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Chapter 3

Instrumentation
The following Chapter describes the operational principles of, and the developmental
steps taken for the instrumentation used in this thesis. First, the basic operation of a
Free Electron Laser (FEL) is described. In the subsequent section, a general schematic
and the most important features of the FELIX FT-ICR apparatus used for the work on
deuteronated PAHs in Chapter 4 are given. Also, the method that was developed to bring
the deuteronated PAHs in the gas-phase using electrospray ionization is explained in detail. In the last section, the first detailed exposition on the full capabilities of the FELICE
FT-ICR apparatus is given. This setup was used for the work in Chapters 5, 6 and 7 to
study the radical cations of photoresistant aromatic species. Here, special attention will
be given to the development of the ion source, the radio-frequency guiding and trapping
systems, and the spectroscopic measurement using an intra-cavity FT-ICR.
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F IGURE 3.1: Diagram showing the basic operation of the infrared free-electron laser FELIX. For
conventional operation, i.e. not intra-cavity, a fraction escapes through an outcoupling hole.

3.1

The free-electron lasers FELIX and FELICE

Free-electron laser (FELs) are lasers that are able to produce high-intensity, pulsed laser
light over long wavelength ranges that are difficult to access with table-top laser systems.
The basic operation of an FEL relies on free electrons producing coherent radiation, rather
than electrons bound in atoms, molecules or a crystal lattice. The underlying electromagnetic principle is that an accelerated charged particle emits radiation that becomes more
longitudinally directed and higher in energy as they reach relativistic speeds. For a more
detailed, mathematical description, the reader is referred to Oepts et al. [125] and McNeil & Thompson [172]. The experiments presented in this thesis were performed at the
Free-Electron Laser for Infrared eXperiments (FELIX) Laboratory in Nijmegen [125].
The operating principles of FELIX are illustrated in Fig. 3.1, which shows the most
relevant components. Pulses of electrons are produced in an electron gun, which are accelerated and compressed in a pre-buncher and a buncher, yielding bunches at a 3 GHz
repetition rate. Every third bunch is accelerated in one or two radio-frequency (rf) linear
accelerators, which produce 5 or 10 Hz macropulses of 4–10 µs duration.
The accelerated electrons are then deflected into an undulator, consisting of two rows
of magnets, between which the electrons oscillate and emit radiation. The emitted light is
amplified if the wavefront moves ahead of the electrons with an integer number of wavelengths for each oscillation of the electrons in the undulator with length λu . By injecting
the electrons with a slight phase shift with respect to the light, the gain and loss of kinetic
energy of the electrons to the photon field is tipped towards loss, such that the electrons
bunch increasingly and emit light in coherent pulses. This process is reminiscent of stimulated emission in conventional lasers, as the light is amplified through an exponential
feedback loop. The final pulse structure is divided into macro- and micropulses, as shown
in Fig. 3.2.
The wavelength of the produced light (λ ) depends on three variables: the electron
beam energy E, the magnetic field strength of the undulator magnets Bu , and the undulator
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F IGURE 3.2: The duration and repetition rates of the macropulse and micropulse

length λu , as is summarized in the following formula
λ=


λu
1 + K2 ,
2γ 2

(3.1)

wherein K is a dimensionless parameter which depends on the magnetic field strength of
the undulator magnets Bu and me is the electron mass
K=

eBu λu
,
2πme c

and γ represents the relativistic Lorentz factor
p
γ = 1/ 1 − v2 /c2 ,

(3.2)

(3.3)

with v as the longitudinal electron velocity. For an infrared FEL it is possible to put the
undulator in a cavity formed by mirrors, allowing the light to stimulate electron bunching,
which increases the coherent photon field in a manner very much similar to a conventional
laser.
For the experiments presented in this thesis, two different undulators at FELIX are
used. FELIX-1 produces light from 30–150 µm after one accelerator stage and FELIX-2
produces light from 3–45 µm after a second acceleration stage. The light is coupled out
through a hole at the end of the cavity mirror and directed to the correct user station using
a system of gold-plated mirrors inside a vacuum-pumped beamline. One such user station,
the FELIX FT-ICR, was used to the work in Chapter 4, and this apparatus is described in
the following section.
Electrons can also be directed into the undulator of FELICE, the Free-Electron Laser
for Intra-Cavity Experiments. Instead of the light being directed through an outcoupling
mirror towards one of many user stations, the light remains in the cavity and can be guided
into either the molecular beam apparatus (see Bakker et al. [173]) or the FT-ICR apparatus,
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F IGURE 3.3: Technical drawing of the upper cavity section of the FELICE FT-ICR, showing the
laser beam path and movable magnet on rails.
TABLE 3.1: Spectral characteristics of FELIX and FELICE

Spectral range
Micropulse energy
Macropulse energy
Spectral bandwidth FWHM

[cm−1 ]
[µJ]
[mJ]
[cm−1 ]

FELIX
3600-66
≤40
≤200
0.4-5

FELICE
2000-100
≤1000
≤5000
0.5-3

which is used for the work in Chapters 5, 6, and 7, and is treated in full detail in the last
section of this Chapter.
The spectral characteristics of FELIX and FELICE are given in Table 3.1. The intracavity configuration leads to reduced spectral and bandwidth ranges, although large gains
are made in terms of pulse energy. The high pulse energy of FELICE opens up the opportunity to perform IRMPD experiments on astronomically sized, photoresistant PAHs, and
to detect low-frequency bands down to the far-infrared (FIR).
Figure 3.3 shows a cross section of the upper part of the FELICE FT-ICR cavity. Light
enters bottom left and is guided into the upper section of the FELICE cavity, where it
passes through the four mass spectrometer cells of the FT-ICR and finally meets the cavity
end mirror on the right. A 0.5 mm radius hole allows for a fraction of the light to be
coupled out of the cavity for wavelength calibration and power measurement. Gas-phase
samples are introduced into the cavity at low densities, so that they neither block the light,
nor impede laser function.
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F IGURE 3.4: Schematic of the original FELIX FT-ICR mass spectrometer, that was decommissioned
in 2020. Figure adapted from [174].

3.2

The FELIX FT-ICR mass spectrometer

The instrument used for the work in Chapter 4 is the FELIX FT-ICR mass spectrometer,
for which a schematic is shown in Fig. 3.4. It is a home-built instrument, consisting of
an electrospray source (ESI; Micromass, Z-Spray) and a 4.7 T, actively shielded magnet
(Cryomagnetics). The electrospray ionization (ESI) source allows, among others, for the
production of gas-phase, protonated molecules. Once in the gas phase, the ions are accumulated in an rf linear hexapole trap. After accumulation, the ions are extracted, bent
90° into a 1 m long octopole ion guide, and transferred into the ICR trap. Via the optical
access port used for FELIX, IR light is coupled in through a multipass arrangement, made
possible by the ICR cell’s reflective, polished copper interior, as indicated in the insert in
the Figure. There is also direct optical access (as opposed to the multi-pass trajectory)
which in this thesis has been used to irradiate the ions with UV light (266 nm, fourth
harmonic, Nd:YAG at 10 Hz) or intense IR radiation from a 30 W, continuous CO2 laser.

3.2.1

Electrospray ionization

An ESI source was used to produce the protonated species studied in this work. A schematic of this ESI is given in Fig. 3.5 and the basic working principle and developments to
produce gas-phase protonated species is presented here.
A solution, containing an acid (supplying the H+ ) and an analyte, is pumped through a
capillary at a high electrical bias with N2 gas flowing out along the tip. The N2 nebulizing
gas helps to form the spray that emerges from the tip. The high positive potential —
2–4 kV in our case — draws the electrons out of the solvent mixture, creating excess
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F IGURE 3.5: Schematic of the first stage in the FELIX FT-ICR Z-Spray electrospray source, in
positive ion mode. Solvent flowing out of the capillary is shaped into a Taylor cone under the
influence of a nebulizing gas, exploding into small, positively charged droplets (blue). Solvent
evaporates due to the drying gas, and the remaining ions (red) are guided into the entrance cone.
Leftover solvent droplets and neutral particles collide with the cathode opposite the capillary.

positive charge. At the capillary tip, this charge comes to the liquid’s surface and spreads
out, forming a Taylor cone as shown in Fig. 3.5. A jet emerges from the tip of the cone,
creating droplets that disperse due to the excess positive charge that is still contained in the
liquid. At this stage, the jet is exposed to a continuous flow of N2 drying gas present in the
chamber, typically at a temperature of 100 °C, with the aim to evaporate the solvent from
these droplets. As they become smaller, the surface tension rises and the repulsion due to
the positive charge rises as well. This finally leads to a Coulomb explosion, resulting in
the formation of protonated molecules. The cations are guided towards the entrance cone
of the next vacuum chamber, both by a mild negative voltage on and a pressure gradient
behind the entrance cone. Neutral particles and heavier droplets continue to travel straight
on and will meet the needle’s counter-electrode, which is set to ground.
The protonation of the sample molecule is achieved by selecting a donor molecule M (a
protonating agent) which is more acidic than the sample molecule. However, the interplay
between solvent, solute, and protonating agent in the source is not as straightforward as
may seem [175]. Commonly in chemistry, acidity is defined as the ability to donate H+
in solution in water. Strong acids donate all of their protons to water, whereas weak acids
exist in a chemical balance with their conjugated bases, the water, and dissolved H+ . For
ESI, the most relevant reactions take place in the gas phase. Since the solvent is sprayed
out of a metal needle with an offset of approximately + 2–4 kV, the anionic conjugated
bases will be oxidized, i.e. neutralized, at the metal needle surface. The remaining acids
will carry the positive charge on to the gas phase. As a consequence, not aqueous acidity,
but gas-phase basicity is the relevant molecular property [176], which is the negative of
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TABLE 3.2: Gas-phase basicities, for donors and analytes relevant to
this work [177].
species
water
trifluoroacetic acid
methanol
acetic acid
phenanthrene
ammonia
anthracene

basicity (kJ/mol)
660
680
724
752
795
819
846

the Gibbs free energy change associated with the following reaction:
M (g) + H+ −−→ MH+ (g).
Table 3.2 lists the basicities for donors and analytes relevant to the following discussion.
Acetic acid, a proton donor commonly used in ESI for the protonation of biomolecules
in aqueous solution, has a basicity lower than that of anthracene, phenanthrene, and most
other PAHs, and should in principle work as a proton donor. However, PAHs do not dissolve in water and must be solvated in methanol, which has a basicity similar to that of
acetic acid, resulting in an environment with few free protons. In contrast, ammonium
acetate is an efficient proton donor for linear PAHs (such as anthracene) [126]. In solution, ammonium acetate decomposes in acetate (CH3 COO – ) and NH4 + . Acetate will be
neutralized on the ESI needle and NH4 + becomes the donor, with ammonia as its conjugated base. This ionization method does not work for non-linear PAHs (such as phenanthrene), which have lower basicities than ammonia. To ionize phenanthrene, we used trifluoroacetic acid (TFA), a strong acid, which, unlike ammonium acetate or acetic acid, donates all of its protons to the solvent. The remaining protonated methanol (CH3 OH – H+ ),
or traces of H3 O+ , will donate their protons to the PAHs in the gas phase. In the case
of deuteronation (D+ ) instead of protonation (H+ ), deuterated donors and solvent must be
used. It is thus necessary to use sealed vials of perdeuterated TFA (D-TFA) and deuterated
methanol (MeOD) and prepare each new solution shortly before measurement. Both compounds are hygroscopic, i.e. they absorb water from ambient air, which leads to strong 1H
contamination. Working within an Ar atmosphere is also an effective counter-measure.

3.3

The FELICE FT-ICR mass spectrometer

The experimental work in Chapters 5, 6, and 7 was performed on the FELICE FT-ICR
mass spectrometer, for which a detailed schematic is given in Fig. 3.6. The FELICE
cavity extends over two floors, of which the bottom floor contains the FEL undulator and
accelerator, and the upper floor the FELICE FT-ICR mass spectrometer — consisting of
37
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F IGURE 3.6: Schematic drawing of the FELICE FT-ICR mass spectrometer. See text for a detailed
description.
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a 7 T magnet and four individual trapping– and detection cells. Coupled to the FT-ICR
MS are an electron impact source, an intermediate ion trap for ion collection and an ion
transfer system between the source, ion trap and FT-ICR MS. In the following, the three
stages of the machine with differing (software) control and function are described. The
effusive sublimation source and electron impact (EI) ionizer are controlled manually, and
are used to produce the desired ions. The section from the Source Quadrupole Deflector (SQD) down to the asymmetric Intra-cavity Quadrupole Deflector (IQD) assembly is
mostly controlled by the Tempus software (Ardara Tech). Finally, the intra-cavity section
where the IRMPD spectroscopy takes place, consisting of an intra-cavity ion guide and
FT-ICR mass spectrometer, is controlled by the custom AWG3 software [178] developed
at AMOLF, as is the bunching quadrupole outside of the cavity.

3.3.1

Evaporation and Electron Impact ion source

The compounds studied for this work were either liquid or solid, and thus needed to be
evaporated or sublimated. Liquid samples are evaporated from a glass vial behind a leak
valve (not shown). Solid PAH samples are sublimated from a graphite cylinder with a 1
mm diameter aperture through which the molecules can effuse, see Fig. 3.7. The graphite
sample holder is placed inside a molybdenum resistive heater (HeatWave Labs, Model
101144-02) capable of heating up to 1000 °C. For this work, sublimation temperatures
range from 40–130 °C, requiring currents of 4.2–7.4 A. Heating to 130 °C takes 1.5 hrs, so
to prevent unnecessary pollution of the interior of the apparatus in the meantime, a shutter
is placed behind the opening of the graphite container. The temperature of the sample
holder is monitored using a K-type thermocouple. To allow for fast sample changes (30
mins), a gate valve is installed between the evaporation chamber and the main body of the
FELICE FT-ICR apparatus.
In the gas phase, the molecules are ionized by an EI ionizer (Ardara Tech). The ionizer
consists of four parts: a cathode, an anode, a mesh that defines the potential at which
the ions are formed, and an extraction plate that accelerates the ions towards the iontransfer system. A 0.127 mm-thin, tungsten wire is spot-welded onto four posts that are
ceramically glued onto the anode plate, while two of the posts are longer than the others
and stick into small holes in the cathode plate to make an electric connection. The filament
is typically set to 5.5 A/8.5 V. The cathode is biased at +30 V and the ion energy mesh
is set to −20 V, leading to 50 eV electrons ionizing the molecules. Other typical settings
involve an additional 30 V of electron energy that is applied to the cathode and an ionenergy mesh that is set to –20 V. The extraction plate, set to –400 V, extracts the ions out
of the source, into the SQD.

3.3.2

Ion trapping and transport

The next stage of the setup is used to assess and optimize the ion production, to analyze and
optimize the ion beam for the desired mass, and finally, to pre-store and create a pulsed ion
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F IGURE 3.7: Schematic of the sublimation and electron impact ionization source.

beam for the FT-ICR. For the ion production and pre-storage optimization, diagnostics are
included in this stage. Later fine-tuning happens in the FT-ICR. The ion optics that need
to be optimized are composed of various quadrupoles (explained below), einzel lenses for
beam-diameter control, and more (e.g. entrance/exit) plates for electric field manipulation.
The Quadrupole Mass Spectrometer (QMS, Ardara Tech) is a linear quadrupole made
of cylindrical rods, which can be used in both a scanning and an ion-guiding mode [179].
It is powered by an Ardara Quadrupole power supply, capable of resonating from 100 kHz
to 4 MHz. The mass range that can be covered extends between m/z = 30 − 3000 amu. In
scanning mode, the QMS allows one to analyze the produced masses and adjust production
parameters, such as the filament current and electron energy in order to produce high ion
yields with as few unwanted masses as possible. The subsequent ion-optics are optimized
for continuous ion beam transport, and the mass-selected ions fly in a straight trajectory,
towards the ion beam diagnostics in the back of the apparatus (see Fig. 3.6), allowing the
measurement of a low-resolution, diagnostic mass spectrum. Figure 3.8 shows an example
of such a mass spectrum, in this case for perylene. Other than the parent mass at m/z = 252
amu, five fragments are shown, which were formed in the EI process. Once parameters are
found that give the highest parent-to-fragment ratio and the best transport of the parent, the
QMS is set to the ion-guiding mode, and the optimized effusive ion beam is led into the
RIT. A smaller spread in masses allows for more narrowly defined, and better optimized
trapping parameters in the Rectilinear Ion Trap (RIT, Ardara Tech).
When operating the QMS in scanning mode, no collision gas is used and the peak-topeak voltage (Vpp) of the RIT is set to ∼500 V to guide a wide range of masses through the
trap, with the pole biases set to 0 V. The RIT is a three-part-sectioned, linear quadrupole
ion trap with rectangular rods [180] as shown in Fig. 3.6. This rod shape creates a large
40
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F IGURE 3.8: Mass spectrum of EI ionized perylene, measured with the QMS in scanning mode and
the ion optics optimized for continuous ion transport..
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F IGURE 3.9: Linear fit and extrapolation for a range of masses measured in the FELICE FT-ICR
and their optimal Vpp in the RIT.
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F IGURE 3.10: Technical drawing of the detector setup used to measure the ion current in line with
the QMS and RIT. The signal cable is connected to the current-to-voltage amplifier on the outside of
the setup through a BNC connector.

effective trapping volume for a geometrically small volume compared to other trap geometries. When the QMS is in guiding mode and the RIT in trapping mode, it is filled with
an Ar collision gas at a pressure of ∼ 10−2 mbar to thermalize the ions. The RIT Vpp is
changed to an optimal voltage for the desired m/z. A linear fit of the ideal Vpp at different m/z is depicted in Fig. 3.9, showing that the Ardara RF Power Supply will likely be
able to function for masses up to 600 amu. The biases on the three segments can be controlled individually — typically from upstream to downstream (see Fig. 3.6 for reference)
in the order of 22–18–14 V (±3 V) — allowing for a potential drop which results in the
accumulation of ions in the last segment. The entrance electrode of the RIT remains at a
constant value of +30 V, which lowers the ion beam energy to allow for effective trapping.
It constitutes an energy barrier for the collisionally cooled ions, effectively trapping them.
The exit electrode is switched from +50 V during loading and trapping, to −50 to −200
V at extraction. The ions are accumulated for ∼ 0.05 s, and then pulsed out to be deflected
and guided into the FT-ICR. To aid in the rapid extraction of the accumulated ions, four
wires are placed between the poles, from the inside diameter to the outside. The distance
from the trap axis increases towards the extraction end, forming a field gradient. They are
switched from roughly +12 V to +60 V. The effect of the wires is strong: they compress
the ion pulse length from ∼ 10 ms to ∼ 400 µs [180, 181].
Along the axis of the RIT and behind the IQD, a Faraday plate and an electron multiplier tube are installed, indicated as “ion beam diagnostics” in Fig. 3.6, and shown in
more detail in Fig. 3.10. For an initial verification that ions have been transported along
the correct trajectory, the Faraday plate can be used on its own. To measure the ion signal with the QMS in scanning mode, optimize and characterize the ion pulse created by
the RIT, the ions can also be detected using a multiplier detector aided by a dynode. The
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F IGURE 3.11: Sketch of the asymmetric Intra-cavity Quadrupole Deflector, including the einzel
lens before the entrance and the quartered exit plate.

multiplier tube is powered by a Detector Power Supply (Ardara Tech), which has a multiplier output ranging from 0 to −3 kV and a dynode output ranging from −5 kV to +5
kV. Typical values for the multiplier bias and dynode are −0.7 to −1 kV and 3 to 5 kV
respectively. The resulting signal is then passed through a DC-coupled current-to-voltage
amplifier (Advanced Research Instruments, PMT 5-V3), with a range from 10 pA to 1 µA.
After being extracted from the RIT, the ion package is focused through a vacuum
gate valve by an einzel lens, into the asymmetric, custom-built IQD (Ardara Tech). Free
passage of the FELICE’s Gaussian-shaped laser beam necessitates large dimensions and an
asymmetric shape, as shown in Fig. 3.11. This asymmetric design affects the ion deflection
trajectory, and as such, it is required that each pole of the IQD can be separately biased
[182]. Typical IQD voltage values are given in Fig. 3.11. The ions are primarily guided
by the inner, bottom left electrode, which is usually set to a potential of approximately
−100 ± 20 V. The other electrodes are then used to minimize the electric potential along
the center of the entrance and exit, such that the ions enter the optical cavity on axis as
much as possible. The exit deflection plates (downstream from the IQD) consist of two
horizontal and two vertical deflection plates to correct for any off-axis incidence.
The ions are further transported to the FT-ICR cells through of a 1 m long, 4 cm
diameter, in-house built quadrupole ion guide (see Fig. 3.12). This intra-cavity quadrupole
guide (IQG) directly precedes the four FT-ICR storage cells as indicated in the Figure. Its
poles are typically set to a bias voltage of –12 V to lower the energy of the ions and
increase trapping efficiency in the measurement cells. The superconducting, 7 T magnet
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F IGURE 3.12: Technical drawing of the four storage cells (C1–4) and the intra-cavity quadrupole
guide (IQG). The ions move from right to left and are stored in one of the storage cells (C#) by
connecting its electrodes and moving the 7 T magnet to center the selected cell.

is movable so that its center of homogeneous field can be positioned to coincide with the
desired ICR cell. This mechanism is best displayed in Fig. 3.3, showing the rails. The field
strength decreases towards the sides of the magnet, but extends beyond its dimensions.
Axial confinement of the ions is thus also influenced by the magnetic field lines. Moreover,
the magnetic field significantly affects the ion optics close to the magnet. The closer the
magnet is to the IQD, the stronger the magnetic field fixes the ion-beam incidence [182],
which is most noticeable in the position for cell 1.
Ion optics elements such as einzel lenses, end caps, or quadrupole bender elements,
of which most are not shown in Fig. 3.6, are controlled by five different, eight-channel,
remote-controlled Ion Optics power supplies from Ardara. Ardara’s Tempus software allows to control ion optics voltages and save these settings, so that the different optimal
parameters for specific species can be accessed easily. A screen shot of the software is
given in Fig. 3.13, showing the list of different channels that can be accessed through
the Tempus interface. The Tempus software suite also includes an interface to control the
QMS in its scanning mode (not shown), and save these mass spectra. The pulsed ion optics
action (i.e. switching the RIT exit and wires) is enabled by the Pulsed DC Optics Power
Supply (Ardara Tech), with three channels that allow pulsing between two fixed settings
in the –200 to +200 V range with a rise time of less than a microsecond. The temporal
control of these pulses is governed by another software suite, which is covered in the next
subsection.
Mass spectrometry in the four-celled FT-ICR
The triggering and excitation for a typical measurement cycle is shown in Fig. 3.14. Temporal control and data acquisition is managed via the AWG3 software that was developed
in-house [178]. The interested reader is referred to the PhD thesis of Grzetic [183] for a
more detailed explanation.
The procedure starts by selecting the appropriate cell for the experiment, depending
on the laser fluence requirements. The entrance, exit, excitation and detection plates of
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F IGURE 3.13: Screen shot of the Ardara Tempus software showing the tune file interface, which
allows for facile exploration of the available parameter space. A typical setting used for the transport
of PAH ion pulses is shown, in this case for dibenzo[a,l]pyrene.
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F IGURE 3.14: The triggering scheme for a single macropulse exposure sequence, mimicking the
lay-out of the AWG3 software. Note that the 0 − 5 V values below the ICR exit are logic signals, the
colors for the excite and detect coincide with those used for Fig. 2.1, and that the ICR detection is
not controlled.
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the desired ICR cell are connected to the correct cables manually, while those unused cells
grounded.
A measurement cycle begins with emptying the ICR cell, by switching the entrance of
the used ICR cell to +10 V and the exit to −10 V. The RIT is then loaded by switching its
exit to +50 V. After loading and trapping the ions for approximately 0.05 s, an ion pulse
is expelled by switching the RIT wires briefly while opening the RIT exit (−50 V) at the
same time. The ion pulse is then guided to the ICR cell by the IQG, for which the bias is
switched on. The ICR entrance voltage is switched to ground to allow entrance of the ion
pulse, and then switched back to +10 V to trap the ions. This timing is a crucial variable,
as it depends on the arrival time of the ion package at the cell. This means that both the
cell that is in use and the mass of the ion (and thus its velocity) need to be considered.
Once the ions are trapped, the IQG bias is turned off, and the rf on the IQG is switched off
(blanking) to prevent rf signal pick-up by the FT-ICR detection plates. The trapped ions
are mass-isolated using one or more SWIFT pulses (see Fig. 2.1) to eliminate unwanted
masses. The excitation pulses are generated with a 16-bits arbitrary waveform generator
(NI, PXI-5421) and amplified with a 5 MHz, wide-band DC amplifier (Toellner, 7607).
The selected mass can then be exposed to one or more FELICE pulses. In this Figure,
the sequence is set so that the trapped ion cloud is exposed to a single macropulse. After
FELICE irradiation, the resulting fragment ions are excited with a chirp pulse, and the
signal is detected. The detected wave forms are amplified by a low-noise differential preamplifier (HMS elektronik, model 568, 40 dB), and passed through a home-built highpass
filter. The resulting signal is sampled by a 1 kS/s to 64 MS/s digitizer (NI, PXI-5620). The
AWG3 software then requests a change in FELICE wavelength for a new measurement
cycle. Transient curves and mass spectra can be visualized, and are used to tailor the
SWIFT pulses. To measure IRMPD spectra, the mass spectrum is saved for each FELICE
wavelength after each sequence using a custom, Python-based FT-ICR MS scan processor.
Pre-set mass gates can be filled in so that fragmentation yields can be traced on-line. The
resolution of this FT-ICR is m/∆m=105 for masses up to 1000 amu, creating distinct, wellresolved features for species that are less than 1 amu apart in the 30–1000 amu mass range.
Mass gates can thus be chosen to follow the loss of single H atoms, an important asset for
the measurement of PAH IRMPD spectra.
To measure the power inside the cavity and calibrate the wavelength, a small fraction
of the FELICE light is coupled out through a 0.5 mm radius hole at the center of the concave cavity end mirror, and directed through a diamond window, which is placed under a
Brewster’s angle, allowing 100% transmission. This is best visible in Fig. 3.3, where the
thin red line on the right of the Figure represents the outcoupled fraction of light. A 10 cm
long tube which is flushed with N2 gas is mounted behind the output window (not shown),
behind which a Coherent EPM1000 power meter and a grating spectrometer (Princeton
Instruments SpectraPro) are positioned. In the far-infrared, the outcoupled light is readily
absorbed by atmospheric CO2 and H2 O, but it can travel uninhibited through the N2 flushing gas.
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The measured light then needs to be corrected for the changing FELICE beam waist at different wavelengths, which will change the fraction of the outcoupled light. The derivation
for this fraction, and the changing waist at the different cells is given below. FELICE light
is approximated as a Gaussian beam, which means that we can describe its transverse electromagnetic amplitude as a Gaussian function of the radial distance r and axial distance
from the focus z [184]:


r2
,
= E0 exp −
w(z)2


2r2
I (r, z) = I0 exp −
.
w(z)2

E (r, z)

(3.4)
(3.5)

This intensity has no definite cutoff, and spreads out into infinity, so the Gaussian waist
w(z) is defined as the radius where the field amplitude has decreased to 1/e of the axial
amplitude. It is smallest at the focus, w0 , and grows with the square root of the wavelength.
The only constant is the distance in the propagation direction for which the cross section of
the beam is doubled, which is called the Rayleigh length, zR . This leads to the following:

zR
w(z, λ )

=

πw20
,
λq

= w0
r
=

1 + (z/zR )2 ,
q
zR λ
1 + (z/zR )2 .
π

(3.6)
(3.7)
(3.8)

There are four cells in the magnet, as shown in Figs. 3.6 and 3.12. Cell 1 coincides with
the focus of the FELICE laser beam. The cells are spaced 10 cm apart in a cavity with
a 8.2 cm zR , which means that the waist of the laser is more than doubled and the laser
fluence decreased by more than 50% for each cell. In the wavelength range from 100–1800
cm−1 , the waist evolves from 0.4–1.6 mm in cell 1, to 1.4–6.0 mm in cell 4. For this 7 T
magnet, the ideal particle orbit is only 0.03 mm in radius for a 100 amu species, 0.05 mm
for 200 amu, and 0.1 mm for 1000 amu. This means that all masses up to 1000 amu can
fit within the laser focus, provided that the ion optics alignment was done correctly and no
magnetron motion is present.
Using these formulas and Gaussian standard integrals, we can integrate the intensity
I (r ) up to a certain R, the radius of the outcoupling hole. By dividing this value over the
total integrated intensity (r → ∞), the wavelength-dependent outcoupling fraction, f can
be determined.
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This factor f varies from 0.02 at 1800 cm−1 to as low as 0.001 at 100 cm−1 . The relevant
FELICE parameter to monitor for the performance of the laser, is the macropulse energy
Emac :
Emac = Emeas / f .

(3.14)

where Emeas is the measured macropulse energy outside the cavity and f the correction
factor calculated with formula 3.13. An example of how the power curve changes when
the outcoupling factor is taken into consideration, is shown in Fig. 3.15. The top left panel
shows the measured, outcoupled power, and the bottom left curve shows it as it is in the
cavity. The shape of the curve changes drastically for lower wavenumbers as the fraction
of outcoupled light decreases. In the right column, the fluences for the four cells are shown
in J·cm−2 . Cell 4 provides roughly 10% of the fluence available in cell 1, showing just how
effective this attenuation can be.
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F IGURE 3.15: Outcoupled power (top, left), macropulse power (bottom, left), and fluence per cell
(right).
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