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ABSTRACT
We have added a multipole ion trap to the existing photon–ion spectrometer at PETRA III (PIPE). Its hybrid structure combines a ring-
electrode trap with a segmented 16-pole trap. The interaction of gases and ions with extreme ultraviolet radiation from the beamline P04
is planned to be investigated with the newly installed multipole trap. The research focus lies on radiation-induced chemical reactions that
take place in the interstellar medium or in the atmospheres of planets, including natural as well as man-made processes that are important
in the Earth’s atmosphere. In order to determine the mass-to-charge ratio of the stored ions as efficiently as possible, we are using an ion
time-of-flight spectrometer. With this technique, all stored ions can be detected simultaneously. To demonstrate the possibilities of the trap
setup, two experiments have been carried out: The photoionization of xenon and the ion-impact ionization of norbornadiene. This type of
ion-impact ionization can, in principle, also take place in planetary atmospheres. In addition to ionization by photon or ion impact, chemical
reactions of the trapped ions with neutral atoms or molecules in the gas phase have been observed. The operation of the trap enables us to
simulate conditions similar to those in the ionosphere.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0111097

I. INTRODUCTION

The photon–matter interaction is one of the most important
processes in nature. Various valuable methods that use this process
to study the properties of matter ranging from isolated atoms to
molecules, clusters, and solid-state samples have been developed.1,2

In particular, x-ray photons from highly brilliant synchrotron-
radiation sources offer very powerful methods, such as near-edge
x-ray absorption fine-structure spectroscopy (NEXAFS) due to their
element and site specificity. Linked to the development of advanced
instruments, NEXAFS has become possible also on charged par-
ticles. These charged particles open an avenue for a wide range
of highly interesting target systems hardly accessible or even inac-
cessible with neutrals such as molecular ions,3–5 ionic radicals,6
mass-selected clusters,7 and astrophysically relevant molecules.8

To investigate charged particles using synchrotron radiation,
two methods have been established to overcome the very low tar-
get density of ionic targets, namely, the ion–photon merged-beams
technique9–11 and ion traps.3,12 The merged-beams technique is
realized at the photon–ion spectrometer instrument at PETRA III
(PIPE) at DESY in Hamburg, Germany.13,14 It has been success-
fully used to measure absolute and partial photoionization cross
sections of atomic ions in the range of several hundreds of Mb15

down to (2 ± 1)b,16 to record x-ray absorption spectra of molecular
ions,17 and to study ultrafast dissociation processes in small molec-
ular ions.6 In this technique, the ion and photon beams are merged
collinearly over a distance of the order of 1 m, thereby increasing the
interaction volume.

Compared to the merged-beams technique, longer exposure
times can be achieved with an ion trap, where a large number of
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ions ranging from atoms to small nanoparticles can be stored in
a well-defined volume, taking into account the boundary of the
space charge. This enables capturing and detecting photoions and,
therefore, the investigation of complex photoexcitation processes
with soft x rays. Such studies have been performed at free-electron
lasers,18,19 as well as at synchrotron-radiation facilities.3,12 Ion traps
are also widely used to investigate ion–atom/ion–molecule collisions
or chemical reactions20–22 relevant, e.g., in planetary atmospheres or
in interstellar and intergalactic media. For example, to simulate col-
lisions of molecular ions in Earth’s atmosphere in the laboratory,23

ion traps have been proven to be an ideal laboratory solution, e.g.,
for studying collisions with volatile organic compounds20 or with
inorganic compounds such as ozone.24

In this paper, we present a radio-frequency (RF) ion trap inte-
grated in the PIPE instrument at PETRA III (DESY). Figure 1 shows
the complete setup with the new ion trap. The trap can use the
PIPE ion beamline as an injector to study photoionization processes
of stored ions or neutral gases, as well as neutral gas–ion collision
processes. Furthermore, chemical reactions of neutral gases follow-
ing a photoexcitation can be investigated. We describe the design
of the ion trap and its integration into the PIPE setup, as well
as proof-of-principle experiments in different operation modes of
the trap.

II. EXPERIMENTAL DESIGN
The RF ion-trap setup is a part of the stationary photon–ion

spectrometer setup at the synchrotron light source “PETRA III”
(PIPE).13,14 The PIPE setup has been developed for the transport of
keV ion beams to the interaction regions. The ion trap can be used
to trap mass-over-charge-selected ions from the PIPE ion beam-
line. For this, the ions are decelerated by applying a potential of

up to 2000 V to the trap and loaded into the trap, where their
interaction with the extreme ultraviolet (XUV) photons from the
PETRA III beamline P0425 can be studied. It is also possible to pass
the ions through the trap with a higher kinetic energy in order to
ionize neutral gases as target material.

A. Ion-trap geometry and RF stabilization
The ion trap is a hybrid structure, which consists of a ring-

electrode trap27,28 and a segmented 16-pole trap.29 By using a seg-
mented trap with 34 parts, it is possible to create an effective trap
length of more than 180 mm so that a very large interaction region
is provided. The segmentation of the trap enables the generation of
potential gradients along the trap, which can be used to improve
the extraction of the ions. An extraction from a simple multipole
trap would be significantly more difficult due to the trap length. The
development of the segmented geometry allows the combination of
large trap lengths and multipole geometries. A multipole trap with a
large trapping volume and an associated low probability of ion–ion
collisions29 is a versatile solution for collecting photoions because
the product channels often have very different mass-to-charge ratios.
With the employed trap geometry, it is possible to accumulate pho-
toions over large mass-over-charge ranges from few u to 1000 u,
which has been proven with C60

+ cations. Trapping of even larger
ions with larger masses of several 1000 u should be possible. Thus,
heavy and light ions can be trapped in parallel in the same field and
at the same time.

The individual trap segments are made by wire erosion of
two interleaved copper plates with eight electrode structures each
[Fig. 2(a)]. Due to the geometry of the intersecting copper plates, the
stored ions only experience the inner 16-electrode field. To config-
ure a ring-electrode trap,27 it is possible to electrically connect the
copper plates of one segment and, thereby, create a ring electrode.

FIG. 1. The permanently installed photon–ion end-station PIPE at the XUV beamline P0425 at PETRA III for studying interactions of photons with atomic and molecular ions,
as well as small, charged nanoparticles. The setup consists of three interaction regions: a crossed-beams interaction region, a merged-beams interaction region, and the
newly integrated ion trap. The photon beam enters the setup from the right and passes through the three interaction regions. At the end of the photon beamline, we have
installed a calibrated photodiode, with which the photon flux can be continuously monitored.26 The ion beams are generated in an ion source mounted on the ion-source
platform at the left. The analyzing magnet enables a selection of ions according to their mass-to-charge ratio for further beam transfer to the interaction regions. Electrostatic
deflectors allow the ion beam to be directed either to the crossed-beams or to the merged-beams region. The demerging magnet is used in merged-beams experiments to
separate photoions from the primary ion beam. In order to route the ion beam to the trap, the demerging magnetic field was set to 0 G. To achieve this, the remanence of the
magnet was compensated by a small reverse current in the magnet coils. Details of the setup are described in Refs. 13 and 26.
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FIG. 2. The segmented ion trap of the PIPE setup located at the XUV beamline
P04 at synchrotron PETRA III. (a) One 16-pole trap29 segment consists of two
interleaved copper plates, one of which is shown with gray shading, while the
other one is copper-colored. The gray plate and the copper-colored plate are elec-
trically isolated from each other by a polyether ether ketone (PEEK) ring. The
radio-frequency field is applied to the two electrodes. (b) The trap holder houses in
total 34 trap segments, which are electrically isolated from each other by sapphire
plates. Furthermore, the holder has a coolant inlet and a gas inlet. Similar to a
ring-pole trap,27,28 the radio frequency is applied between the neighboring copper
plates. The trap, with a length of 200 mm, offers a comparatively large volume.
This is advantageous for experiments with a photon beam directed along the trap
axis.

In total, 34 segments are placed in a segment holder [Fig. 2(b)]. The
inner diameter of the ion trap is 10 mm, and the electrode curva-
ture radius is 0.7 mm. These values fulfill the relation for the 16-pole
potential approximation.30 Within the trap, the photon-beam has
a size of ∼0.6 × 1.6 mm2 (horizontal × vertical), depending on the
monochromator exit-slit width (the vertical beam size is given for
an exit-slit width of 1000 μm here). The exact photon-beam posi-
tion varies slightly with the electron-beam position in the PETRA
III storage ring and the settings of the photon beamline P04. The
given ratio of photon beam size and trap diameter ensures that the
photon beam can always pass through the trap.

To describe the effect of the electrode geometry on the trapped
ions, we have solved the Laplace equation using the finite-element
method as implemented in the SIMION code.31 In a second step, we
have evaluated over 100 ion trajectories in the ion trap by numerical
integration, assuming suitable initial conditions for the ions from the
PIPE ion beamline. The RF potential of the ion trap was described
by a sine function with a frequency of 3 MHz and an amplitude of
20 V. Adapted to the PIPE injection parameters, a source-size dis-
tribution of 3 mm and a size-cone-direction distribution with a half
angle of 3○ were applied. The simulations have been performed for
four different fixed injection energies, as given in Fig. 3(c). Sub-
sequently, transverse projections of the ion-density distributions
within the trap were calculated from the trajectory points of the
numerical integration. Around one billion points of the trajecto-
ries were evaluated in order to obtain a two-dimensional ion density
map, as shown in Fig. 3(a). The thus computed pattern reflects the
16-electrode trap structure. Furthermore, the numerical calculations
show that the ion-density in the area between the poles is reduced
when hyperbolically shaped electrodes are used, compared to a mul-
tipole trap consisting of simple rods. The ion-density distribution
in the trap approximately corresponds to a circular geometry. The
radial distribution of the ion-density in the trap was determined

FIG. 3. The ion density of our 16-pole trap calculated from the ion trajectories
simulated with SIMION. In panel (a), the radial ion-distribution for ions with a mass-
to-charge ratio of 60 ue−1 and a kinetic energy of 4 eV is shown in the projection
of the trap inventory onto the trap axis. In panel (b), the radial ion densities for
different masses are shown. In panel (c), the radial ion densities for different initial
energies along the axis of the ion trap are shown. A mass-over-charge ratio of 60
ue−1 was assumed again.

from the two-dimensional ion-density map. using a radial grid that
was placed over this ion-density map. Figure 3(b) shows a rela-
tively even ion-distribution inside the trap, with an increase toward
the central trap axis. Due to the different masses, the particles are
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subject to different effective potentials, which means that the par-
ticles with a higher mass can penetrate more deeply into the RF
potential barrier. Between radii of 3 and 4.5 mm, the ion density
is decreasing [Fig. 3(b)]. Due to the very small area in which the
ions are deflected back toward the trap axis, the influence of the RF
field on the trajectories is reduced. Therefore, the mass-over-charge
range, for which trapping is possible, is increased.

Figure 3(c) shows the change in radial distribution with axial
start energy. The particles initially move along the trap with a veloc-
ity corresponding to the axial start energy. The radial plot clearly
shows that ions with higher kinetic energy fly further outward. The
23 meV curve has a maximum in the ion density at 1.5 mm. When
comparing the curves, it can be seen that this maximum is shifted
to larger radii at higher kinetic energies and that the maximum flat-
tens out significantly. In Table I, the mean radial kinetic energies
of the ions are shown. Those result from the velocity of the ions in
the direction of the radio-frequency potential. It can be seen that the
radial energy of the ions increases with higher starting energy. The
energies should be as low as possible; otherwise, the ions cannot be
trapped under the applied radio-frequency parameters. The simu-
lated particles with a mass-over-charge ratio of 60 ue−1 experience
an effective potential of 0.27 eV at a reduced radius r̂ of 0.9, which
takes into account the assumption that there should be some free
space between the maximum transverse elongation of the ions and
the electrodes. The trapping properties in multipole traps, described
in the adiabatic theory by Gerlich using the stability parameter,
must be below 0.3 for stable trapping.20,32 From Gerlich’s theory
[see Eq. (24) of Ref. 32], it follows that the stability parameter in the
radial turning point can be described by

η = 2(n − 1)
π fr0 r̂

√
E

mion
, (1)

where f is the frequency of the radio-frequency potential. r0 is the
radius of the ion trap. E is the radial energy of the ion. n is the
number of rod pairs. r̂ was also chosen as 0.9. From the stability para-
meters listed in Table I, it can be seen that the investigated ions with
different kinetic energies can be trapped stably.

In addition to the transverse trapping properties, the segmented
structure enables us to apply a longitudinal gradient, which is used
for a more efficient longitudinal ion extraction. The copper plates
of one RF phase are connected via a voltage divider, and the copper
plates of the opposite RF phase are connected via a second voltage

TABLE I. The mean radial kinetic energies of the trajectories shown in Fig. 3(c). For
these trajectories, a mass-over-charge ratio of 60 ue−1 was assumed. The radial
energy results from the ion velocity with which they fly into the radio-frequency
potential. The adiabatic stability parameter was calculated from the mean radial
energy.

Axial start energy Mean radial energy Stability parameter

23 meV 1 meV 0.01
100 meV 4 meV 0.03
1 eV 0.11 eV 0.14
4 eV 0.23 eV 0.20

FIG. 4. The wiring of the individual trap elements with the voltage dividers and the
coupling capacitors. The capacitors marked by red color represent the trap ele-
ments. The active amplifier for the oscillator is connected to the transformer. The
active amplifier for the oscillator and the transformer are installed in the generator.
Since the transformer is a fundamental part of the oscillating circuit, it was drawn
separately in this figure.

divider. At the voltage dividers, a potential gradient of up to 300 mV
per segment can be applied, and the trap can be raised up to a
potential of 2000 V to decelerate the ions from the keV ion-beam.
A potential of 1000 V and a gradient of 63 mV per segment were
used in the experiments presented here. The RF coupling to the
copper segments is realized by capacitors on two printed circuit
boards that are screwed directly onto the trap. Electrical capacitors
are connected in parallel to the voltage divider (see Fig. 4). The
capacitors have a much higher capacitance than the trap segment
itself. This ensures that only the trap segments’ capacity influences
the resulting frequency of the ion trap. With the help of an RF gen-
erator, which was specially developed by CGC instruments, 09112
Chemnitz, Germany, and works according to the principle of a
radio-frequency power supply, as described in Ref. 33, a radio fre-
quency of 3 MHZ was employed with an amplitude of 18 V, which
was sufficient for capturing the ions. The generator has two monitor
outputs, which were used to check the radio frequency on the trap
with an oscilloscope. Only for heavy ions such as C60

+, with a mass
of 720 u, was it necessary to increase the radio-frequency amplitude
to 80 V. This corresponds to an effective potential of 0.35 eV at a
reduced radius of 0.9.

B. Timing of trapping, extraction, and time-of-flight
measurement

A schematic trajectory of the ions through the setup is illus-
trated in Fig. 5. For measuring the ions’ time of flight after opening
the trap via the pulsed outlet cap PC II, a portion of the ions is
extracted, focused by the after-trap lens (ATL) (typical voltages for
the three cylinders of the lens are ATL1 = 100 V, ATL2 = 1250 V,
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FIG. 5. Schematic setup for measurements with the ion trap. A schematic trajectory from the ion trap to the time-of-flight spectrometer is illustrated by the red arrows. The
ions can be generated directly in the trap or injected into the trap from the ion beamline. The before-trap lens (BTL) is used for deceleration and focusing of the ions. With
the pulsed end caps, PC I and PC II of the trap, the ions are trapped in the axial direction. After a certain exposure time, given by the delay time tD between the opening
of PC I and PC II, the ions are extracted with a kinetic energy of 1 keV by the after-trap lens (ATL). The electrostatic quadrupole deflector (QDD) and the quadrupole-triplet
lens (QDTL) direct the trapped ions to the time-of-flight spectrometer to determine their mass-to-charge ratio. The photon beam represented by the purple arrow enters the
experiment from the right. The time-of-flight spectrometer consists of the drift tubes DT I und DT II and a Chevron stack of microchannel plates (MCPs) with an active diameter
of 20 mm. The photon flux is permanently monitored by the calibrated photodiode (PD).

and ATL3 = 600 V), and deflected toward the time-of-flight spec-
trometer by the electrostatic quadrupole deflector (QDD). A nega-
tive and a corresponding positive voltage of 1250 V is usually applied
to the elements for the deflection. Before reaching the drift tubes
“DT I” and DT II, the ions are refocused by the quadrupole-triplet
lens (QDTL). One electrode of the QDTL is used to cut out a part
of the ion bunch that was generated using the extraction via PC II.
The resulting very sharp ion pulse, with a typical pulse width tIP
= 1.6 μs, is then passed through the drift tubes of the ion time-of-
flight spectrometer. This pulse width creates a selection of about 10%
of the extracted ions. The flight time of the ions to the microchannel
plate (MCP) detector depends on the mass of the ions, which allows
us to record a mass spectra of ions produced or manipulated inside
the ion trap.

During the neutral-gas ionization, the trap entrance side
remains closed by an electrostatic potential on the ion-inlet pulsed
cap PC I. Upon opening of PC I, ions from the permanently installed
ion beamline can be injected into the radio-frequency potential of
the trap. With the ion beamline, there is also the possibility of pass-
ing ions with a higher kinetic energy through the trap. This allows
the kinetic energy of the ions to be set for ion-impact experiments.
At higher kinetic energies, these ions cannot be trapped in the trap
potential any longer.

In Fig. 5, the schematic connection of the components for a
measurement and the time control are shown. To synchronize the
quadrupole-triplet electrode with PC I, PC II, and the radio-frequ-
ency generator, a gate-and-delay generator 9520 from Quantum

Composers Inc., Bozeman, MT 59718, USA, is used in the setup. The
RF generator is switched off between the cycles so that no ions from
a preceding cycle remain in the trap. By successively changing the
delay time tD between opening PC I and PC II, the development of
the ion intensity over time can be determined. If tD is shorter than
the opening time tL of PC I, the charging with the primary ion beam
from the ion beamline or the increase in the ion intensity by ion-
impact ionization can be investigated. If tD is longer than tL, the
trapping time of ions generated by either photoionization or ion-
impact ionization can be studied. 20 μs after the ion trap has been
opened at PC II for the time tO = 30 μs, the start pulse for the time-
of-flight measurement is generated by lowering the potential on one
of the electrodes of the quadrupole triplet for typically tIP = 1.6 μs
from 110 to 10 V is the right potential to route the ions into the
spectrometer, and 110 V is the potential to deflect and defocus the
ions so that they cannot enter the spectrometer. The other elements
of the QDTL usually have a voltage varying from −50 to 50 V.

In order to guarantee a well-defined timing, the potentials at
PC I, PC II, and the variable-potential electrode of the QDTL were
controlled by three Si-MOSFET push–pull switches (PPS) from the
GHTS series produced by Behlke Power Electronics GmbH, 61476
Kronberg im Taunus, Germany. The input voltages of the PPS were
stabilized by capacitors, which have a much higher capacity than
the associated ion-optical element. This way, PC I and PC II can be
opened precisely for the times tL and tO.

If the delay tD2 between the opening of the ion trap and the
pulsing of the quadrupole triplet is further reduced, stored ions with
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a higher kinetic energy are detected in the time-of-flight spectrom-
eter. A typical value for this delay is 20 μs. When choosing longer
delays, stored ions with a lower kinetic energy are routed to the time-
of-flight spectrometer. The width of the kinetic-energy distribution
can be adjusted with the pulse time tIP of the quadrupole triplet.
Shorter pulses lead to a higher resolution in the kinetic energy. The
time-of-flight spectrometer contains a short drift tube (DT I) of
300 mm and a long drift tube (DT II) of 700 mm. A typical volt-
age for DT I is 600 V, and a typical voltage for DT II is 100 V. This
results in a total drift length of 1000 mm. The separation into two
drift sections increases the degree of freedom for temporal focusing
of the ions. Thereby, the spectrometer provides the possibility to be
used at a certain high-resolution mass-over-charge range. The ion
signal is amplified by using a stack of microchannel plates (MCPs)
from tectra GmbH, 60323 Frankfurt, Germany. The MCP signal is
amplified by the broadband amplifier 6954 from Philips Scientific,
Mahwah, NJ 07430, USA, processed by the constant-fraction dis-
criminator (CFD) 934 from ORTEC, Oak Ridge, TN 37830, USA,
and recorded with the 10 bit analog-to-digital converter module
U1065A from Agilent Technologies, Santa Clara, CA 95051, USA.
Approximately 250 000 traces with a sampling rate of 1 GS s−1 and
a maximum amplitude of 2 V were summed up for a spectrum at
a resulting analog-to-digital converter resolution of 1.95 mV. After
each measurement, the radio frequency of the ion trap is switched
off for 300 μs (see the difference between tRF and trecurrence interval in
Fig. 5) to avoid the trapped ions interfering with the next cycle. The
entire measurement cycle can be carried out at a repetition rate of
up to 295 Hz or a recurrence-interval time of at least 3.4 ms (Fig. 5).
The times tL, tD, and tRF must be adjusted individually to the rep-
etition rate. When changing the repetition rate, the other times do
not have to be changed. Due to the analysis via a time-of-flight
spectrometer, the mass-to-charge ratio of all captured ions can be
determined by only one time-of-flight measurement. This partic-
ularly efficient analysis method allows the experimenter to simul-
taneously record an absorption spectrum of all fragment channels
in 50 μs.

III. EXPERIMENTAL SCHEMES
To demonstrate the experimental possibilities of this ion-trap

setup for atomic and molecular physics, we present two possible
experiments. The first experiment addresses the photoionization
of neutral gases and the subsequent trapping of the ionization
products. The second experiment deals with the possibility to stim-
ulate chemical reactions. As an example for this class of experi-
ments, a chemical reaction between an ion generated by ion-impact
ionization and a neutral-gas particle is presented.

A. Photoionization and subsequent trapping
For the demonstration experiment, xenon (99.99% purity) gas

was fed into the center of the trap via a gas inlet. The gas flow into
the radio-frequency trap was regulated via a metering valve from
Vakuum-Anlagenbau GmbH, 25337 Elmshorn, Germany. A pres-
sure of 3.6 × 10−4 Pa was set with the metering valve, using the
hot-cathode vacuum gauge of the high-vacuum chamber. An ion-
gauge correction factor of 2.78 was used to correct the gas pressure.34

In the ion trap, the neutral target gas can be ionized by the incoming

XUV radiation. The resulting photoions are captured by the radio-
frequency potential, with an amplitude of 18 V.

The ionization of the neutral Xe atoms was carried out at the Xe
3d5/2 and 3d3/2 edges.35 A summed mass spectrum over the photon-
energy range 680 to 710 eV is shown in Fig. 6. The photon flux
amounted to 5 × 1012 s−1 at a photon energy of 703 eV. The indi-
vidual xenon isotopes and charge states are clearly visible in the
spectrum. In order to detect the highly charged Xe7+ ions, the delay
between the opening pulse of the trap and the quadrupole triplet
tD2 was shifted toward shorter times, thus toward ions with a higher
kinetic energy. tIP was lowered from 1.3 to 0.9 μs to further improve
the energy resolution and the mass resolution. The voltages applied
to the drift tubes were adjusted such that ions with a very low mass-
to-charge ratio could be resolved. For ions with a kinetic energy
of a few meV, the resolutions for the individual Xe charge states
are shown in Table II. To obtain the mass resolution, the peaks for
the different isotopes were fitted by Gaussian functions. The mass
resolving power m/Δm was then determined from the peak posi-
tion and the FWHM. In order to achieve the best possible resolution
for higher mass-to-charge ratios, the voltages and the timing of the
time-of-flight spectrometer were adjusted. Thereby, the resolution
of the Xe4+ feature could be improved from a m/Δm of 153 to
201. In addition to the mass resolution, the branching ratios for the
different charge states are also shown in Table II. Our experimen-
tal values were obtained by integrating the isotope structures. They
can be compared with those published by Saito and Suzuki, who
determined the ion yield by time-of-flight spectrometry.36,37 Com-
parison of our data with the values from the literature yields good

FIG. 6. The summed time-of-flight spectra of xenon ions resulting from the pho-
toionization of neutral xenon gas in the trap over the measured photon energy
range 680 to 710 eV, employing our ion trap. A first spectrum is shown for a low
m/q and a second for a high m/q for the lower charge states 3+ and 4+. The iso-
tope structure of xenon for the different charge states can be recognized very well
in the time-of-flight spectrum.
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TABLE II. The table shows the resolution determined from the individual peaks in Fig. 6. For each mass-to-charge peak, the
resolution was determined by a Gaussian fit. Then, we averaged over the individual resolutions for a given charge state. The
branching ratio was determined from the integrals of the peaks. A correction of the MCP detection efficiency for the different
ions was made.38 The branching ratio has a relative uncertainty of 10%. The reference branching ratio was determined by
the values from Saito and Suzuki at 686 eV photon energy.37 Since only five charge states were measured, the percentage
values for the reference are reduced to these five charge states so that a comparison is possible.

Charge state m/q [u/e] m/Δm
Branching
ratio (%) Reference 37 (%)

MCP detection
efficiency38 (%)

3 43.6 242 8.2 9.1 34.5
4 32.8 201 47.3 44.7 40.6
5 26.2 183 34.9 28.7 44.7
6 21.8 172 8.2 14.9 47.6
7 18.7 159 1.4 2.6 49.8

agreement, with the largest deviation of 6.7% in the branching ratio
for Xe6+. For Xe7+, the error becomes significantly larger. On the
one hand, this might be due to the lower trapping efficiency for
smaller m/q values. On the other hand, the uncertainty becomes
significantly larger due to the lower ion yield. In addition to the MCP
efficiencies for the ion detection, parts of the setup, such as the ion
optical elements, can also have an influence on the branching ratio.
In order to investigate this influence, the mass-dependent trans-
mission of the ion-optical elements was modeled using SIMION. A
mass-independent transmission of 70% has been obtained from the
simulation.

B. Ion–molecule collisions
As an example for the second class of possible experiments,

results are presented for ion-impact ionization of norbornadiene,
C7H8, with Ar ions and subsequent chemical reactions. Possibilities
of ion–molecule collision experiments, which are carried out using
an ion beam from the PIPE setup, are described. For the ion-impact
ionization of norbornadiene, Ar+ and Ar2+ ions were used with a
kinetic energy of 500 eV for Ar+ and 1000 eV for Ar2+. For these
energies, the ions were accelerated in PIPE with a potential of 1.5 kV
and decelerated by the 1 kV trap potential. The trap was operated
at a radio-frequency amplitude of 18 V. Norbornadiene was cho-
sen for this experiment because of its high ionization potential of
8.6 eV39 and its favorable trapping properties due to its relatively
high mass. Furthermore, it is a reactive substance that undergoes
addition reactions, see Ref. 40 and references therein. A few ml
of norbornadiene was filled into a test tube, which was directly
connected to the gas inlet of the trap setup. The chemical had a
purity of 97%. The remaining 3% has a chemical composition of
0.25%–1% toluene, 0.1%–1% cycloheptatriene, 0.25%–1% cyclopen-
tadiene, and for the stabilization, a share of 0.1%–0.25% butylated
hydroxytoluene. In the ion-impact experiment, the repetition rate
was adjusted to 25 Hz, corresponding to a recurrence-interval time
of up to 40 ms.

In Fig. 7, the ion-impact products resulting from a collision
with norbornadiene and Ar+ or Ar2+ are shown. Due to the colli-
sions with Ar ions, the kinetic energy of the CnHm

+ ions is signifi-
cantly higher than the kinetic energy of the Xeq+ ions produced by
photoionization. As a result, the mass resolution of the norborna-
diene fragments is significantly lower. A resolution of m/Δm = 60

could be determined from Gaussian fits to the C7Hx
+ and C9Hx

+

peaks. The kinetic energy of C7Hx
+ was higher than the kinetic

energy of C9Hx
+. As a result, a longer tIP of 2 μs had to be cho-

sen so that C9Hx
+ and C7Hx

+ could be measured simultaneously.
In this experiment, the ions were not thermalized with buffer gas.
Smaller shoulders can be seen, for example, at the C7Hx

+ peak. This
indicates that the peak is composed of ions with different numbers
of hydrogen atoms. During collisional ionization, the norbornadi-
ene molecule can fragment by loss of carbon and hydrogen atoms.
In Fig. 7, it can be seen that the fragmentation yield is higher for the

FIG. 7. The time-of-flight mass spectrum resulting from Ar+ and Ar2+ impact ion-
ization of norbornadiene, C7H8. For better visibility, the ion yield of Ar+ was offset
by three arbitrary units. In addition to the single-ionization product C7Hx

+, ions
with lower masses (fragments) and ions with higher masses (chemical-reaction
compounds) can be seen. The mass spectra were obtained by summing up all
recorded mass spectra over the total reaction time interval 0 to 40 ms.
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impact ionization by Ar+ compared to Ar2+. Charge transfer from
the Ar2+ ions to the target molecule occurs at a large impact para-
meter. As a consequence, there is only a small momentum transfer
to the target molecule, and with this, the probability of the norbor-
nadiene fragmentation is reduced. In the following, only the Ar2+

ion part with less fragmentation of the norbornadiene molecule will
be discussed. The predominant collision process can be described by

Ar2+ + C7H8 Ð→ Ar+ + C7 H+x +H8−x. (R1)

Alternatively, one or several carbon atoms can be removed
from the original target molecule. However, not only fragments are
detected, but we also observe larger molecules, see Fig. 7. The largest
peak is found for the C9Hx

+ ion and products up to C12Hx
+ are

visible. Following the ionization, there is obviously the possibility
that the generated ion reacts with a neutral norbornadiene molecule.
During this reaction, acetylene, C2H2, can be transferred from a neu-
tral norbornadiene molecule to the initially generated ion according
to the reaction

C7 H+x + C7H8 Ð→ C9 H+x+2 + C5H6. (R2)

Figure 7 shows that the formation of C9Hx
+ resulting from the

ionization by Ar2+ is clearly preferred compared to the Ar+ case.
Another possible process would be that a charged C5H8−i

+ molec-
ular ion and a neutral C9Hx+i molecule are formed. However, from
the mass spectrum in Fig. 7, it is obvious that this reaction plays only
a minor role.

In Fig. 8, the generation of the C7Hx
+ ions by Ar2+ ion-impact

ionization and the production of C9Hx
+ are shown, depending on

the reaction time in the ion trap. In the first 12 ms, the Ar2+ ion
beam passes through the trap and ionizes norbornadiene molecules
according to Eq. (R1). After the opening time of PC I, tL, in this
case of 12 ms, the ion-trap entrance is closed again and the ion
yield of C7Hx

+ starts to decrease. Since some C7Hx
+ ions are still

present in the trap, together with neutral C7H8 gas, the production
of C9Hx+i

+ continues. This can be seen from the further increase in
the reaction product according to Eq. (R2). After 30 ms, the amount
of C9Hx

+ in the trap stops increasing. The decrease of C7Hx
+ can

be described by a rate equation. There are two processes that affect
the loss of ionized target ions C7Hx

+ from the trap. Square brackets
denote the spatial density of the ionized target molecules. One pro-
cess is the spontaneous loss of the C7Hx

+ ions, which is described
by ktrap C7Hx

+ ⋅ [C7Hx
+]. The other process is given by losses due to

possible reactions, as described by Eq. (R2), which are represented
by kreac ⋅ [C7H8] ⋅ [C7Hx

+]. Since there are significantly more neu-
tral norbornadiene molecules than C7Hx

+ ions in the trap, it can
be assumed that only the proportion of trapped ions determines the
rate of the reaction. For this reason, the gas pressure [C7H8] and,
therefore, the density of neutral molecules, which is independent
of the measurement time, are unaccounted for in the further con-
sideration, and reactions are described by kps reac ⋅ [C7Hx

+]. Hence,
the reaction can be described by a pseudo-first-order process.22,41

The loss rate of the C7Hx
+ density can be described by the rate

equation

d[C7Hx
+]

dt
= −(ktrap C7Hx

+ + kps reac)[C7Hx
+]. (2)

FIG. 8. Progression of the norbornadiene ion C7Hx
+ yield generated by Ar2+

impact and the ion yield of the reaction product ion C9Hx
+ as a function of time,

measured by scanning the delay time tD between opening PC I and PC II. The
C7Hx

+ ion yield was fitted with Eqs. (3) and (5). The time-dependent ion yield of
the reaction product C9Hx

+ is given by Eq. (7). It should be noted that the C9Hx
+

curve depends on the evolution of the C7Hx
+ reactant. The total ion yield shows

that the norbornadien ions and the reaction products make up far more than the
largest part. The drop in the total ion yield is due to reactions to non-trappable
reaction products, e.g., neutrals, H+ or H2

+.

The solution of the differential Eq. (2) is an exponential
function in t:

[C7Hx
+] = A ⋅ e−

t
τ . (3)

The characteristic time τ is given by 1/(ktrap C7Hx
+ + kps reac). In

Fig. 8, this function was used to fit the measured decay of the C7Hx
+

ion density as a function of time (resulting in the green curve). A
value for τ of (10.5 ± 2) ms was determined, which represents a
lower estimate for the trapping time. τ is relatively short, since the
reactions take place in the trap, where the charge is transferred to
light fragments such as H+ or H2

+ cations connected with larger
neutral products. These very light ionic products cannot be further
trapped and ion losses occur, which can be seen in the total ion yield
(see Fig. 8).

In order to describe the C7Hx
+ production phase, the rate

Eq. (2) is supplemented by the term kion ⋅ [C7H8] ⋅ [Ar2+], where
kion is the ionization probability per unit time. The ionizing prop-
erties and kinetic energy of the ion, as well as the ionizability of the
neutral target and the norbornadiene pressure, are summarized in
the factor kps ion,

d[C7Hx
+]

dt
= kps ion ⋅ [Ar2+] − (ktrap C7Hx

+ + kps reac)[C7Hx
+]. (4)
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The solution of the differential Eq. (4) is

[C7Hx
+] = A2(1 − e−

t
τ ), (5)

where A2 is the saturation density of C7Hx
+, reached after infinite

exposure time and is given by the product of kps ion ⋅ [Ar2+] and τ. In
Fig. 8, this function was used to fit the measured build-up of C7Hx

+

density during the first 12 ms (resulting in the blue curve).
The C9Hx

+ reaction product can be described by the rate
equation

d[C9Hx
+]

dt
= kps reac C9Hx

+[C7Hx
+] − ktrap C9Hx

+[C9Hx
+]. (6)

The equation consists of two terms: The first term describes the
formation of C9Hx

+ through reactions as described by Eq. (R2), and
the second term describes the trapping losses of C9Hx

+. kps reac C9Hx
+

is the reaction rate for the reaction shown in Eq. (R2). In contrast
to kps reac, other reactions between C7Hx

+ and C7H8 that lead to a
different product are no longer included in kps reac C9Hx

+ . In principle,
the C7Hx

+ ions and C7H8 molecules could react to form other ionic
products, as well as neutral products. The solution of the differential
Eq. (6) is

[C9Hx
+] = kps reac C9Hx

+ ⋅ ∫
t

0
[C7Hx

+] dt + A3 ⋅ e−
t

τ2 . (7)

Since the time dependence of the [C7Hx
+] ion yield can be

described by the fits with Eq. (3) for the range above 12 ms and
Eq. (5) for the range 0 to 12 ms (see the green and blue curves
and accordingly the areas below the curves in Fig. 8), the solu-
tion of the integral in Eq. (7) is known. Accordingly, kps reac C9Hx

+ ,
A3, and τ2 can be fitted to the measured data. Here, τ2 is equal to
1/ktrap C9Hx

+ . The formation of C9Hx
+, which is determined by the

presence of norbornadiene ions, is described by the rate constant
kps reac C9Hx

+ . From the fit to the measured yield of C9Hx
+ ions, result-

ing in the yellow curve in Fig. 8, a value for kps reac C9Hx
+ of about

20 s−1 (corresponding to the characteristic time of 50 ms) is obtained
at a norbornadiene pressure of p = 1 × 10−4 Pa. The pressure was
measured in the high-vacuum chamber with a hot-cathode vacuum
gauge. Since the gas inlet is directly pointing into the trap, the pres-
sure in the trap is slightly higher than that in the high-vacuum
chamber. The ion-gauge correction factor of 5.56 for toluene was
used to correct the gas pressure.34 The pressure results in a particle
density of 2.4 ×1010 cm−3. This corresponds to a reaction constant of
8 ×10−10 cm3 s−1. The reaction constant kps reac C9Hx

+ is limited by the
assumption that we deal with a pseudo-first-order process22,41 here.
Theoretically, this reaction can be described as a first approximation
with the Langevin model.42,43 Since the required polarizability can-
not be found in the literature, the analytical polarizability through
coupled-perturbed self-consistent field calculations was used in the
Langevin model. The calculations were performed in the quantum
chemical program ORCA44,45 using the basis set def2-TZVPP and
the functional B3LYP. The calculated polarizability of norbornadi-
ene is 1.1 × 10−23 cm3. The method was verified by the results of
benzene and toluene calculations, giving proper values compared to
the literature.46 Using the polarizability of norbornadiene, a theoret-
ical Langevin rate constant of 1.1 × 10−9 cm3 s−1 could be calculated.

This Langevin rate constant has a slightly larger value than the one
corresponding to the particle density, since the reactions between
C7Hx

+ and C7H8 to other products are contained in this.
Approximately, a value for τ2 of 50 ms could be estimated.

Since τ2 clearly exceeds the measuring time of a cycle and since the
decrease due to the trapping time is very small, it is not possible to
determine τ2 more precisely, and this can be regarded as a lower
limit. The absence of reactive collisions between the C9Hx

+ ions
and the C7H8 molecules results in a much longer τ2. The observed
time is the lower limit of the characteristic storage capability of the
trap setup (see Fig. 8). The rate constants clearly show that it is
possible to examine chemical reactions and their kinetics using our
ion trap.

IV. CONCLUSION
We have introduced a new ion-trap setup and demonstrated

its potential for studying a wide spectrum of reactions, illustrated
by two exemplary experiments. The combination of the ion trap and
the time-of-flight spectrometer, which has reached a mass resolution
of m/Δm = 242 (see Table II), represents a powerful arrangement,
which in combination with the remaining PIPE setup, allows for
many experimental options. The time-of-flight spectrometer can
analyze the mass-to-charge ratio of all trapped ions in 50 μs. It yields
a very quick overview of all ions formed in the trap. The trapping
characteristics of the ion trap are sufficient to detect ions with a
mass-to-charge ratio of less than 20 u/e (see Xe7+ in Fig. 6). The
low radio frequency of 3 MHz improves the trapping characteristics
for higher mass-to-charge ratios. The trap should allow for larger
molecular ions or charged nanoparticles with a mass-to-charge ratio
of several 1000 u/e. In addition to the generation of ions directly
in the trap, there is also the possibility to couple ions from the
ion beamline into the radio-frequency potential. To enable this, a
potential of up to 2000 V can be applied to the trap elements in
order to reduce the kinetic energy of the ions to a few eV. With
this option, ions of diverse sources, which can be installed on the
high-voltage platform of PIPE, can be investigated with the ion-
trap setup. In addition to photoexcitation and impact ionization,
chemical reactions could be observed using the trap. Due to the
high degree of integration into the existing PIPE setup, the ion trap
offers many experimental possibilities that open up numerous new
research fields.
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