increasing the radius leads also
to a small increase in resolution. Another simulation has been done with the addition of a
small divergence angle in the initial distribution and the result of the simulation is shown in
[Figure 4.7bl Again, for small angles, the transmission is lowered and the resolution slightly
increases.

One can conclude from those two simulations that the acceptance impacts significantly
the transmission of an ion beam passing through a quadrupole mass filter but not its
resolution. The resolution slightly increases with a larger or a more divergent beam, but
this leads to an important decrease in the collected signal in output.

Frequency of the oscillating field

According to[Equation 4.8] the resolution should evolve with the square of the RF frequency.
A scan over the frequencies has been done to analyse this evolution for the quadrupole A.
The result of this simulation is shown in One can observe two main elements
on that graph. Firstly, the resolution increases as a function of the RF frequency: peaks are
thinner when v increases, especially in the low masses range. This larger reduction in the
low mass side has been observed in other studies performing the same kind of simulations
[8, 11]. This increase in resolution as a function of the frequency is shown in [Figure 4.8b|
That value has been computed by considering the FWHM of the peaks in and
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Figure 4.7: (a) Transmission as a function of the mass for different input beam radii and
(b) for different initial divergence angles of the ion beam.

by using [Equation 4.2] One immediately notices that the resolution does less than double
when tripling the driving frequency.
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Figure 4.8: (a) Transmission as a function of the mass for different frequencies. and (b)
evolution of the resolution as a function of the frequency.

Secondly, the transmission significantly decreases when the frequency increases. This
is (partly) due to the fact that, because of the high frequency, fringing fields are stronger
and consequently the output beam is highly divergent. Even without this effect, a small
decrease in transmission is normal because of the number of RF cycles seen by the ions is
increasing proportionally with the RF frequency.
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Is R proportional to m ?

In the theoretical equation for the ideal resolution, R is proportional to the mass of the
filtered ion. This has been investigated for typical masses that could be studied in the
future: clusters of [(CO3),-(H20),]", having masses of m = 44z + 18n. A study of the
resolution has been done for = 1 and n = [0,4]. For each mass of interest, the (U, V)
combination has been adapted to correspond to the same (a,,q,) position in the stabil-
ity triangle. The result is shown in [Figure 4.9a] Each mass peak can be distinguished,
even if transmission diminishes drastically when the mass increases. The reason behind
this decrease in transmission is again a matter number of RF cycles seen by the ions
in the quadrupole and in the fringing fields region, and a matter of extraction voltage.
For the masses from 44 to 80, the resolution increases slightly but above that mass, the
resolution is too difficult to determine given the low transmission and the shape of the peaks.
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Figure 4.9: Transmission as a function of several [(COs),,-(H20),]T complexes (a) by
changing U and V and (b) by changing the frequency.
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A second scan has been done and the result of the simulation is represented in[Figure 4.9b]
There, to avoid this problem of reduction in transmission, the (U, V') combination has been
kept constant but the frequency has been changed to keep the same (a,, ¢,) position in
the stability triangle. This is interesting thinking about the definition of the resolution
: this is the constant R mode. In terms of electronics, this is also an advan-

tage because the RF frequencies that need to be reached for higher masses are much lowered.

From both graphs, it turns out that with the selected operating conditions, R is not
proportional to m. In the first case, the extraction voltage should be increased to have a
visible peak for masses above 80 amu. This leads however to a decrease in resolution. In
the second case, the change in frequency imposes a constant number of RF cycles seen by
the ions in the quadrupole, leading to a roughly constant resolution.
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Extraction voltage

The extraction voltage is determinant speaking about the kinetic energy of the ions entering
into the quadrupole. In the resolution is inversely proportional to the kinetic
energy of the ions. As before, a scan has been done on several extraction voltages to observe
the evolution of the resolution with that parameter. The result is presented in [Figure 4.10a}
It is clear that the resolution becomes really bad as the extraction voltage increases, as
shown in [Figure 4.10b] Below 5 V, it has been observed that the change in resolution is
limited. The resolution decrease is not exactly fitting with a relation in 1/F..;, as expected:
other factors are influencing its evolution below an extraction voltage of 10 V.
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Figure 4.10: (a) Transmission as a function of the mass for different extraction voltages
and (b) the corresponding resolution as a function of the extraction voltage.

Influence of higher harmonics

After a discussion with the electronics workshop and according to the paper after which
the electronic circuit feeding the quadrupole is designed on (see , it turns out
that the RF signal sent to the system might not be purely of frequency vgp. A second
harmonic term can appear. That factor is generally small (close to an attenuation of 60
dB, i.e. 1/1000) but it might influence the performances and the resolution of the quadrupole.

The result of the simulation is represented in The peak is exactly the same
with or without the contribution of 60 dB: that factor is too small to influence the mass
resolution. If one increases the second harmonic contribution, it appears that resolution is
surprisingly improved at 50 dB and even better at 40 dB. This effect is probably due to
the shape of the potential in this particular quadrupole A. Still, transmission is reduced,
such as in the case of a contribution of 30 dB. At 20 dB, i.e. a contribution of 1/10, the
transmission is instead equal to zero. One can conclude from this simulation that the second

51



4.2. THE QUADRUPOLE AS A MASS FILTER

harmonic can contribute up to 40 dB (i.e. 1/100) to the electric signal without significantly
affecting the performances (in terms of transmission and resolution) of the quadrupole mass
filter.
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Figure 4.11: Transmission as a function of the mass for different contributions of the second
harmonic.

Discussion

As a conclusion, those simulations show that mass filtering with the quadrupole A is exper-
imentally possible. Its resolution is however quite low compared to the quadrupoles B or C
but also with other quadrupole mass filters. Indeed, the commercially available quadrupoles
commonly used in experiments have a resolution that can easily attain R = 1000 depending
on the operating conditions [87), [88]. One solution in order to increase the resolution of this
quadrupole A is to go higher in the stability diagram, in a theoretically unstable operating
condition. This might however reduce the transmission drastically, leading to a too weak
signal collection. A good point regarding this quadrupole is that the resolution is not
affected by a reasonable range of divergent or larger incoming ion distributions: it is robust
in that point of view.

The influence of several parameters has been studied. It turns out that resolution is
indeed increased with the RF frequency, but the transmission is significantly reduced due to
the presence of fringing fields and the increase in RF cycles experienced in the quadrupole.
Speaking about a complete mass scan of ((COz),-[H20],,)" complexes, it turns out that the
RF frequency has to be changed (and reduced) instead of the (U,V) combination. If the
frequency is lowered, the resolution stays roughly constant while if the (U,V) combination is
increased, transmission becomes really bad and no clear signal is observed in output of the
simulation for high masses. Then, it has been shown that the extraction voltage implies an
important decrease in resolution above 10 V. Below that value, its effect is limited. Finally,
experimentally speaking, the higher harmonic contribution has to be minimised, at least
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under 40 dB (i.e. a factor 1/100).
One can say that given those simulations, an optimum has to be found between those
parameters of U, V', v and Ej;, in order to maximise the resolution.

One could push the investigation in mass resolution further, by considering for example
the space charge effects on the ion beam, an eventual mechanical misalignment of the rods,
the addition of an extraction voltage at the end of the quadrupole, etc. Still, this first
set of simulation already gives a satisfactory basis speaking about the resolution of the
quadrupole A.

4.3 The quadrupole as an ion trap

The working timeline of the ion trap has been described in the [subsection 2.1.6] The goal of
this section is to simulate a few trapping conditions and to observe which of them are the
best ones. The trapping has to last as long as possible, with a high transmission in output
and a slightly divergent beam. The motivation behind ion trapping lies in the ability to
study ion-ion and ion-molecule reactions. Also, in a further step, an ion trapping system
can be coupled with a cold head to cool down the studied ions.

4.3.1 Preliminary studies with Python

The previously presented Python script has been extended from a simple resolution of the
Mathieu equation to the simulation of a whole trapping system. To do so, a potential has
been added in the z direction. That potential has been approximated as independent of x
and y. The idea is then to solve the equation of motion not only in x and y as before but
also along z in order to experience the trapping potential.

As a first approximation, a harmonic potential has been considered. It is written:

2\ 2
V(z) = U, () (4.9)
20
with U, the potential applied to the electrodes in [V] and zy the half-length of the quadrupole
in [m]. The equation of motion in z is:

d*z oV (2 2qU,

In order to have a coherent resolution in x, y and z, the dimensionless parameter of Mathieu
¢ has to be introduced in the equation. It turns out that:

d*z 8qU.

dié_Q = —Qtrap < with Qgrap = m (411)
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Qirqp is the analogous coefficient of the a, Mathieu coefficient but characterising the ion
motion along z.

The harmonic potential is represented in with the kinetic energy of the

ion. The trajectory of the trapped ion is represented in [Figure 4.12b] The ion has a kinetic
energy of 2.082 eV in z = 0, the potential combination of the rods is (U,V) = (0,15), the

RF frequency is at 1 MHz and the potential of the electrodes is set to U, = 2.5 V. The
ion started in a position (z,y) = (0.1,0.1)r from the axis of the quadrupole and has been
trapped for 0.175 ms. That initial condition in depicted in [Figure 4.13] with a general
scheme of the trapping system.
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Figure 4.12: (a) Electric potential and kinetic energy of an ion in a quadrupole trap and
(b) its trajectory along y.

As long as no other effect than the potential in z has been considered, the total energy
of the ion is a constant of the motion and is equal to its initial kinetic energy.

Thanks to those equations, any ion trajectory can be simulated for a certain trapping
time and its stability can be studied. The ion should be stable along the whole stability
triangle, but the acceptance of the quadrupole will be smaller and smaller while increasing
the trapping time. Therefore, a highly stable operating point in the stability triangle is

preferred, especially in its lower part.

In a real setup, the potential is not harmonic but has a bucket-like shape. It is
approximated by:
P 2n
V(z) = [1 —exp (— () >] Ue with n > 2
<0
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Figure 4.13: (a) Schematic view of the trapping section, with the quadrupole and its two
surroundings electrodes and (b) cross-sectional view with the starting point for the example

n |Figure 4.12

Putting this potential in the equation of motion leads to:

d2 oV (z) 2n [ z\ 21 z\ 2"
_ _ oy z 4.1
dtQ 4 0z QUE 20 <2’0 > “rp ( ( 20 > ) ( 3)

Again, by analogy with the harmonic potential, one can express this equation as a function
of £ with the a4 coefficient:

d2Z 2\ 2n—1 2\ 2n
d_§2 = —QtpapN <Z_0> ETD <<Z_0> ) (414)

This more realistic potential has also been implemented in the Python script. The potential
is represented in for a set of different n exponents. It is clear that the higher
the exponent is, the larger the potential-free region and the steeper the potential wall at
the end of the quadrupole will be. Consequently, the ion will be reflected further as n
increases. This large field-free region is interesting because it limits the perturbation of
the ion trajectory. For the same n exponent, the voltage of the electrodes plays a role in
the stiffness of the potential walls: the greater U,, the steeper the potential wall. That U,

effect is represented in [Figure 4.14Db]

The trajectory of an ion with the same parameters than the one represented in
has been computed with a bucket-like potential. The voltage of the electrodes has
been set to U, = 5V for a bucket exponent of n = 10. With that U, and n combination,
the reflection of the ion happens precisely at the end of the quadrupole. The ion has been
trapped during 1 ms and its trajectory along the y direction is represented in [Figure 4.15a
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Figure 4.14: Bucket-like potential as a function of the position in the trap, represented for
(a) different n exponents (U, = 2.5 V) and (b) for different U, voltages (n = 5).
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Figure 4.15: (a) Trajectory of an ion along the y direction, in a bucket-like potential and
trapped during 1 ms and (b) its z trajectory as a function of time.

Another point can be analysed in this trajectory: the number of round trips experienced
by the ion. This is represented in [Figure 4.15b] This is directly related to the velocity of
the ion and the distance that it can travel into the trap. For a bucket potential such that
the ion is reflected at the extremity of the quadrupole, for a trapping time of 1 ms and a
kinetic energy of 2.082 eV, the number of round trips is given by:

ttra ttra (% ttra 2El~czn
Npr = P — P= — P \/ = 7.56 4.15
BT tRT 2L 2L m ( )

with the RT index standing for 'round-trip". The obtained number matches with the
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4.3. THE QUADRUPOLE AS AN ION TRAP

number of round trips represented in [Figure 4.15b| (Ngy ~ 7.2), but is slightly reduced
because the mean kinetic energy of the ion stands a little bit below 2.082 eV.

At this stage, the developed simulation is a first good approximation of the effect of
the trapping voltage but it presents two main limitations. Firstly, it supposes a perfect
energy transfer between the electric potential and the kinetic energy. Secondly, it makes
the hypothesis that the quadrupole field is present all along the trajectory. This is not
necessarily the case in a real setup: the electrodes are placed out of the quadrupole field. If
the voltage U, is too low, the ion will travel beyond the quadrupole and will be reflected
between the quadrupole and the electrode. In a mathematical point of view, it means that
the zy value in has to be increased, leading to potential walls positions above
L/2 (L being the length of the quadrupole). Above L/2, the Mathieu equation should not
be solved anymore, only fringing fields have to be considered.

A set of simulations have been performed with the described formalism, in order to
check that transmission remains reasonable for different operating conditions and trapping
times. It would have been time consuming and not necessarily interesting to reproduce a
scan on the whole stability triangle. Therefore, the trapping has been considered for a set of
operating conditions only: the apex, (U,V) = (8,80), the largest g, value in RF-only mode
and some points in the adiabatic region (i.e. for ¢, < 0.3). Those operating conditions are

represented in a stability triangle in [Figure 4.16]
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Figure 4.16: Stability triangle with a few operating conditions highlighted. Those conditions
have been simulated to observe the trapping abilities of the quadrupole.

The trapping time was set to 1 ms, the electrodes at a voltage U, = 5 V and the bucket
exponent to n = 10. For the given input distribution (Gaussian in velocity and circular
uniform in space), transmission was perfect in the adiabatic case. It was instead equal to
zero at the apex: the trapping time is too high and the amplitude of the trajectories are
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4.3. THE QUADRUPOLE AS AN ION TRAP

too large. For the two last cases (the extreme g, value and (U,V) = (8,80)), transmission is
lowered but remains non-zero.

After this first approach, it seems that trapping is indeed possible with a linear
quadrupole for a reasonable amount of time of typically 1 ms. The operating condi-
tions have to be carefully chosen because transmission might be lowered or even become
equal to zero near the stability limits.

4.3.2 Trapping with SIMION

The more theoretical considerations made with Python give a first approach of the trapping
conditions. This has been transposed to the setup in SIMION, with the real geometric
parameters and with the accurate potential shape in the z direction (automatically evaluated
by SIMION itself). The objective of this subsection is to observe the main differences and
the non-ideal phenomena that could appear with SIMION with respect to the Python code.

Bucket potential fit

As it has been shown in the previous subsection, the voltage applied to the endcap elec-
trodes influences the position of the reflection of the ions. In order to have a better idea of
the shape of the potential induced by the electrodes, a trajectory has been recorded and
the energy of an ion has been fitted with the form of the bucket potential given in the
[Equation 4.12| Again, it has been considered that the system is conservative.

2.0 A1

=
0
L

g
=}
L

Kinetic energy [eV]

e
)

----- lon trajectory
0.0 —— Fitted bucket potential

-100 -75 -50 =25 0 25 50 75 100
z [mm]

Figure 4.17: Energy of the ion as a function of its position along the quadrupole.
The fit is represented in The voltage of the electrodes was set at U, = 30V
The micromotion of the ion is clearly visible around its main kinetic energy of 2.082 eV.

The fit is really good and corresponds to the following parameters: zy = 106 mm (the
quadrupole is 200 mm long) and n = 19. Two other fits have been done for different U,
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4.3. THE QUADRUPOLE AS AN ION TRAP

voltages but with the same 2, and n parameters and it gave corresponding results.

Given those parameters, the SIMION and Python results can be compared. A similar
trend to the one observed with the Python code is observed with SIMION: transmission is
generally reduced, especially at positions close to the limits of the stability triangle. Still,
two other effects deserve to be analysed in SIMION.

Electrodes voltage

One important effect that is observed in SIMION but not in Python is the effect of the
electrodes voltage U,.. This is due to the fact that in Python, no distinction is made whether
the ion is into the quadrupole or between the quadrupole and the electrode. In SIMION,
the effect of the quadrupole is limited to its length and attenuated out of it (due to fringing
fields). Also, in Python, the geometry of the electrode is not taken into account: the
potential felt by the ion is also x and y dependent.

The idea here is to analyse what will be the transmission out of the quadrupole, after
a trapping time of 1 ms, for different U, trapping voltages. The applied time sequence is
considered to be as given in but repeated for different U, voltages. Transmission
is higher when the applied U, voltage is such that the ion is reflected when it is strictly
confined into the quadrupole. A scan has been performed on a set of U, values for the

typical condition (U,V) = (8,80). The transmission is shown in [Figure 4.18a]
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Figure 4.18: (a) Transmission as a function of the voltage applied on the outer electrodes
(U.) and (b) Two examples of results obtained with SIMION. The upper panel corresponds
to U, = 10 V and the lower panel corresponds to U, = 20 V. The legend is 1: the quadrupole
and 2: the exit electrode.

Below U, = 16 V, the transmission is not good because the ions are reflected after
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4.3. THE QUADRUPOLE AS AN ION TRAP

the limit of the quadrupole. This is illustrated in the upper panel of the [Figure 4.18b]
The potential walls are not steep enough, leading to a slow reflection process and a long
reflection time. The ions spend more time in the fringing fields region and are clearly
reflected after the end of the quadrupole. Depending on their position and velocity, their
trajectory might be strongly modified: ions crash onto the rods. After their trapping time
of 1 ms, the transmitted ions are forming a highly divergent beam as it can be seen after
the electrode (2) in the figure.

Instead, above U, = 16 V, ions are reflected near the limits of the quadrupole. The
reflection is faster and happens under a strong hyperbolic field confining the ions between
the rods. This is illustrated on the lower panel of the the reflection clearly
happens at the limit of the quadrupole. One can see that some ions are divergent but a high
majority of them are concentrated in a small bunch close to the center axis of propagation.
To improve the focus of the outgoing ion beam, one could take advantage of the focusing
properties of an electrostatic lens and optimise the voltage of the lens (2) at the end of the
trapping time.

Stationary trapping

Another property of the quadrupole could be used in order to increase the transmission:
the focusing effect. This has been introduced in [section 4.1} A scan has been done on the
frequency for the (U, V) combination considered before, i.e. (8,80) and for an electrode
voltage of U, = 14 V. The result of the simulation is shown in [Figure 4.19]
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Figure 4.19: Transmission as a function of the g, value, along the slope U/V = 1/10.

One could expect to observe small oscillations in transmission such as for the ion guide
but the obtained result is quite different: there is a transition between low and high
transmission values. Two hypotheses are suggested to explain this behaviour:

1. The operating conditions are getting closer to the limit of the stability triangle while
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4.4. TRAPPING AND GUIDING WITH HIGHER ORDER MULTIPOLES

increasing the frequency (i.e. decreasing ¢, ), leading to an increase of the amplitude
of the trajectory and therefore a decrease in transmission.

2. An increase in frequency induces an increase in the number of RF cycles felt by the
ion in the fringing field region. The ion is more and more deflected at each reflection
and crashes onto the rods.

This is probably a combination of both processes that induces this decrease in transmission
for high frequency values. Some small oscillations might be overlapped to this curve but
the scanning steps were not thin enough to provide such a result. Those steps could be
increased but this would lead to a time consuming simulation.

Discussion

As a conclusion, it has been shown that ion trapping is possible with the quadrupole A
for at least one millisecond for several operating conditions. This has been shown in both
Python for the quadrupole C and transposed in SIMION for the quadrupole A. One has
however to be careful with the chosen operating conditions in the stability diagram for two
reasons. Firstly, near the stability limits, transmission is reduced. Secondly, the electrodes
voltage U, plays an essential role. If the latter is too low, ions are reflected too far from the
end of the quadrupole and are consequently deflected toward the rods leading to a decrease
in transmission.

4.4 Trapping and guiding with higher order multi-
poles

As a final application of the use of electric field to manipulate ions, the Python code has
been extended in order to simulate the behaviour of ions in multipolar devices. It is able to
handle any multipolar order. Again, the code is based on the numerical resolution of the

equation of motion, given in eqs. (2.41)) and (2.42)). This extension can be combined with
trapping in order to simulate trajectories of ions in a multipolar trap.

4.4.1 First simulations

As explained in the [section 2.2 the two main studied and used multipolar traps in the
experiments involving ions are the octupole and the 22-pole traps. Their contour plots are
represented in The main advantage of such multipolar devices is the large field
free region between the rods, much larger than the one of a quadrupole device. Thanks to
that, the ions are not feeling any perturbation during most of the trapping or guiding time.
This is a great advantage if one wants to study collisional processes or if one wants to cool
down the ions to a cryogenic temperature.

As a first result, it is interesting to observe a simple trajectory in both cases. It has

been mentioned in that no stability diagram exists for multipole orders higher
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Figure 4.20: Contour plots of the potential in a (a) octopole and in a (b) 22-pole. 50
equipotential lines are drawn

than the quadrupole. However, a stable trajectory is ensured if the adiabatic parameter 7 is
smaller than 0.3, i.e. if the adiabatic approximation is valid. For operating conditions such
that n > 0.3, the stability depends also on the initial position and velocity of the incoming
ions.

For this first simulation, the (U,V) combination is equal to (0, 15), the frequency set
to v = 1 MHz and the ion started in a position (z,y, z) = (0.001,0.1,0)ry and a velocity

(vg, vy, v,) = (0.1,0.1,3022) m/s. The trajectories are represented in |[Figure 4.21} for a
guiding time of 65 s in the octupole and 130 s in the 22-pole.

As it can be seen in the oscillation shape is much more "triangular" that the
one of a quadrupole device. Also, the amplitude of the trajectory is much higher than in
the case of a quadrupole. Both effects are due to the large field free region: the ion travels
in straight line until it encounters a high field value close to the electrodes.

Finally, beyond the computation of a simple trajectory, the Python code can be used in
order to see the trapping of an ion in those traps. The methodology is the same that the
one derived in but extended to higher orders.

4.4.2 Conclusion and further improvements of the Python script

The extension of the homemade Python script to multipolar elements combined with the
ion trapping ability closes the actual developed package. It allows one to have a first
theoretical idea of the stability of an ion entering into a multipolar element. Also, thanks
to another script, one can generate any distribution in space and velocity of the coming
ion beam, extending the abilities of this code to transmission studies depending on the
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Figure 4.21: Trajectories of the ion in (a) and (b) for an octupole guide and in (c¢) and (d)
for a 22-pole guide. In both cases, the left panel is in the zy plane and the right panel
corresponds to the yz plane.

operating conditions given as an input. Those studies can be done in all three operating
modes: ion guiding, filtering or trapping. For the trapping part, the code is versatile in the
sense that the exponent of the bucket potential can be specified in the input. The code in

its present level of development can be found in

Further extensions of this code could be the ability to simulate collisions between trapped
ions and eventually a buffer gas, as developed by Roland Wester [66] or Oskar Asvany and
Stephan Schlemmer [67]. This could be a great advantage to study the buffer gas cooling
operation when mounting the trap on a cold head. In terms of potential considerations, the
x and y dependence of the bucket potential should be implemented. Also, the finite length
of the multipole should be taken into account, with the addition of fringing fields after it.
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Chapter 5

Experimental setup

The purpose of this chapter is to give a general description of how the quadrupole could be
tested. It is based on an actual setup developed by A. Roucou and R. Bejjani. Some details
are also given regarding the homemade electronics of the quadrupole, built by M. Daman
and the electronics workshop. The ability of doing a continuous excitation in output of the
quadrupole is then discussed, before concluding with a presentation of a smaller quadrupole
device allowing one to select or trap much higher masses.

5.1 General overview

The current experiment aims to analyse some rovibronic NoO™ spectra thanks to a pho-
todissociation (PD) spectroscopy process. This kind of spectroscopy consists in the analysis
of photo-fragments generated by a laser, here a pulsed dye laser (DCM) pumped with a
Nd:YAG one. When pumped with a frequency-doubled Nd:YAG laser (emitting at 532
nm), the DCM emits in a range of wavelength between A = 614 nm and 654 nm. Then,
passing through a non-linear BBO crystal, it is frequency doubled to finally emit in the
UV-A range. By scanning the wavelength of the laser, absorption occurs leading to the
dissociation of the molecule. The fragments (NO™) are collected and counted as a function
of the wavelength to measure a spectrum.

The experimental setup is presented in [Figure 5.1] Its description is based on the paper
of R. Bejjani, A. Roucou et al. which will be soon submitted. The ions are produced
thanks to a pulsed supersonic free jet expansion plasma source (1) and fly through the
skimmer (2) to select the non-collisional part of the jet (3). There, acceleration, gating,
bunching and re-referencing are made with that single unit to improve the resolving power
of the spectrometer and to define a starting time for the time-of-flight (ToF). A first mass
selection is made before the interaction with the laser, thanks to a pulsed deflector (5).
After the interaction region (7) between the pulsed dye laser (10) and the ion beam, the
photo-fragments are mass selected with a 90° deflector (8), before reaching the multi-channel
plate (MCP) detector (9). The signal is, as said before, recorded for different wavelengths
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Figure 5.1: Overview of the actual experiment. The legend is 1: the valve. 2: the skimmer.
3: the gating-bunching unit. 4: the electrostatic lens. 5: the pulsed deflector. 6: the
differential pumping tube. 7: the interaction region between the ion beam and the laser.
8: the 90° deflector. 9: the MCP detector and 10: the pulsed dye laser. This scheme is
directly taken from the paper of R. Bejjani, A. Roucou et al. that will be soon submitted.

of the laser, the latter being scanned thanks to a LABVIEW interface.

Two more remarks deserve to be made on that setup. Firstly, the interest in the
supersonic expansion lies in the temperature of the generated ions: they are rotationally
cold. Therefore, the signal-to-noise ratio is improved and fewer transitions are observed:
the spectral analysis is simplified.

Secondly, the skimmer (2) and the differential pumping tube (6) are installed to ensure
an efficient differential pumping and therefore a high vacuum at the detector. This is
required in order to avoid recombination of the photo-fragments before reaching the MCP.
Three different turbomolecular pumps are installed, giving a pressure of around 10~7 mbar
at the MCP.

The future setup will be based on the current one but adapted for infrared photodisso-
ciation spectroscopy of large clusters. At first glance, the same design of gas injection valve,
acceleration, gating, bunching and re-referencing unit will be used, but the quadrupole will
be added just after the skimmer to operate as a mass filter or as an ion guiding system. A
second quadrupole could be installed just before the laser, in order to trap the ions before
the interaction. That second quadrupole could also be installed after the laser, in order to
perform a mass selection of the photo-fragments. This will be discussed in the

The laser will be a continuous Distributed Feedback Laser (DFB), which is a type of

diode laser. Instead of emitting in the UV like the DCM dye laser, it emits in the near-IR,
around v = 6550 cm ™!, i.e. A = 1.53 um. The addition of an optical cavity, in order to
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reach a higher intracavity power and to perform continuous excitation, will be discussed in

the [section 5.3]

In the actual experiment, the pulsed valve operates at a repetition rate of 30 Hz providing
pulses of temporal length of ¢,,,c = 50 pus. The goal of the new experiment including
the quadrupole is to improve this repetition rate to more than 1 kHz if possible: a higher
repetition rate is an advantage in order to perform continuous excitation. It increases
the averaging time by a factor of 33 and consequently, the signal-to-noise ratio will be
significantly improved: the Gaussian noise, scaling in v/N, will be reduced by a factor
of 4/1000/4/30 = 5.77. However, by increasing the repetition rate, the amount of gas
injected in the experimental setup increases and this has to be handled with a newly
designed vacuum setup. A first discussion about the future vacuum installation is done in
Appendix Al

5.2 The quadrupole: mechanics and electronics

A general description of the quadrupole has been already given in [section 3.1 Its main
physical dimensions were given in [lable 3.1 After a brief mechanical description, this
section focuses more on how its electrical feeding is achieved.

The quadrupole is made up of four rectified stainless steel rods and surrounded by
a metallic outer cap, the latter being grounded. This is done in order to prevent any
perturbation coming from an outer element to reach the rods. Two insulating parts hold
the four rods together with the outer cap. The insulating material is presumed to be either
a piece of Teflon or PEEK: those materials are typically used for this purpose. The whole
structure seems to be maintained together thanks to pressure screws.

In terms of electronics, the circuit is based on the setup developed by Robbins et al. [89)]
and has been reproduced by the electronics workshop. The main principle to generate the
RF signal is to use a driven harmonic resonant circuit. Its schematic block representation
is given in [Figure 5.2 One can distinguish the following elements: a sine wave generator,
a power amplifier and a transformer. Consequently, the signal is firstly generated, then
amplified and finally transferred to the quadrupole thanks to a transformer. The second
inductance of that transformer is part of an LC' resonant circuit providing the output signal.

The air-gap capacitance in the LC circuit can be tuned thanks to a small step-motor
in order to scan a range of frequencies. Indeed, the resonant frequency of a LC' circuit is

given by:
1

I =i

with L and C' the total inductance and the total capacitance of the resonant circuit. The
ability to change the capacitance is then a great advantage. Still, one has to note that

(5.1)
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Figure 5.2: Schematic view of the electronic setup feeding the quadrupole. The main
elements are denoted, from left to right : the sinus generator, the amplifier and the
transformer.

the above capacitance is the total capacitance of the circuit. The rods of the quadrupole,
the wires between the generator and the quadrupole, etc. have their own non-negligible
capacitance. In order to have a great impact on the frequency, one has to minimise the
previously cited values by placing the circuit as close as possible to the rods. The measure of
the capacitance of the rods of the quadrupole has been done and it is equal to C,,qs = 34 pF.

Three pictures of the final circuit are shown in Some previously mentionned
elements can be recognised easily, for example (3) the transformer and (4) the air-gap
tunable capacitor. The other elements are mentioned on the caption of the figure. The
sine wave generator is too small to be identified directly on the circuit. As it can be seen
in [Figure 5.3b] the air-gap capacitor can be tuned in the range of Cy, = 20 pF to 150
pF. The inductance of the transformer is an air-core inductance, ensuring a good coupling
without the need of a high inductance value. Both components could be changed in a
future improvement of the circuit, in order to reach higher frequencies for example. One
can finally note that all this circuit is mounted on a metallic box, the latter being grounded.
Indeed, as long as high frequencies and amplitudes are generated, it emits a large electric
field that could perturb any surrounding element. To avoid any perturbation, that metallic
box has been installed.
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Figure 5.3: (a) General overview of the electronic circuit in its box. (b) Zoom on the right
components. (c) View of the control panel and of the signal sent to the quadrupole (on the
oscilloscope at the back). The legend is 1: the alimentation block. 2: the DC converters. 3:
the transformer. 4: the tunable capacitance and 5: the control panel.

In terms of performances, the maximal RF and DC voltages that can be attained are
600 Vpp (peak-to-peak) and 4+ 280 V, respectively. The frequency can be varied between
750 kHz and 1.5 MHz without considering the wires between the circuit and the quadrupole.
One could expect a small shift in frequency because of the additional capacitance induced by
those elements: this is why a frequency around 1.2 MHz has been chosen for the simulations
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performed in the

In terms of frequency, it is interesting to observe the spectral purity of the circuit.
The contribution of higher harmonics to the signal could lead to a modification of the
performances of the quadrupole (even if this has been shown to be negligible below a factor
of 40 dB, see . A signal has been recorded at 1.2 MHz on an oscilloscope and
its spectrum, obtained thanks to a Fast Fourier Transform (FFT), is shown in [Figure 5.4]
One can see that the sinusoidal signal presents some tiny oscillations, leading to really
high frequency contributions. Also, during the recording, an external contribution of 50 Hz
has been observed on the oscilloscope, translated into an increase of the amplitude of the
spectrum close to 0. Still, both effects are negligible while thinking about the performances
of the quadrupole.
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Figure 5.4: (a) Output signal from the resonant LC' circuit and (b) its fast Fourier transform
(FFT).

One can observe that the frequency of 1.2 MHz is really intense. Above that, it is
quite difficult to observe the contribution of any higher harmonics due to the noise on the
spectrum. However, no clear peak is observed on the second, third or any higher harmonic:
the higher harmonics contributions are clearly below the critical threshold of 40 dB.

Another interesting characteristic of such an electrical circuit is the quality (or Q) factor.
It is defined as: F

Q=27 (5.2)

with f the frequency of the peak and Af the width of the peak at -3 dB, i.e. at 0.707 of

the height of the peak. At a peak frequency of 1 MHz, a width of Af = 90 kHz has been
observed, leading to a quality factor of ) = 11.
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One final point of interest regarding the electronics is the performance in terms of
mass-over-charge ratio that it can select. Thinking about the Mathieu coefficients, the
stability of an ion trajectory is determined by the RF and DC voltages and the RF frequency.
It can be observed that the DC contribution is always smaller than the RF one: the RF
voltage is the limiting factor. Therefore, a graph of the RF voltage as a function of the RF
frequency has been constructed given a particular operating point and for several masses.
Two operating points have been selected: the apex and the maximal value of ¢,. The

masses correspond to the [(COg),-(H20),]T complexes. The result is shown in [Figure 5.5
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Figure 5.5: RF voltage versus RF frequency for typical ion masses at two critical stability
points: (a) at the apex and (b) at the maximal g, value. The red box includes the achievable
conditions by the electronics.

It can be observed that each mass up to m/z = 116 amu can be selected for a certain
attainable RF voltage and frequency combination. The only limitation lies in the frequencies
that can be used for higher masses, which are limited. This is actually not a good news in
terms of resolution because R is proportional to the square of the frequency (or should be,
even if this square law is not verified in . Finally, the maximal m/z ratio that
can be selected at the apex in the most extreme case (i.e. V. =300 V and f = 0.75 MHz) is
m/z = 374 amu. In the case of a RF-only system, the maximal value is m/z = 296 amu.

5.3 Conditions for continuous excitation

One of the objectives, in the new experiment to be built, is to drastically improve the
resolution of the obtained spectra. The spectral resolution of the actual pulsed dye laser can
be determined thanks to a recorded NoO™ spectrum as shown in The full width
at half maximum of the main peak (at 30 908 cm™') has been deduced and is equal to (6v/)gye
= 0.62 cm~!. This value is actually overestimated with respect to the linewidth of the dye
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laser, which is (V) aye reas = 0.05 cm ™!, then frequency doubled (consequently doubling the
linewidth). The velocity of the ions and the poor statistics of the obtained spectrum are also
increasing that value of 0.62 cm~!. With the DFB laser instead, a spectral resolution around
(0v)prp = 6.10~° cm~! should be attainable. It means that a new setup involving a DFB
laser as a light source could improve the resolution by a factor of at least 102 and up to 10* by
considering the unfavourable case of the spectrum shown in [Figure 5.6, which is significant.
Moreover, if the valve operates at a pulse rate of 1 kHz instead of 30 Hz for the actual
experiment, the Gaussian noise, scaling in v/N, is reduced by a factor of 4/1000/+/30 = 5.77.

Detector voltage [V]
D

Al

30900 30910 30920 30930 30940 30950
Frequency [cm™!]

Figure 5.6: Part of a recorded spectrum of NyO™ on the current experimental setup.

Such a good spectral resolution is only possible with a continuous light source and a
continuous excitation of the ions. The idea to derive those conditions is to take a reference
experiment developed by Carré et al. to analyse OF [90] and then used by Abed and
Larzilliere to analyse NoO™ [91, 92]. The conditions under which they achieve a continuous
excitation are transposed to the one of the future experiment involving the DFB laser. The
comparison will be done also with the current experiment shown in [section 5.1}

The experimental setup of Carré and Larzilliere, represented in [Figure 5.7) is quite
different from the one presented here in the sense that they use the so-called fast ion beam
laser spectroscopy (FIBLAS) technique. The ion beam of O3 is accelerated up to dozens of
keV and the interaction region with the laser is made of a long drift tube of length L.
= 1.8 m. Given those data, the interaction time is of the order of 10 us. The laser is a
continuous wave high power Art laser (or Krt in the analysis of NoO™). As it is mode
selected with a Fabry-Pérot cavity in order to minimise its linewidth, the real power of the
laser beam interacting with the ions is reduced to a few milliwatts [91]. A typical value of
10 mW is considered in the following.

The total energy transferred to the ions can be computed from the previously given data,
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and knowing the wavelength of the laser (A = 496 nm), the number of photons encountered
by the ions is given by:
c

Etransferred =Pt= Nphotans h X — Nphotans =249 1011 (53)

with P the power of the laser in [W], ¢ the interaction time in [s|, h the Planck constant in
[Js], ¢ the speed of light in vacuum in [m/s] and A the wavelength of the laser in [m].
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Figure 5.7: Experimental setup developed by Carré et al. for their FIBLAS experiment.
Fig. 1 in [90].

The idea, with the new setup, is to obtain a comparable number of interacting photons
in order to perform an efficient continuous excitation. To do so, two different scenarios can
be developed:

1. A co-linear interaction between the laser and the ion beam is performed such as in
the experiment of Carré and Larzilliere.

2. A perpendicular interaction between the laser and the ion beam is achieved, such as
in the current experiment.

Both scenarios are represented in In the scenario A, the ions could be trapped

in order to increase their interaction time with the laser. However, the main disadvantage
of such a technique is the presence of significant Doppler doublets. Therefore, this setup
will not be investigated in depth in the following discussion and is let aside for further studies.

To have a better comparison point between the co-linear interaction of Carré et al. and
the perpendicular interaction between the DFB laser and the ion beam in the new setup, it
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Figure 5.8: Overview of the two proposed setups to perform continuous excitation.

is better to talk in terms of photon density in the interaction region instead of the number
of interacting photons. In the paper of Carré et al. [90], they estimated the ion beam radius
to 0.5 cm in the drift tube and by assuming that the overlap between the ion beam and the
laser is maximised, a radius of 0.5 cm for the laser spot is considered.

In the future experiment, the laser will be a Distributed Feedback Laser (DFB). Its
power is equal to 100 mW and its wavelength stands typically around v = 6550 cm™! (A
= 1.53 pm), in the near-infrared region. The diameter of the spot of the DFB laser is
estimated to be close to 2 mm, it is a well collimated laser. The ion beam spot size is
considered to be larger (with a radius of 2.5 mm). The interaction volume is approximated
by a cylinder representing the overlap of both beams. Consequently, there is a ratio between
both volumes of interaction equal to (in the scenario B):

Varré go Lri
Carré _ Mspot Zrift _ g4 (5.4)

VbrB B 7T7”123FB Lion
— Nphotons,DFB = 9000 Nphotons,Carré =224 1015 (55)

with rget and rppp the radius of the Art and DFB laser respectively and Lgy; s+ and i,
the length of interaction between the ion beam and the laser. As long as only the scenario
B is studied here, L;,, corresponds to twice the spot radius of the ion beam, i.e. 5 mm.
From that ratio, one can see that the number of photons in the interaction region has to be
around 9000 times greater in the case of the new experiment.

The reverse calculation than in can be done to find the needed interaction
time providing the corresponding amount of photons with the DFB laser (found in the
Equation 5.5)). This leads to:

¢ E
=0.29 mJ = t;,, = —ransferred

DFB PDFB

=291 ms
(5.6)

Etransfer'red = Nphotons h
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It turns out that to obtain the same number of interacting photons (scaled with the inter-
action volume), the DFB laser has to irradiate the ions during 2.91 ms.

This interaction time can also be compared with the current setup and the pulsed DCM
dye laser. With that setup, the interaction time is 10 ns (the time of the pulse of the dye
laser), the energy in the pulse is 1 mJ in the best case and its operating frequency stands
around v = 30 000 cm™! = 899 THz. The number of interacting photons per unit time is
then:

Nohotons E
—phtt DOM = 1.67 10 photons/10ns = 1.67 10%* photons/s (5.7)
pulse v

In the case of the continuous DFB laser with a perpendicular interaction between the ion

beam and the laser, this number of photons per unit time is given by:

P
Nphotons,DFB = Z;B =77 1017 phOtOTlS/S (58)

There is a clear difference between both cases, implying an interaction time of the DFB
laser such that:

N,
torp = tyuse 22PN 9 16 ms (5.9)
Nphotons,DFB
It turns out that both interaction times found in the egs. (5.6) and (5.9) are consistent,
the DFB laser has to interact around 2.5 ms with the ion beam in order to perform the
continuous excitation of the ions.

To go one step further in this investigation of the scenario B, one could think about the
addition of an optical cavity around the interaction region in order to increase the number of
interacting photons and consequently decrease the required interaction time. This could be
justified also if one wants to perform an efficient continuous excitation of [(CO3),,-(H20),,]"
complexes. This is more challenging as long as the ion beam contains typically one percent
of complexes: the number of interacting photons has to be multiplied by 100 in that
case. In the same way, one could think about multi-photon excitation of the ions, or
the study of other rovibrational transitions having a much lower absorption cross-section.
Therefore, one can see in[Figure 5.8 that an optical cavity can be placed around the ion beam.

The purpose of the optical cavity is to increase the number of photons in the interaction
region. That number is directly related to the finesse:

™R
1-R

F= (5.10)

with R the reflectivity of the mirrors. The finesse is proportional to the power in the cavity,
itself proportional to the energy of the beam and so to the number of photons.

Pccw = Baser f = Ecav Lint with Eccw = chw h ; (511)
m
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A VR
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This number of photons is mainly dependent on the reflectivity of the mirrors and of
course of the interaction time between the ions and the laser. A graph of the number
of photons as a function of the interaction time for several reflectivities is shown in
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Figure 5.9: Number of photons in the cavity as a function of the interaction time for several
reflectivities of the mirrors. Both axis are in a logarithmic scale.

The number of photons is roughly multiplied by 10 for each reflectivity increment. It
can be observed that the required number of photons is reached for a short interaction
time (1 ps) if the reflectivity of the mirrors is equal to or above R = 99.99%. Also, a
sufficient amount of photons is provided for an interaction time of 0.3 ms even for the lowest
reflectivity considered (i.e. 90 %): even with a relatively low reflectivity of the mirrors,
the interaction time can be reduced by a factor of 8. Still, the width of a cavity mode is
different than the one of the laser itself: a scaling factor has to be computed.

As it has been said before, the linewidth of the DFB laser is considered to be close to
(0v)prp ~ 6.107° cm™! = 1.8 MHz. In an optical cavity, the linewidth of the selected mode
can be derived considering again the finesse, expressed in the following form:

(AV)psr

F pr—
(5V)FWHM

(5.13)
with (Av)psr corresponding to the free spectral range of the cavity and (6v)pw g the
linewidth of the mode. Knowing that (Av)rsg = ¢/2Lcq, the linewidth of the cavity can
be easily computed. A cavity length of L., = 0.3 m has been considered in the following:

it corresponds to a typically achievable length in the future experimental setup. Again, the
number of photons depends on the same parameters than before, i.e. the reflectivity of the
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mirrors and the interaction time.

The scaling coefficient is obtained by computing the overlap integral of both signals,
considering a Lorentzian lineshape of equation:

v
1 -
s ov
e 57
with v the peak frequency of the mode and dr its FWHM. The overlap integral has been
computed thanks to a Python script and the result is graphically depicted in
for different length of the optical cavity. For a length of 0.3 m, it can be seen that the
overlap integral is still perfect for reflectivities of 90% and 99% but is way smaller for higher

values of R. It has been considered that the scaling factor is proportional to the number of
photons injected into the cavity. That scaled number of photons in the cavity is represented

in [Figure 5105
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Figure 5.10: (a) Overlap integral between both lorentzian lineshapes modes as a function of
the length of the optical cavity for different reflectivities and (b) the corresponding number
of photons as a function of the interaction time and for a defined length (L., = 0.3 m).

The number of photons in the cavity is no more multiplied by 10 at each reflectivity
increment: it tends to saturate when reflectivity increases. This is due to the fact that with
a high reflectivity of the mirrors, the finesse of the cavity is really high and consequently its
lineshape is really narrow. Due to the scaling factor, the conditions under which a sufficient
number of photons interact with the ion beam are more challenging. An optical cavity with
99.99% reflectivity for the mirrors can be used but with an interaction time of around 2
us. As long as the scaling factor does not impact lower reflectivities of 90% and 99%, the
interaction time with those values is kept at 0.3 ms and 30 us respectively.

In order to optimise the system, the value of the scaling factor could be increased thanks to
another adjustment: locking the laser mode on the cavity thanks to a feedback, for example
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by means of the Pound-Drever-Hall (PDH) [93] or the tilt-locking [94] technique.

As a conclusion, continuous excitation is possible with a perpendicular excitation between
the ion beam and the laser. The number of photons that is required can be attained by
interacting during 2.5 ms with the ion beam. To extend the model further and reduce this
interaction time, the addition of an optical cavity has been discussed. The conclusion is
that the higher the reflectivity, the shorter the required interaction time. If the interaction
cross-section between the laser and the ion beam is optimised, an interaction time of only
10 us could be sufficient, just as in the case of Larzilliere and Carré.

5.4 The miniaturised quadrupole

The purpose of this section is to show how to implement a smaller quadrupole device
and why this is interesting in such an experiment. What is meant by miniaturised is a
quadrupole that remains macroscopic: its free radius rq is typically reduced by a factor of 2.

5.4.1 Motivations

The interests in the quadrupole miniaturisation, in this experiment, are the following.
Firstly, thinking about the Mathieu coefficients a, and gq,, the 1/r2 factor will increase (see
[Equation 2.26)). This means that, with the same electronics, i.e. the same peak-to-peak
voltage amplitude, one will be able to manipulate ions of much higher masses. This is
even more interesting given the fact that the relation between rq and m is quadratic. For
example, if rq is divided by a factor of two, the higher mass that could be selected will be
1 496 amu: it opens up opportunities in the study of organic molecules or even relatively
small macromolecules. On the other hand, if one would like to build a new electrical circuit
for the same mass range as before, the frequency and/or DC and RF potentials to supply
are significantly reduced. Again, the relation is quadratic for the potentials but linear for
the frequency (see [Equation 2.2()).

Also, this smaller quadrupole is necessary in the new experimental setup if a second
mass filter is used after the laser interaction for example. This situation is represented
in [Figure 5.11 This quadrupole could also be used as a trapping system for further

experimental developments.

Still, the main disadvantage of such a device is its acceptance: the ion beam has to
be strongly focused before entering such a small quadrupole. The addition of focusing
electrodes before the quadrupole can manage this problem but this is important to consider
while building the setup. Also, even if the dimensions are still reasonable, one has to think
about the mechanical alignment and the precision of the dimensions of the rods. As it has
been shown in several studies [86, 95, [96], a small misalignment or a small imperfection in
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Figure 5.11: Example of experiment where the small quadrupole could be used. It is placed
after the laser interaction in the scenario B of the

the manufacture of the rods can lead to a significant decrease in resolution.

So the motivations in the design of a smaller quadrupole are clear: it simplifies the
electronics and/or opens interesting perspective in terms of the reachable mass range.

5.4.2 Design

The quadrupole design is comparable to the one already described in this work, but at a
smaller scale. It is again made of four stainless steel rods positioned symmetrically with
respect to the center of the quadrupole. One important question here is the mechanical
tolerance of the rods required to avoid any field imperfection. Rectified stainless steel rods
can be easily found with a good tolerance. In this case, stainless steel bars with a H7
tolerance have been chosen. Those bars can be found in any hardware store, such as ESSE
Diffusion for instancdﬂ Given a diameter of the rods equal to 6 mm, it means that their
precision is 6 £+ 0.012 mm. In the study of Austin et al., the resolution of a quadrupole mass
filter is shown as scaling in R o (error)™™ with n ~ 1.3. This would lead to a maximal
attainable resolution close to R = 1300.

The inner free radius, rg, has been determined given the ideal conditions: r/rq = 1.1468.
This is the condition under which the ideal hyperbolic rods are well approximated by
cylindrical ones in terms of potential. As it has been shown in the [section 4.2] the resolution
is slightly better with an ideal quadrupole. Also, it allows a better mathematical description
and comprehension of the underlying associated phenomena.

Two insulating parts hold on the rods in their symmetric positions. Several discussion
have been made about the right material to choose for this kind of insulator and it turns

ISee "ROND PLEIN ACIER STUB BARRE RONDE 100C6 RECTIFIE H7 - ESSE
Diffusion", wurl: http://www.esse.fr/epages/xsisunlz.sf/fr_FR/70bjectPath=/Shops/xsisunlz/
Products/BAZ/SubProducts/BAZ-0070, accessed on 05-06-2020.
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out that PEEK seems to be the more appropriate one. It combines brilliantly all the
requirements for the quadrupole: it can be precisely and easily machined, it has a low
dilatation coefficient, it is relatively cheap compared to other ceramics and it is chemical
and hydrolysis resistant.

The main characteristics of the miniaturised quadrupole are indicated on a first sketch

shown in [Figure 5.12|

4x Rod diamester mm H7

Beam dicmeter 5.23mm

Rod diameter reduced to 3mm
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Figure 5.12: SolidWorks plan of the miniaturised quadrupole with its main dimensions.

In terms of electronic contacts between the rods and the external circuit, two main
options are under discussion. The first one is the same as in the actual quadrupole. The idea
is to drill a small hole at the end of each rod, to insert and glue (or weld) a female electrical
pin and to plug the physical male connector into it. The drawback of this technique stays
in the drilling of a hole in such a small rod. Also, one has to make sure that the female pin
is well glued into the rod, which might be difficult to ensure considering those dimensions.
A perfect electrical contact being an essential part of the quadrupole design (it avoids
harmonics generation, electrical losses, etc.), another option deserves to be investigated.
The second idea is to make an indirect link between the rods and the electric circuit. One
can make use of the pressure screws holding the whole structure together. Those screws
are directly in contact with the rods by passing through the PEEK. This kind of setup
can avoid all the previously mentioned drawbacks and simplifies the manufacture of the
quadrupole.

Finally, an outer cap has to hold the whole structure together before putting it in the
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final setup. It has been shown [I1] that the outer cap dimensions does not influence the
potential distribution in the interaction region (i.e. between the rods) so this point is not
of major importance. The addition of a shielding element at both ends of the quadrupole
can be discussed in order to minimise the fringing fields region.
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Chapter 6

Conclusion and perspectives

This work has investigated the characterisation of a quadrupole device, from its mathemati-
cal description to its experimental implementation, passing through a set of simulations
showing its general behaviour and abilities. Quadrupoles and more generally multipolar
devices are common in ion spectroscopy experiments. Here, three different regimes of the
quadrupole have been explored: the guiding, the mass filtering and the trapping of ions.

The theoretical formalism about the quadrupole and the multipolar field elements in
general has been presented. The quadrupole is easier to study theoretically with respect
to higher order multipolar devices: the equations of motion for an ion travelling into a
quadrupole are decoupled. Those equations are of the Mathieu type, a special form of
Hill’s equation. The stability of the solution depends on two parameters, a, and g,, related
to the RF and DC voltages applied to the rods, to the RF frequency, to the field-free
radius between the electrodes and to the mass-over-charge ratio of the studied ion. In
the case of higher order multipoles, the equations are not decoupled anymore and the
stability depends also on the initial conditions of the ion, i.e. its position and velocity vectors.

The simulation formalism has been presented, with the use of SIMION on the one hand
and with the use of a Python code on the other hand. In SIMION, two quadrupoles have
been studied: quadrupole A, corresponding to the one used in the laboratory experiment
and quadrupole B, corresponding to a quadrupole with an ideal r/ry ratio. This means
that the geometry of the quadrupole B is such that round rods reproduce accurately the
desired hyperbolic field shape. The quadrupole C has been modeled with a self-made code
in Python: it corresponds to the perfectly hyperbolic design and consequently it obeys
exactly to the Mathieu equation.

In the the stability diagram of the quadrupole A has been computed, present-
ing a small shift to the lower q values with respect to the theory. This shift is explained by
the shape of the electric field into the quadrupole A, which is not perfectly hyperbolic: the
potential is the sum of 4", 12" 20" etc. order terms, the contribution of each term being
explicited by the derivation of a C), coefficient. This non-ideal behaviour has been translated
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numerically by computing those coefficients representing the higher order contributions
to the potential. The stability triangle of the quadrupole A has been compared to the
quadrupoles B and C. In the case of the quadrupole B, the shift is still present but it is way
smaller than the one of the quadrupole A: the higher order contributions to the potential
are minimised. Finally, the quadrupole C is perfectly obeying the theory: it is a direct
solution of the Mathieu equation.

The quadrupole A has been studied more deeply in order to prove its possible use as an
ion guide, as a mass filter or as an ion trap. The ion guiding is possible for two purposes.
An ion guide can operate as a high-pass mass filter or as a focusing element.

Then, a complete discussion about mass resolution has been done, showing that the
quadrupole A has a low resolution (R ~ 60) compared to commercial quadrupoles
(R ~ 1000). However, this relatively low resolution does not prevent its use as a mass filter.
The optimisation of several parameters such as the RF frequency, the kinetic energy of the
ions, etc. could slightly improve that value.

The ion trapping has been discussed with its implementation in the homemade Python
script. In SIMION, the effect of the voltage of the electrodes and the focusing effect have
been discussed, showing that trapping is possible during 1 millisecond under two conditions.
Firstly, the voltage of the electrodes has to be relatively high and secondly, the operating
condition has to be relatively far from any limit of the stability triangle.

The Python code has finally been extended to the ability to compute the trajectory of an
ion in any multipolar device, opening great opportunities for further simulation studies.

The actual experimental setup has been shown in the [chapter 5| The new setup, in-
cluding the quadrupole A, has been briefly introduced by outlining the modifications and
adaptations between that experiment and the currently used one. One of the objectives
of the new experiment is to drastically improve the spectral resolution of the obtained
rovibrational spectra. This can be done thanks to a DFB laser and with a continuous
excitation of the ion beam. Moreover, a higher pulse rate from the valve can reduce the
acquisition time and/or improve the signal-to-noise ratio of the spectrum. It has been
proven that continuous excitation is possible with a perpendicular interaction between the
laser and the ion beam and that it can be improved with the addition of an optical cavity
around the interaction region.

As a final step, the design of a new quadrupole has been presented, smaller than the
quadrupole A. The interest of a smaller quadrupole is mainly regarding the lower peak
voltage required from the electronics. It also opens interesting opportunities in the study of
much larger molecular ions. Both the quadrupole A and a miniaturised quadrupole should
be installed in the future experimental setup in the laboratory: it will allow one to perform
two mass selections or both a mass selection and an ion trapping for example.

As a further step, one could investigate the higher order multipoles in more detail. Ton
trapping can be analysed in Python for multipolar elements of any order. In those traps,
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the collisional processes and the space charge effects have not been studied yet. It is clear
that ion-ion collisions happen during their trapping time. These collisional processes can be
extended to the numerical study of buffer gas cooling, allowing one to implement trapping
at cryogenic temperatures. Those simulations would be the first step before an experimental
implementation of such a cold head.

The results in this master thesis show that a quadrupole is a versatile tool that can be
used in high-resolution spectroscopy experiments. It is hoped that the simulation results
and the simulation tools developed in this work will allow one to develop, in this laboratory,
the existing experimental setup further and will also contribute to the development of ionic
spectroscopy of molecular species.
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Appendix A

High vacuum generation

The aim of this appendix is to give a first overview of the design of the vacuum system
for the new experimental setup. As explained in the [section 5.1} the current experiment
developed by R. Bejjani and A. Roucou is designed such that the gas injection is performed
at a pulse rate of 30 Hz, in contrast with the new experimental setup that will inject gas at
a rate of 1 kHz. The amount of gas injected in the chamber per unit of time is therefore
multiplied by 33, leading to some concerns in the vacuum management.

Indeed, a high vacuum (at least 10~7 mbar) is required at the MCP detector in order to
obtain a good signal-to-noise ratio. Thanks to that vacuum, the amount of components
that might "contaminate" the spectrum, either on their own or by interacting with the
photodissociated fragments, are considerably reduced.

The aim of this appendix is to analyse two possible options in order to generate a
high vacuum at the MCP detector, by combining several turbomolecular pumps and
differential pumping units. Only the pumping system of the chamber is considered, further
investigations are needed to extend this study to a complete analysis of the system. Those
more precise and more complete results should be computed thanks to the MOLFLOW+
simulation software [97] for example.

A.1 Theoretical background

A set of definitions and characteristic numbers regarding the pumping systems are widely
given in the literature [98] 99, T00]. In this first section, a few of those definitions are
presented to have a good theoretical background before going through the case study of the
experimental system.
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A.1. THEORETICAL BACKGROUND

Pumping speed

The main parameter specified in the datasheet of a turbomolecular pump is the pumping
speed, expressed as following:

== (A1)

with V' the volume of gas in [L] that the pump can remove from the chamber per unit of time
t in [s]. This pumping speed is mainly dependent on the type of pump, on the operating
pressure of the chamber and on the pumped gas. In this study, only turbomolecular pumps
will be considered. The dependence on pressure and on the nature of the gas is usually
presented on the datasheet of any pump and it looks typically like the curve given in

igure A.1{
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Figure A.1: Pumping speed as a function of the pressure for a typical turbomolecular pump
and for several gases. This graph is taken from the datasheet of the turbomolecular pump
ATH 2300 of Pfeiffer Vacuum.

Gas throughput

In order to know the pumping speed required for a certain pressure in the chamber, one
has to think about the gas throughput. That quantity is defined as:

pV  mkgT
T = =

(A.2)

with ggqs the throughput in [bar L/s], p and V' the pressure (in [bar|) and the volume (in
[L]) respectively and ¢ the time in [s]. The gas throughput is expressed in terms of the pV’
flow in the first equality, but it could also be expressed as a function of the mass, as shown
in the second equality. There, m is the mass in [kg], kp the Boltzmann constant in [J/K]
and 7" the temperature in [K]. This relation is obtained by making use of the ideal gas law.
Two other common units are used in the vacuum technology to describe the throughput:
the [slm] (= 60 [bar L/s]) and the [sccm] (= 60 000 [bar L/s]), i.e. the standard liters
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per minute and the standard cubic centimeters per minute respectively. In the pV flow,
the temperature is assumed to be known and constant and if the [slm] unit is used, it is
assumed to be equal to 273.15 K.

Pump throughput

In a chamber where the pressure is constant, the golden rule is then that Gas in = Gas
out, i.e. the gas throughput has to be equal to the pump throughput:

pV
Apump = e (A.3)

where p, V and t are the same quantities than in but related to the pump.
The throughput can be related to the pumping speed:

v

with S the pumping speed in [L/s] derived in [Equation A.1|

Conductance

In the typical case of a supersonic expansion, there is a nozzle between the gas inlet and
the chamber. Therefore, there is a huge pressure gradient at the nozzle. The gas flow
(or throughput) can not be determined by the because the pressure is not
constant. The aim of the conductance is to determine what is the gas flow in such an
element (pipe, nozzle, etc.), where there is a significant pressure gradient. The link between
the conductance and the gas flow is defined as:

Qgas = Ap C (A.5)

with Ap the pressure gradient in [bar] and C the conductance in [L/s]. The conductance
depends on the geometry of the element. Some empirical equations about it can be found
in the literature. In the case of a nozzle, it can be derived from the kinetic theory of gases.
The velocity distribution at a certain temperature and for a certain ion mass follows a
Maxwell-Boltzmann distribution. The average velocity is:

8kgT

w™m

v =

(A.6)

with T the mean velocity in [m/s], kg the Boltzmann constant in [J/K], T' the temperature
in [K] and m the ion mass in [kg]. The conductance is then written:

C =7A10° (A7)
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with A the area of the hole in the nozzle in [m?]. The 10® factor converts the obtained m? in
L to be coherent with the units of g4qs. Such as the capacitance of an electrical circuit, the
total capacitance of a system made of a serie of elements (pipes, nozzle, etc.) is given by:

—+ =+ .. (A.8)
where C,; is the total conductance and C,, is the conductance of each sub-element.

Effective pumping speed

An important and final point about the pumping speed is its link with the conductance.
Indeed, if the pump is mounted at the end of a small pipe, its efficiency is drastically reduced
compared to a case where it is mounted on the chamber itself. The effective pumping speed

is then defined as:
1 1 1

EPS 5 C
where FPS is the effective pumping speed, S the pumping speed indicated on the datasheet
of the pump and C' the total conductance of the system, all quantities being expressed in
[L/s]. One can observe that the objective is consequently to maximise the total conductance
of a pumping system to make the pumping as efficient as possible. In this study, the pump
is considered to be mounted directly on the chamber and consequently, the reduction of
conductance is negligible. However, if one extends the study further, the pumps placed
in the next differential pumping units should be more sensitive to that conductance and
effective pumping speed concerns.

(A.9)

Given all those definitions and given some input parameters, one can find out the
conductance, the gas load and the pumping speed required in order to design a vacuum
system.

A.2 Case study of two scenarios

The needed vacuum at the MCP detector is, as said before, at the order of 10" mbar at
least, in order to have a signal that can be efficiently recorded. Two main ideas have been
developed until now and are inspired both on the actual setup presented in the
(see in particular) and on the setup of another experiment in the group of A.
Delcorte and C. Poleunis represented in [Figure A.2] That second setup is a commercial
setup corresponding to the one of A. Roucou and R. Bejjani, but it aims to send large
argon clusters on surfaces in order to perform ion sputtering and surface analysis instead of
performing ion spectroscopy. It can be used in both pulsed and continuous mode. As long
as this setup is a commercial one, neither the pulse rate nor the time of pulse are precisely
known. Therefore, the unfavourable case of a continuous jet has been considered.
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A.2. CASE STUDY OF TWO SCENARIOS
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Figure A.2: Schematic representation of one setup actually in place in the group of A.
Delcorte.

Two scenarios are currently under investigation in the design of the future experimental
setup. They are represented in In the scenario A, the idea is to keep a setup
similar to the actual one. However, as it has been mentioned before, the injection rate
of the pulsed valve will be increased by a factor of 33. As a first guess, it means that
the pump 1 must have a pumping speed multiplied by the same factor, which is too high
even for the modern pumping systems. It has to be consequently adapted, as discussed
further. In the scenario B, the first chamber is followed by a second smaller chamber, in
order to perform a first efficient differential pumping. The pressure in the first chamber
will be higher than in the scenario A. This means that the required pumping speed of
the first turbomolecular pump will be smaller. Then, the pump 2 will be a second small
turbomolecular pump performing an efficient differential pumping. In summary, the sce-
nario B aims to use two smaller turbomolecular pumps instead of a big one in the scenario A.

In this appendix, the idea is to have a first estimation of the pumping speed required
in each scenario. The methodology is the following. Firstly, the conductance associated
to the nozzle can be determined thanks to the , by considering COj3 ions at
room temperature. The gas flow entering into the chamber is computed in a second step,
by knowing the pressure gradient, the time of pulse and the pulse rate of the valve. Then,
as long as the stationary regime is considered to be reached in the chamber, i.e. Gas in =
Gas out, the pumping speed can be easily deduced thanks to the
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A.3. OBSERVATIONS, SOLUTIONS AND FURTHER STUDIES
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Figure A.3: Schematic representation of the two scenarios under investigation in the design
of the new experimental setup. The legend is 1: the nozzle (gas injection), 2: the skimmer,
3: a second skimmer and 4: the differential pumping tube.

All the relevant parameters from the actual setup of A. Roucou and R. Bejjani (noted
setup 1), the setup of A. Delcorte and C. Poleunis (noted setup 2) and both scenarios are
summed up in the It can be observed that the new experiment will indeed
increase the gas flow in the chamber by a factor of 66 (the pressure of the incoming gas is
doubled and the repetition rate of the valve is multiplied by 33).

In the scenario B, one has to determine the conductance of the skimmer (2) (see
for the denomination) to have an idea of the required gas flow in the second chamber.
As a reference case, the diameter of the skimmer (2) has been taken as equal to 2.5 mm,
corresponding to the size of the skimmer placed on the current experiment.

From all the data displayed in the [Table A.T] the required pumping speed for each
scenario can be estimated. The results are summed up in the [Table A.2]

A.3 Observations, solutions and further studies
As a first estimation, the pumping speed required in the scenario A is way too large with
respect to the commercially available turbomolecular pumps. The scenario B seems to be

better but it will probably be much more costly because of the multiplicity of the pumping
systems.
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A.3. OBSERVATIONS, SOLUTIONS AND FURTHER STUDIES

Table A.1: Main parameters of the actual experiment of R. Bejjani and A. Roucou (= setup
1), the one of A. Delcorte and C. Poleunis (= setup 2) and both investigated scenarios.
The mean velocity has been computed for a temperature of 293.15 K, a jet of Ar' in the
setup 2 and a jet of NoO™ (or CO3) for the other cases.

Setup 1 ‘ Setup 2 ‘ Scenario A | Scenario B
Nozzle
Diameter [pm)] 500 estimated at ~50 | 500 500
Ap [bar] 5 30 10 10
At [us] 50 continuous 50 50
Repetition rate [Hz] | 30 continuous 1000 1000
Ions
Mean velocity [m/s] | 375 | 394 | 375 | 375
Gas flow [mbar L/s] ‘ 0.138 ‘ 5.80 ‘ 9.22 ‘ 9.22
Nominal pressure
Chamber 1 [mbar] 1107 | 71073 21074 71073
Chamber 2 [mbar] / / / 11076

Table A.2: Pumping speeds for each scenario, derived from the date given in [Table A.1{
The "expe' row corresponds to the pumping speed of the pump as currently installed in the
corresponding experimental setup.

Pumping speed [L/s| | Setup 1 | Setup 2 | Scenario A | Scenario B
Pump 1 - experiment | 2300 255 / /

Pump 1 - computed | 13800 17T 46 009 1316

Pump 2 - computed | / / / 500 - 1000 ?

Those results have to be put into perspective because of the large number of approxi-
mations that have been done in this first study. As it can be seen in the experiment of A.
Roucou and R. Bejjani, and in the experiment of A. Delcorte and C. Poleunis, the computed
pumping speed is way larger than the one of the installed pumps. On both setups, there is
a ratio of around 1/6 between the pumping speed of the currently installed pump (row 1 in
the and the computed pumping speed from the data in the (row 2 in
the [Table A.2). The main hypothesis to explain this ratio is that it has been considered that
all the gas entering into the chamber has to be pumped, which is of course not the case. It is
quite difficult, without any finite element simulation tool, to estimate the fraction of gas that
is transmitted through the skimmer and the fraction of gas that is lost in the chamber, i.e.
the gas that has to be effectively pumped. This could be estimated thanks to MOLFLOW+,
in a more complete simulation about the entire vacuum system. Also, in the scenario
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A.3. OBSERVATIONS, SOLUTIONS AND FURTHER STUDIES

B, it is difficult to estimate the pressure gradient between both chambers because again,
one does not have a precise knowledge about the amount of gas passing through the skimmer.

In terms of available pumping systems in the market, the turbomolecular pumps from
Pfeiffer Vacuum can reach pumping speeds up to 3204 L/s for the best model. Such a
system might be required in the scenario A, even with a much better estimation of the
needed pumping speed. In the scenario B, both required pumping speeds stay in a range of
values that are achievable with commercial turbomolecular pumps. For example, the ATH
1600 L/s pump from Pfeiffer seems to be more than sufficient for the pump 1.

One could also think about the parameters that could be optimised in order to reduce
the required pumping speed, especially in the scenario A. The high repetition rate is a
requirement for the future experiment so it must be kept at that high value. Still, other
parameters such as the diameter of the nozzle could be reduced, implying a lowering
of the gas flow. If the nozzle can be changed with another one having a twice smaller
diameter, the gas flow will be reduced by four because there is a quadratic relation between
both quantities. The pressure gradient at the nozzle could be reduced too, even if this
will affect the subsequent supersonic expansion. For example, if both the diameter of
the nozzle and the pressure gradient are reduced by a factor of 2, the gas flow becomes
¢gas = 1.15 mbar.L/s, leading to a required pumping speed of S = 5761 L/s in the scenario
A. This remains out of reach for the commercially available pumping systems, but as said
before, this value will be reduced by considering other factors through numerical simulations.

As a conclusion, one can say that even by optimising the different parameters of the
experimental setup, it seems that a system with two differential pumping levels is required:
the pumping speed in the scenario A is really large and might be too difficult to handle. The
pumping system might limit the abilities and some further improvements of the experimental
setup such as an increase of the pulse rate for example. However, one has to carefully chose
the pumps in the scenario B to minimise its cost. Further studies have to be performed in
order to have a better idea of the exact gas load and consequently of the desired pumping
speed of that system. The experimental elements could also be changed, for example by
reducing the diameter of the nozzle, by reducing the diameter of the skimmer between both
chambers, by slightly increasing the operating pressure in the first chamber, etc. Further
simulation studies with MOLFLOW+ and with the whole experimental setup should precise
this first investigation.
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Appendix B
GEM file example

; Basic quadrupole design

; e(0) for outer cylinder

; e(1) and e(2) for the rods

; e(3) and e(4) for the entrance and exit electrode

# local r0 = 4.5 -- half min distance between opposite rods in mm
# local rrod = 6.3 -- rod radius in mm

# local gu_mm = 4 -- grid units per mm

# local outer_cap = 32 -- outer cap of 32 mm radius

# local nx = math.floor (outer_cap * gu_mm) + 1

# local quad_length = 200*xgu_mm

; outer_cap
; noted e(0) because it is grounded
; (not considered as an electrode by SIMION)

e (0){
£fill{
within{cylinder (0,0,801,128,128,800)}
notin{cylinder (0,0,801,116,116,800)}
notin_inside{locate(0,64,401,1,,,90){circle(0,0,56)1}}
notin_inside{locate(64,0,401,1,90){circle(0,0,56)}}
}
}
; rods
e(1) {

locate(0,0,0,1) {
£fill { within { cylinder ($((rO+rrod)*gu_mm) ,0,801,$(rrod*xgu_mm) ,$(
rrod*gu_mm) ,800) }}
}
}
; rod 2 - pi-shifted with respect to the rod 1
e(2) {
locate(0,0,0,1, 0, 90) {
£fill { within { cylinder ($((rO+rrod)*gu_mm) ,0,801,$(rrod*xgu_mm) ,$(
rrod*gu_mm) ,800) }}
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; circular electrodes : 12 mm inner radius / 23 mm outer radius
; before the quadrupole
locate (0,0,-52,4){
e(3){
fill{ within{circle(0,0,38) locate(0,0,0,1){box3d
(-38,-38,0,38,38,12)}} notin{circle(0,0,23)} }
£fil1ll{ within{circle(0,0,23) locate(0,0,0,1){box3d
(-23,-23,4,23,23,8)1}} notin{circle(0,0,12)} }
}
}
; after the quadrupole
locate (0,0,806,4)1
e(4)4
£fill{ within{circle(0,0,38) locate(0,0,0,1){box3d
(-38,-38,0,38,38,12)}} notin{circle(0,0,23)} }
fill{ within{circle(0,0,23) locate(0,0,0,1){box3d
(-23,-23,4,23,23,08)}} notin{circle(0,0,12)} }
}
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Appendix C
LUA file example

-- Lua workbench program for quadrupole simulation

-- C. Sepulchre 2020-02
-- Inspired from D.Dahl. D.Manura-2006-08/2007-03 (c) 2006-2007
<~ Scientific Instrument Services, Inc. (Licensed under SIMION 8.0)

-—— 2f a result has to be stored in an output file --——-

local currentParticleNum = O
-— ftle where the result of the stmulation will be stored --

local dataFile = 'mass_scan_apex.txt'

local outputFile = io.open(dataFile, 'w') -- test opening file

outputFile:close()

local outputFile = io.open(dataFile, 'a') -- append mode
———————————————————— tnitialisation ——————————————————-

simion.workbench program()

-- Adjustable variables at the beginning of the simulation
adjustable pe_update_each_usec = 0.05 -- time step
adjustable phase_angle deg = 0.0 -— RF phase shift quad (deg)

adjustable dc_voltage = 0 -- quad DC wvoltage
adjustable rf_voltage = 15 -- quad RF maz wvoltage
adjustable in_voltage = O -- in electrode wvoltage
adjustable out_voltage = 0 -- out electrode voltage

adjustable frequency_hz = 1E6 -- RF frequency of quad (Hz)

-— time before switching inner electrode in trapping mode (us)
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adjustable switch_timel = 0
adjustable trapping time = 0 -- trapping time (us)

-— Temporary wvariables used internally
local effective_radius mm = 4.5 -- quadrupole free radius

local last_pe_update = 0.0 -- potential energy surface update time (us)

-- Convert to SI units

local q = 1.602176462%107-19 -—- (C/e)
local m = ion_mass * 1.66053886%107-27 -= (kg/u)
local omega = frequency hz * 2 * math.pi -- (rad/cycle)
local r0 = effective_radius mm / 1000 == (m/mm)

function segment.fast_adjust()

-- frequency_hz (in radians/us) --
local omega = frequency hz * (1E-6% 2 * math.pi)
-- phase_angle_deg (in rad) —-—
local theta = phase_angle _deg * (math.pi / 180)

local tempvolts = dc_voltage - rf voltage * cos(ion_time_of_ flight *

- omega + theta ) -- rods woltage
adj_electO0l1 = tempvolts -- wvoltage rod 1
adj_elect02 = - tempvolts -- woltage rod 2

if ion_time_of flight < switch_timel then

-- inner electrode s "off" before switching time --
adj_elect03 = 0
adj_elect04 = out_voltage

elseif ion_time_of flight < trapping time then

-— both electrodes are "on" in trapping mode —-
adj_elect03 = in_voltage
adj_elect04 = out_voltage

else

-- exit electrode is "off" after trapping time --
adj_elect03 = in_voltage
adj_elect04 = 0O

end

end

function segment.other_actions()
-— 2f an update of the PE surface is required —-—
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if abs(ion_time_of flight - last_pe_update) >= pe_update_each_usec
— then
last_pe_update = ion_time_of_flight
sim_update_pe_surface = 1
end
end

function segment.tstep_adjust()
-— adjustment of the time step
ion_time_step = min(ion_time_step, 0.1)
end

function segment.terminate()
-— write the result in output file —-

< outputFile:write(ion_number..'\t'..ion_pz mm..'\t'..frequency hz..'\n')
outputFile:flush() --updates file while simulation is running

-—- count the number of splats --
currentParticleNum = 1 + currentParticleNum

if currentParticleNum == 1000 then -- end of the simulation
currentParticleNum = 0 -- reset of the parameters
-—- the other parameters can be changed here ts case of a scan —--—
end

-- restart the simulation with the updates parameters —-
sim_rerun flym = 1

-— example of one final condition for the scan --—
if frequency_hz > 1.2E6 then
sim_rerun flym = O
end
end
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Appendix D

Mathieu solver

This code simulates trajectories of 2oms in a multipolar device.

The differential Mathieu equation is solved, taking into account

a set of initial parameters.

Ions can also be trapped in the latter device, given a bucket exponent
and a trapping voltage

H WK KRR

H*

# Created by Cyrille Sepulchre — April 2020

from numpy import x*

import matplotlib.pyplot as plt
import scipy.integrate as ode
import scipy.signal as s

# Definition of the Mathieu equation.

# The second order differential equation ts written as a set of two

# differential equations of order one as follow:

#zxz' = u

# u' = (-a + 2*g*cos(2*zi+phi))*x

# with a and q the adimentional Mathieu factors related to the wvoltages
# phi the phase shift and xzi the adimentional factor related to the time
#
#
#
#

n ts the multipole order (2 for quadrupole, 4 for octupole, etc.)

Trap determines <f a trapping potential has to be applied or not
def Mathieu(xi,x,a,a_trap,q,phi,n,Trap):

x[1]
(a-2*qg*cos(n*xi+phi))*

X_prime
u_prime
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(combi(0,n-1)*x[0]**(n-1) — combi(2,n-1)*x[0]**(n-3)*x[2]**2 +
— combi(4,n-1)*x[0]**x(n-5)*x[2] **4 -

<~ combi(6,n-1)*x[0]**(n-7)*x[2] **6 +

— combi(8,n-1)*x[0]**(n-9)*x[2]**8 -

— combi(10,n-1)*x[0]**(n-11)*x[2]**10)

# all those combinations come from the equation for a

# multipolar element of order 2n. Higher order terms

# can be added to handle higher order multipoles.

y_prime = x[3]

v_prime = -(a-2*qg*cos(n*xi+phi))*

(combi(1,n-1)*x[0]**x(n-2)*x[2] - combi(3,n-1)*x[0]**x(n-4)*x[2]**3 +
— combi(5,n-1)*x[0]**x(n-6)*x[2] **5 -

combi (7,n-1)*x[0] ** (n-8) *x [2] **7 +

combi (9,n-1)*x[0]**(n-10)*x[2] **9 -
combi(11,n-1)*x[0]**(n-12)*x[2]**11)

il

# along 2z, the equation of motion depends either on the mode
# (trapping or not) and on the shape of the trapping potential

if Trap!=0:
if bucket > 2:
z_prime = x[5]
w_prime = -bucket/2*x[4]#**(bucket-1)*a_trap*
(2/ (L*pix*f))** (bucket-2) *exp (- (2xx [4] / (L*pi*f)) **bucket)
else:
z_prime = x[5]
w_prime = -x[4]*a_trap
else:
z_prime = x[5]
w_prime = 0

return array([x_prime, u_prime, y_prime, v_prime, z_prime, w_prime])

# small auziliary function used to compute the combination
# of m number taken in a sample of k.
def combi(k,n):
if (n-k)<0:
return O
else:
return math.factorial(n)/(math.factorial(k)*math.factorial(n-k))

# Check 1f the %on, given its = & y vectors, crashed onto the rods
# of the quadrupole (if it exceeds the free radius 70).
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# = and y are assumed to be same length and that each point corresponds
# to the same z position.
# Returns O if the trajectory is stable, 1 <f the ion crashed on one rod
def splat_rod(x,y):

for i in range(len(x)):

if sqrt(x[i]**2+y[i]**2) > 1:
return 1
return O

# Computes the transmission out of the quadrupole for a certain
# distribution file given in distr [z,z',y,y',2,2'] and for a

# certain dataset given in a, q and/or ph<t.

# Returns the transmission for each point of the scan, written in
# an output file for each (a,q) condition

def simulation(distr,xi,a,q,phi):

transmission = []
file = open("scan_mass_apex.txt", "w")
for j in range(len(a)):
transmis = O
if qlj] < 1:
print ("dealing with q = " + str(q[jl))
# computation of the solution of the Mathieu equation
for i in range(len(distr)):
# initial conditions in SPACE
xstart = [distr[i,0]/r0,distr([i,3],distr[i,1]/r0,
distr[i,4],distr[i,2],distr[i,5]]
# solve the Mathieu equation for the given parameters
sol =
— ode.solve_ivp(Mathieu,xiSpanl[i, :],xstart,method='RK45'
t_eval=linspace(xiSpan[i,0],xiSpan([i,1],m+1),
args=(aljl,a_trap,qlj],phi,n,Trap))

# extraction of the solution

x_sol = sol.y[0,:]; px_sol = sol.yl[1,:];
y_sol = sol.y[2,:]; py_sol = sol.yl[3,:];
z_sol = sol.y[4,:]; pz_sol = sol.y[5,:];

time = sol.t

# the above quantities can be used to plot the

# trajectories or if one wants to write the whole
# trajectories of each ton in the output file

# for transmission analysis
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if splat_rod(x_sol, y_sol, r0) == 0:
transmis = transmis + 1

# write the transmission in the output file
transmission.append(transmis)
file.write(str(aljl) + "\t" + str(ql[jl) + "\t"
+ str(transmis) + "\n")
file.close()

Function used in the trapping mode
Traps the particles given in distr during a certain trapping_time

(no scan possible yet)
A second version would allow to write the result in an output file and
to handle scans
def trapping(distr,a,a_trap,q,phi,trap_time):
transmis = 0
for i in range(len(distr)-1):
# initial conditions in SPACE
xStart = [distr[i,0]/r0,distr([i,3],distr[i,1]/r0,
distr[i,4], (distr[i,2]-L/2)*pi*f*2/n,distr[i,5]]
# initial conditions in TIME
xiStop_trap = 2*pixf*trap_time/n
xiSpan_trap = [xiStop_no_trap, xiStop_trap]
xi_trap = linspace(xiStop_no_trap,xiStop_trap,m+1)

#
#
#
# In this first wversion, a, a_trap, q and pht are considered as scalars
#
#
#

sol_trap = ode.solve_ivp(Mathieu,xiSpan_trap,xStart,method='RK45"',
t_eval=xi_trap,args=(a,a_trap,q,phi,n,Trap))

if splat_rod(sol_trap.y[0,:], sol_trap.y[2,:], r0) == 1:
print ('ion number ' + str(i) + ' crashed while trapping')
crash = 1
else:
# 1f the ton exceeds the limits of the quadrupole
# happens if a_trap ts too low w.r.t. the kinetic energy
# of the ton.
if min(sol_trap.y[4,:1)/(pi*f) < -L/2
or max(sol_trap.yl[4,:1)/(pi*f) > L/2:
print ('ion number ' + str(i) + ' not trapped')
crash = 1
else:
print ('ion number ' + str(i) + ' successfully trapped')
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# eventual extraction of the solution for any plot
# or any output file generation

x_sol = sol_trap.y[0,:]; px_sol = sol.yl[1,:];
y_sol = sol_trap.y[2,:]; py_sol = sol.y[3,:];
z_sol = sol_trap.yl[4,:]; pz_sol = sol.y[5,:];

time = sol_trap.t
transmis += 1
print (str(transmis) + ' ions transmitted')
# Main block of the code
# Initialise all the parameters and launch the corresponding function
if _name__=="_main__":

## FUNDAMENTAL CONSTANTS ##

amu = 1.66053906660e-27 # atomic mass number [kg]
eV = 1.602176634e-19 # electron volt [J]

## GENERAL PARAMETERS ##

mass = 44x*amu # ton mass

n=2 # multipole order (2 = quad, 4 = oct, etc.)
r0 = 4.5e-3 # free radius [m]

L = 20e-2 # quadrupole length [m]

f = 1le6 # RF frequency [Hz]

omega = 2*pixf # angular frequency [rad/s]

phi = 0 # RF phase

# The following parameters are (un)commented depending on the scan #

U=20 # DC wvoltage applied to the electrodes

V =15 # RF wvoltage applied to the electrodes

trap_ v = 5 # trap voltage (= electrodes voltages)

v0 = 600 # initial speed of the tons [m/s]
e0_kin = mass*v0*x2/(2xeV)  # inital kinetic energy of ions [el]
V_extr = 2 # extraction voltage [V]

e_kin extr = e0_kin + V_extr # kinetic energy after extraction
v_extr = sqrt(e_kin_extr*2*eV/mass) # speed after extraction [m/s]

## a and q - again computed differently as a function of the scan ##
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a = n**3xeV*U/ (mass*omega**2xrQ**2)
q = n**3xeV*V/(2*mass*omega**2+xr0**2)
a_trap = 8*eVxtrap_v/(mass*omega**2*(L/2)**2)

example for a scan in U/V

= linspace(0,0,50)
linspace(0,120,50)

8xeV+U/ (mass*omega**2*xrQ**2)
4xeV+V/ (mass*omega**2xrQ**2)

QP < O %
Il

## TRAPPING PARAMETERS ##

Trap = 1

trap_time = le-4

# exponent of the bucket-like potential

# bucket < 2 7s constdered as a harmonic potential
bucket = 20

## INITIAL CONDITIONS ##

# computation for a complete ion distribution

# the file in "file" contains the distribution parameters
file = ["gaussian.txt"]

distr = loadtxt(file[0])

# extracting the initial conditions in TIME

v_extr = []; xiSpan = zeros((len(distr),2))

for i in range(len(distr)):
v_extr.append(sqrt(distr[i,5]**2 + 4*eV/(44*amu)))
tstart = 0; tend = L/v_extr[i]
xiSpan[i,0] = pi*fxtstart; xiSpan[i,1] = pi*f*tend

# i1f only one ion trajectory ts computed (no distribution)
tstart = 0; tend = L/v_extr

xiStart = 2xpixf*tstart/n; xiStop = 2*pixf*tend/n

xiSpan = [xiStart,xiStop]

m = 10000 # number of time steps
xi = linspace(xiStart,xiStop,m+1)  # time vector

# initial conditions in SPACE
# respectively [z0/r0, z0', y0/r0, y0', 20, 20']
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xStart = [0.1, 0, 0.1, 0, 0.0, v_extr]
## LAUNCHING THE SIMULATION ##

if Trap==0:
simulation(distr,xiSpan,a,q,phi)

else:
trapping(distr,xiSpan,a,a_trap,q,phi,trap_time,switch_time)

## EXTRACTION OF THE SOLUTION ##
# If stored im an output file
t = loadtxt("scan mass_apex.txt")

# If only one ton trajectory for one (a,q) is computed
sol = ode.solve_ivp(Mathieu,xiSpan,xStart,method='RK45',
t_eval=xi,args=(a,a_trap,q,phi,n,Trap))

# extraction of the solution

x_sol = sol.y[0,:]; px_sol = sol.yl[1,:];
y_sol = sol.y[2,:]; py_sol = sol.y[3,:];
z_sol = sol.y[4,:]*n/(2%pi*f); pz_sol =
time = sol.t

sol.y[5,:]1;

# example of plot (simple trajectory)
plt.figure()

plt.plot(z_sol,x_sol)

plt.xlabel('z [m]"')
plt.ylabel(r'x/r$_0$')

plt.show()
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