An ion trap time-of-flight mass
spectrometer with high mass resolution for
cold trapped ion experiments

Cite as: Rev. Sci. Instrum. 88, 123107 (2017); https://doi.org/10.1063/1.4996911
Submitted: 19 July 2017 « Accepted: 23 November 2017 - Published Online: 13 December 2017

' p. C. Schmid, "' J. Greenberg, M. 1. Miller, et al.

Instruments

/RN

) S @

View Online Export Citation CrossMark

ITIC

ARTICLES YOU MAY BE INTERESTED IN

An integrated ion trap and time-of-flight mass spectrometer for chemical and photo-
reaction dynamics studies

Review of Scientific Instruments 83, 043103 (2012); https://doi.org/10.1063/1.3700216

G
(o)
S
95
X

Time-of-Flight Mass Spectrometer with Improved Resolution
Review of Scientific Instruments 26, 1150 (1955); https://doi.org/10.1063/1.1715212

A hybrid ion-atom trap with integrated high resolution mass spectrometer
Review of Scientific Instruments 90, 103201 (2019); https://doi.org/10.1063/1.5121431

Webinar

Interfaces: how they make
or break a nanodevice

March 29th — Register now

N # Zurich
Z N\ Instruments

Rev. Sci. Instrum. 88, 123107 (2017); https://doi.org/10.1063/1.4996911 88, 123107

© 2017 Author(s).




@ CrossMark
i

REVIEW OF SCIENTIFIC INSTRUMENTS 88, 123107 (2017)

An ion trap time-of-flight mass spectrometer with high mass
resolution for cold trapped ion experiments
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Trapping molecular ions that have been sympathetically cooled with laser-cooled atomic ions is a
useful platform for exploring cold ion chemistry. We designed and characterized a new experimental
apparatus for probing chemical reaction dynamics between molecular cations and neutral radicals
at temperatures below 1 K. The ions are trapped in a linear quadrupole radio-frequency trap and
sympathetically cooled by co-trapped, laser-cooled, atomic ions. The ion trap is coupled to a time-of-
flight mass spectrometer to readily identify product ion species and to accurately determine trapped ion
numbers. We discuss, and present in detail, the design of this ion trap time-of-flight mass spectrometer
and the electronics required for driving the trap and mass spectrometer. Furthermore, we measure the
performance of this system, which yields mass resolutions of m/Am > 1100 over a wide mass range, and
discuss its relevance for future measurements in chemical reaction kinetics and dynamics. Published

by AIP Publishing. https://doi.org/10.1063/1.4996911

Il. INTRODUCTION

Reactions of molecular cations with neutral molecules and
radicals are important in many environments, such as the inter-
stellar medium.'-? Detailed understanding of these reactions
would benefit from experiments at low temperatures, where
the internal quantum states and external motion can be con-
trolled with high precision. Preparing the reactants in a limited
distribution of quantum states and at cold temperatures can
allow for studies of how the initial states determine reaction
pathways.>* However, experimental measurements of reac-
tion rates and chemical dynamics between cations and neutral
molecules, especially radicals, at low temperatures under con-
trolled conditions are challenging. This is a direct consequence
of the low densities of ions and radicals typically achieved in
the lab and lack of molecular purity in radical samples. To
overcome the hurdle of low density samples, recent exper-
iments have employed the use of ion traps to dramatically
extend the interaction times over molecular beam experi-
ments. Thus, cold ion-radical reaction measurements become
possible.

One experimental approach to create cold, trapped molec-
ular ions is to laser cool atomic ions confined in a linear Paul
trap® and use them to sympathetically cool co-trapped molec-
ular ions.®” In these systems, the translational temperatures
of the ions are small compared to the Coulomb repulsion,
and the so-called Coulomb crystals are formed.® Although
the number density of the ions in a Coulomb crystal is space-
charge limited to 10710 ions cm™, the ionic reactants can be
trapped for long periods of time, allowing for precise measure-
ments of reactions even with such low density samples. Using
these trapped Coulomb crystals, several groups have studied
chemical reactions between atomic ions and neutral molecules,
including, but not limited to, Mg* + H,,” Be* + HD,!
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Ca* + CH3E!' Yb* + Ca,'” Ba* + Rb," and Ca* + ND3.!*
Other experiments extended such reaction studies to sympa-
thetically cooled molecular ions and neutral molecules, includ-
ing H;0* + NH3,!° CaO* + CO,'¢ N + H,,'7 OCS* + NH3, '8
NI + Np,'” NH* + CH3CN,'" and reactions involving
conformer-selected neutral molecules.?”

An important step in all of these reaction experiments
is the detection of reaction products. Many experiments for
studying cation-neutral reactions using Coulomb crystals use
structural changes in the crystal to indirectly observe the reac-
tions. By comparison with the results of molecular dynamics
simulations, the loss of the reactant and increase of prod-
ucts can be followed.'%!® While this provides some insights
into the reaction dynamics, this technique can determine
only if the ions are lighter or heavier than the laser-cooled
ion, which is particularly a problem when studying complex
reactions with several pathways. Another way of detecting
reaction products is to use secular excitation of the trapped
ions.”"2* This method also lacks the required mass reso-
Iution for studies of complex reactions. Experiments with
complex molecules would benefit from a direct observation
of all reaction products with high fidelity. Coupling of a
time-of-flight mass spectrometer (TOF-MS) to the ion trap
can allow for the accurate determination of the number and
charge-to-mass ratio of all trapped ions in a single recorded
spectrum.

Time-of-flight mass spectrometers can be easily coupled
to linear Paul traps along the axial direction, but the mass
resolution is limited by the extended size of the trapped ion
cloud along the extraction axis.”* This limitation can be over-
come, and higher mass resolutions can be reached at the cost of
complex ion optics.” Recently, several experiments”6—3! have
demonstrated the extraction of the ions along one of the radial
trap axes into the TOF-MS, where the trap electrodes also act as
DC repeller plates of the TOF-MS. Using this technique, both
Schneider et al.”’ and Meyer et al.?° achieve a mass resolution
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of m/Am < 500. In contrast, Rosch er al.3!' installed dedi-
cated TOF-MS repeller plates, mounted in between the ion trap
rods to enhance their detection efficiency. While this helped
to increase the mass resolution to about m/Am ~ 700, this
specific electrode design distorts the RF trapping field, requir-
ing compensation potentials for efficient ion trapping. Also,
the increased mass resolution is limited to a single, individual
mass peak at any one time.

Here, we report the development of a new linear ion trap
TOF-MS experiment dedicated to the measurement of ion-
radical reaction dynamics. While the general layout is similar
to previous published apparatuses,”®>!=33 our setup has the
advantage of having significantly simpler trap and TOF-MS
electronics and an increased mass resolution over a large range
of masses simultaneously.

In this paper, we begin by discussing the design of the
combined linear ion trap time-of-flight mass spectrometer
(LIT TOF-MS) (Sec. II). Next, we present the driving elec-
tronics for operating the LIT TOF-MS system (Sec. II B) In
Sec. I1I, we show the results for the optimized system, demon-
strating the advantages of our design. We conclude in Sec. IV
by giving an outlook for future experiments planned with ion
trap TOF-MS apparatus.

Il. EXPERIMENTAL DESIGN

Our experimental apparatus consists of a segmented lin-
ear quadrupole ion trap and a linear TOF-MS, coupled radially
to the ion trap. We trap “°Ca* and perform laser cooling to
form Coulomb crystals with temperatures <1 K. Molecular
ions can be co-trapped and sympathetically cooled by the
atomic ions. To facilitate high cooling rates and have Coulomb
crystal lifetimes of several hours, the vacuum chamber is main-
tained at a base pressure of <5 x 107! Torr using a 600 I/s
turbo pump (Pfeiffer HiPace 700) backed by a dry rough-
ing pump (Adixen ACP-15). A titanium sublimation pump
is used in addition for enhanced pumping of certain resid-
ual reactive contaminants. Finally, to eliminate background
water in the chamber, a cold finger filled with liquid nitrogen is
used.

Trapped ions are detected either by the fluorescence of the
atomic ions or by ejecting all trapped ions into the TOF-MS. To
detect mass spectra with high mass resolution over a wide mass
range, the trapping RF amplitude must be switched off within
a couple RF periods before the high voltage (HV) extraction
pulses are applied to the trap electrodes. Here, dedicated RF
drive electronics were built and characterized. Sections IT A
and II B describe in detail the apparatus.

A. lon trap time-of-flight setup
1. lon trap and TOF-MS combination

The central component of the experimental apparatus
is a segmented, linear quadrupole ion trap built from four
rods (Fig. 1). RF potentials of several hundred volts peak-
to-peak are applied to the rods as shown in Fig. 1 to produce
a time-averaged trapping potential in the radial dimension.
Additionally, each rod is divided into three electrically iso-
lated segments, which allow for the application of individual
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FIG. 1. Schematic of the ion trap and detection optics. The ion trap has four
rods, which are broken into three segments each. RF potentials are applied
to all 12 segments. In addition, small DC potentials are applied to form a
trapping field along the longitudinal axis. Directly above the ion trap sits a
10x microscope objective to image the fluorescence from the Ca ions onto an
EMCCD camera. The drift tube of the TOF-MS is located directly below the
ion trap and includes an Einzel lens (deflection plates not shown).

DC voltages on each segment to confine the ions along the
longitudinal axis. The DC voltages can also be used to make
small adjustments to the position of the ion cloud in three
dimensions to center the ions on the node of the RF potential,
thus minimizing RF heating of the ions.

Our trap has an inscribed radius of rp = 3.91 mm and a trap
rod radius of r = 4.5 mm. This ratio produces a nearly perfect
radial quadrupole field in the center of the trap,* reducing
the micromotion heating of the ions. The central segments of
the ion trap have a length of 2 X zg = 7 mm, while the outer
segments have a length of z = 20 mm. These lengths give rise
to an approximately harmonic axial potential in the center of
the trap. To trap the laser-cooled atomic ions, the RF applied to
the electrodes is Qrr ~ 27 X 3.1 MHz with an amplitude up to
V =250V. Axial confinement is achieved with DC potentials of
Vpe <10V applied to the outer segments of the rods (Fig. 1).
To produce calcium atoms for loading into the trap, we use an
effusive calcium beam generated by a home-built, resistively
heated Ca oven. The oven is made out of a thin-walled stainless
steel tube, crimped on both ends, with a 1-mm? opening at one
end. The oven is mounted 300 mm from the trap center and
uses a collimating aperture in the beam path to minimize Ca
deposition on the trap rods. A simple beam shutter is placed
in the atomic beam path to block the Ca impinging on the
trap after the loading process. This allows the Ca oven to be
kept at a consistent temperature at all times, while reducing
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the influence of the oven products on the trapped ions. The
atomic beam of “°Ca is then ionized in the trap center using
non-resonant photo-ionization at 355 nm (Continuum Minilite
II, 10 Hz, 5 ns pulse length, up to 7 mJ/pulse). In addition to
the Ca oven, we installed a set of three alkali atom source
dispensers (SAES)—K, Rb, and Cs—for the calibration of the
TOF-MS spectra.

The trapped atomic ions are laser cooled on the 4s>S 1

—4p*P 1 transition of **Ca* using a fiber-coupled 397-nm diode

laser (NewFocus, 3.5 mW, 600 um beam diameter). The ions
are repumped from a dark state on the 4p>P; —3d>D 5 transition

using a second fiber-coupled diode laser at 8266 nm (lz\IewFocus,
9 mW, 2 mm beam diameter). The two diode laser frequen-
cies are measured by a wavemeter (High Finnesse/Angstrom
WSU-30), which is calibrated daily to an additional diode laser
at 780 nm locked via saturated absorption spectroscopy to
a transition in 8’Rb. The calcium cooling laser frequencies
are locked via a slow LabVIEW controlled servo based on
the wavemeter readings. For efficient cooling of ion crystals
down to the single ion level, the 397-nm laser beam is directed
into the center of the trap from three orthogonal directions
(two counter-propagating beams along the axial dimension
and one beam along the radial dimension). The axial beams
are of equal intensity, while the radial beam has about 2%
of the total power. The radial beam is required only to effi-
ciently cool small strings of ions, but is unnecessary for large
crystals. The emitted fluorescence at 397 nm from “°Ca* is col-
lected by a 10x microscope objective (Mitutoyo) and imaged
onto an EMCCD camera (Andor iXon 897). This allows
the real-time, non-destructive detection of ions stored in the
trap.

In addition to imaging the fluorescence to determine the
number of Ca ions, we have incorporated a radially extracted
TOF-MS to the ion trap to greatly increase the accuracy of
measurements of non-fluorescing ions. The TOF-MS consists
of two stages of longitudinal electric fields that extract the
ions from the trap and accelerate them into a longitudinal
zero potential drift tube. The entire length of the TOF-MS
is 540 mm. The trap electrodes themselves create the extrac-
tion and acceleration electric fields for the TOF-MS. This is
accomplished by applying large DC potentials to the four trap
rods, where the two rods farthest away from the entrance of
the drift tube (i.e., repeller rods) are at one positive potential,
and the two trap rods closest to the drift tube (i.e., extractor
rods) are at another, lower, positive potential (see also Fig. 1
for more details). A drift tube, held at ground potential, is
placed between the ion trap and the ion detector to minimize
the influence of stray fields on the post-accelerated ions. The
entrance into the drift tube, which is 22 mm from the center of
the trap, is limited by a 2 X 5 mm elliptical hole located directly
below the center of the trap. Using a small opening reduces
the fringe fields from the trap electrodes penetrating into the
drift tube. Directly after the entrance of the drift tube are a set
of four deflection plates for beam steering and a cylindrical
Einzel lens for beam focusing. At the end of the drift tube, a
40-mm diameter micro-channel plate (MCP) detector (double-
stack in Chevron configuration, Jordan-TOF) produces a TOF
spectrum from the ions.
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During an experimental run, the process to detect the ions
is as follows. First, the RF trapping field is rapidly quenched
over ~2 RF cycles. Second, after an optimized time delay,
high voltage is pulsed onto the four trap rods. This creates
a two-stage acceleration field in a Wiley-McLaren configura-
tion,® increasing the mass resolution of the recorded spectra.
Third, the ions pass through an Einzel lens, whose potentials
have been set to maximize ion transmission as well as mass
resolution. Finally, the ions hit the MCP detector creating a
current that is split by a 50/50 RF power splitter (MiniCircuits
ZSC-2-1). The currents are converted to voltages using two
separate channels of a fast digital storage oscilloscope. The
two channels of the oscilloscope are set with different vertical
scaling to allow for the dynamic range required to simultane-
ously measure the large number of calcium ions (100—1000)
on one channel while still having the sensitivity on the other
channel to measure lower numbers of (molecular) product ions
(1-100).

B. Electronics for driving the linear ion trap TOF-MS

The electronics for operating a combined ion trap/TOF-
MS instrument need to perform three distinct operations:
(1) application of RF and small DC fields for ion trapping,
(2) rapid quenching of the RF voltage to create zero electric
fields to prepare for ion extraction, and (3) rapid application
of high DC voltages for ion extraction. First, during the nor-
mal trapping mode, the electronics must produce two RF sine
waves at the same frequency (a few MHz) but with a 180° phase
shift between the two signals. The amplitude of these signals
must be variable up to 250 V. Second, for optimal extraction
of the ions into the TOF-MS, the RF fields must be turned off
within 1-2 RF cycles. Otherwise, the RF fields will distort the
extraction field, reducing the mass resolution of the TOF-MS.
Finally, to direct the ions into the drift tube with well-defined
starting conditions, two HV pulses with fast rise times and
different amplitudes must be applied to the four trap rods to
extract and accelerate the ions towards the MCP.

A variety of different RF drive electronics have been
described by other groups using a linear ion trap TOF-MS.
Rosch et al.’! uses separate ion trap and ion extraction elec-
trodes, allowing them to use commercial RF and HV elec-
tronics. The group at Oxford implemented a so-called “digital
trap,” which uses square-wave RF potentials.’” Because these
specific driving electronics do not use a resonant tank circuit,
the potentials can be turned off almost instantaneously. The
same group also demonstrated a sinusoidally driven ion trap.%’
With this configuration, the RF voltage is turned off in about
1.5 ps (~4-5 RF cycles) before HV extraction potentials are
applied with an amplitude of less than 400 V and rise times
of several hundred ns. Schneider ef al.* developed dedicated
drive electronics for their ion trap TOF-MS experiment. They
demonstrated fast quenching of the trapping RF within a sin-
gle RF cycle and application of HV pulses with amplitudes up
to 1380 V and a rise time of ~250 ns. Because of the design
of their circuit, an arbitrary time delay between turning off of
the RF and activation of the HV pulse is not possible, and thus
the Wiley-McLaren TOF-MS condition is not met. Addition-
ally, for each individual trap electrode a full drive circuit—e.g.,
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RF drive, RF quench, and HV pulse circuit—is required, which
requires advanced timing-synchronization between all 12 RF
drive circuits.

In the following, we present a simplified version of an
electronic circuit to drive an ion trap TOF-MS with the
schematic shown in Fig. 2. The electronics are capable of
generating two RF potentials 180° out of phase with an ampli-
tude of several hundred volts in the 1-5 MHz range. The
RF amplitude can be quenched within 1-2 RF cycles, and
two fast HV pulses of different amplitudes up to 2.5 kV
can be produced. Unlike other published implementations
of such a combined system, our design can have an arbi-
trary time delay between the RF quench and the HV
pulses. This preserves the Wiley-McLaren condition® for the
TOF-MS.

Our design can be divided roughly into three distinct
sections: a LC tank circuit for generating the RF trapping
potentials, a quench circuit for rapidly switching off the RF,
and an HV switch for creating the extraction pulses for the
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TOF-MS. In Secs. I B I-II B 3, the individual parts of the
circuit are described in more detail.

1. LC tank circuit

For driving the ion trap with the required RF field, we
use a LC tank circuit, as shown in Fig. 2. The inductor, L, is
a homemade transformer coil, while the ion trap electrodes
and safe high voltage (SHV) cables form the capacitance of
the circuit. Low voltage RF is generated by a signal genera-
tor (Stanford Research Systems, DS345) and amplified by a
home-built RF pre-amplifier before driving the primary side
of a toroidal transformer core (Mircometal, T200-2). For the
secondary side, we use a center-tapped bifilar winding, which
is required for the application of the two individual HV pulses
for ion extraction. The center-tap creates two RF signals with
180° phase shift. During ion trapping operation, the center-tap
is kept at ground potential and pulsed to HV for mass analy-
sis with the TOF-MS. Each electrode is also AC coupled by

Trap electrodes
DCin

Trap electrodes
DCin

1

—_

Trap electrodes
DCin

+HV+12V

z

+

0

Buffer capacitance

ol

MIC

RF Switch
RF pre-amp

TILIn

)

-

MIC

1
= ]| ¢

RF generator

Ly]

LC tark circuit

Quench circuit

+12v

MIC

(Lad

Trap electrodes

DCin

Trap electrodes
DCin

LW_ESF?T
T

Trap electrodes

DC

Fﬁg%

HV switch

in

FIG. 2. A schematic diagram of the RF drive electronics. The diagram shows the three different parts (marked by colored boxes) required for ion trapping and
extraction into the TOF-MS (only single side of bifilar winding is shown). Two RF signals, separated in phase by 180°, are produced by an LC tank circuit (blue
box), where the inductance comes from a bifilar wound transformer coil and the capacitance is from a combination of the capacitance of the SHV cables and trap
electrodes. To quickly quench the RF amplitude, the high-sides of the coil can be short-circuited to the center tap by a diode-MOSFET chain (green box). The
HYV pulses with a fast rise time (<300 ns) and variable amplitude are applied by two power MOSFETs in a push-pull configuration (red box).
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individual blocking capacitors. By choosing the appropriate
values of L and C, the RF is set to Q ~ 27 x 3.1 MHz. To
apply individual DC voltages on each ion trap segment, a low-
pass filter couples the DC to the RF on the trap side of the
blocking capacitors.

2. Quench circuit

As mentioned previously, fast quenching of the RF before
ion extraction is required for high resolution TOF-MS mass
spectra. If the RF is turned off by removing the input signal
only, a long ring-down period of several tens of microseconds
will be observed due to the high quality factor of the LC tank
circuit. To reduce the turn-off time to within 1-2 RF cycles,
we implement an active damping circuit (quench) into our LC
tank circuit (Fig. 2). The high sides of each secondary winding
are connected to the respective center-tap by a diode-MOSFET
chain. When the MOSFET closes, it creates a low-resistance
current path, effectively shorting the coil. This stops the RF
output in minimal time. Quenching is implemented on the sec-
ondary winding of each side of the center tap simultaneously
to reduce the quench time by nearly a factor of two. Addition-
ally, the input RF is turned off via an RF switch (Mini-Circuits
ZYSW-2-50DR) on the primary side of the coil at the same
time as the quench. This further reduces the turn-off time of the
RF potentials on the trapping electrodes. The time of arrival
of ions on the MCP depend sensitively on the time during the
RF cycle when the quench is triggered,?>3® thus we trigger the
quench circuit at a zero crossing of the RF signal. This ensures
that the ions always experience similar electric field distribu-
tions, reducing RF phase-dependent jitter in the mass spectra.
The timing of the trigger signal with respect to the zero cross-
ing introduces an overall 20-30 ns jitter in the arrival times of
all ions within a single mass spectrum.

Additionally, because the HV pulses are applied on the
center-taps, the quench circuit must be able to floatup to 2.5 kV
together with the coil during ion extraction. To accomplish
this, the MOSFETs (MTP2NSOE) are controlled by a driver
chip (MIC4429, MIC in Fig. 2) triggered by an optocoupler
(ACNV4506, Ol in Fig. 2), where the entire circuit is powered
by a DC/DC converter (MIR512). This configuration allows
the circuit to float to the required HV during the extraction.

3. HV switch

After the RF signal is quenched, a fast rise time HV pulse
is applied to extract the ions out of the trap and accelerate them
into the drift tube. To produce the HV pulse (up to 2.5 kV),
we use a home-built HV switch, shown in Fig. 2. The central
elements are two MOSFETs (IYXS IXTL2N450) in a push-
pull configuration. The low-voltage side MOSFET is driven
by a single MOSFET gate driver (MIC4429, MIC in Fig. 2)
and the gate of the high-voltage side MOSFET is driven by a
opto-coupled gate driver(MIC4420, MIC in Fig. 2), which is
powered by a DC/DC converter. This design is similar to the
quench circuit.

Two of these HV switches are used to apply different
potentials to the repeller and extractor rods. The two switches
are connected directly to the center-tap of each of the bifilar
windings. During the RF trapping configuration, the high-
voltage side MOSFET is open while the low-voltage side
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FIG. 3. Measured potentials on one repeller and one extractor electrode dur-
ing trapping, RF quenching, and ion extraction. The trapping RF waveform
is shown between 0 and ~0.75 us. After the RF quench is activated (marked
by the first vertical line), the RF amplitude drops to less than <10% of its
initial value within 1-2 RF cycles. At an arbitrary time delay afterwards, the
HV pulse is activated (indicated by the second vertical line). The rising edge
shows a smooth increase of voltage with a 10%—-90% rise time of 220 ns.

MOSFET is closed, thus providing a ground connection for
the center-tap of the secondary windings.

The output of the combined quench and HV switch cir-
cuits is shown in Fig. 3. Here, the two phases of the RF are
measured by attaching a pair of 100x oscilloscope probes to
two trap electrodes. The first vertical red line indicates the
MOSFET trigger to short the coil and switch off the input
signal. The RF amplitude then decays within two RF cycles.
We measure a 100%—10% decay time of 360 ns, which is
nearly independent of the initial RF amplitude. We adjust the
time between the quench and HV pulse triggers to optimize
the detection efficiency and mass resolution of our TOF-MS.
The second vertical red line indicates the HV switch trigger.
The delay of the HV switch with respect to the quench trigger
was set to 300 ns, which results in an optimized mass resolu-
tion. The HV pulses on the repeller and extractor have identical
turn-on characteristics and reach the design amplitude of 2 and
1.84 kV at the same time (the mismatch between objective and
measured amplitudes is due to the oscilloscope probe capaci-
tance). The 10%—90% rise time of the HV pulses is measured
to be 220 ns and displays a smooth increase in voltage. The
rapid quench and HV pulses coupled with a controllable delay
between the two operations leads to a high mass resolution in
the TOF-MS spectra.

lll. RESULTS
A. lon trap and TOF-MS performance

An experimental run begins by creating Ca ions. They
are created in the center of the trap via non-resonant photo-
ionization using a frequency tripled Nd: YAG laser at 355 nm.
We can create Coulomb crystals that contain between one
ion to several thousand ions by varying the 355 nm intensity,
the Ca oven temperature, and the number of photo-ionization
pulses. To create a Ca crystal with 700 ions, we typically use
100 pulses of 5 mJ/pulse light focused via a 200-mm focal
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length lens. To minimize the time it takes to load ions into
the trap and cool them to below the crystallization temper-
ature, we load the Ca ions at low RF amplitudes. Next, the
RF amplitude is ramped to its final value, pushing the ions
into the center of the trap, increasing the overlap with the
cooling lasers and therefore the cooling rate. Typical values
in our experiments are Vgr = 80 V (loading voltage) and
Vrr =150V (final voltage) with Ugc = 3-5 V. Figure 4 shows
a typical Coulomb crystal after loading with the RF ampli-
tude at its final value. The number of ions in this crystal was
determined to be 370 + 15 from the corresponding TOF-MS
spectrum (see Sec. III B for details on the calibration of the ions
numbers).

In addition to loading Ca ions into the trap to be laser
cooled, we can load in other atomic (or molecular) ions where
they will be sympathetically cooled by interactions with the
Ca ions. Using SAES atom dispensers as the source of neu-
tral atoms, we were able to ionize, co-trap, and cool various
alkali atoms in our trap, including 3°K*, 8387Rb*, and '33Cs*.
These ions serve as a convenient source of different mass
ions to be able to calibrate our mass spectrometer. Figure 5
shows a typical single shot (non-averaged) mass spectrum of
a multi-component Coulomb crystal. Because the mass range
of interest is centered around 40 u, we optimized the TOF-MS
voltages and timings to this region.

The mass spectrum in Fig. 5 shows several distinct ion
peaks, which can be directly assigned to the ionized atoms.
The peak with the strongest intensity is created by “°Ca*. The
smaller peak to the leftis 3°K*, while the very small peak on the
right-hand side of 4°Ca* is another isotope of calcium, *Ca*.
The relative peak heights of °Ca* and **Ca* represent the
natural isotopic abundance. At higher masses, 3 Rb*, 8’Rb*,
and '3Cs* can be identified. Apart from these masses, no
further ions are present. The inset of Fig. 5 shows a zoom
of the ¥K* and “°Ca* peaks. These two neighboring masses
are clearly separated, with the peaks showing no identifiable
shoulders or peak splitting.

We determine the mass resolution of our TOF-MS and
how it depends on the mass of the ion being detected and on
the number of ions in the trap. The mass resolution is defined as
R = t/(2At) = m/Am. In the following experiments, the mass
resolutions from single, individual mass spectrum are reported.
This is motivated by the planned experiments on measur-
ing chemical reactions, which require the recording of non-
averaged mass spectra. For our current experimental triggering

100 pm

FIG. 4. A typical fluorescence image of a Coulomb crystal in the ion trap.
This crystal contains 370 + 15 ions. The image integration time was 0.2 s.
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FIG. 5. A single-shot TOF-MS mass spectrum of trapped, laser-cooled *0Ca*
and co-trapped *°K*, #4Ca*, 8337Rb*, and 133Cs*. This Coulomb crystal
contained 986 ions with 594 of them being “°Ca*. Apart from these ions, no
further mass peaks can be identified. The inset shows the resolving power of
the TOF-MS by the clear separation of the 3°K* and “°Ca* peaks. Apart from
40Ca*, all peaks in this spectrum show a mass resolution greater than 1000.

system, we have a 20-30 ns jitter in the arrival time between
two individual, subsequent mass spectra (see Sec. II B 2).
However, we can calibrate each mass spectrum to “°Ca*, thus
reducing the uncertainty in the accuracy of the mass identifi-
cation. The residual uncertainty is 0.01 u for, as an example,
85Rb (data from Fig. 7). Using the definition of mass resolu-
tion from above, every peak in the mass spectrum in Fig. 5 has
a mass resolution of greater than R > 1200. With the excep-
tion of “°Ca*, where the loaded ion number is too great to
observe equally high mass resolutions. The mass resolution is
expected to decrease with increasing ion mass and ion num-
bers. To investigate this relationship in our system, we plot the
measured mass resolution as a function of mass (Fig. 6), where
the number adjacent to each point represents the total number
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FIG. 6. Measured mass resolutions for various ion trap TOF-MS experiments
including the current work. This plot shows the measured mass resolution of
several different detected mass peaks (3K+,40Cat, 44 Ca*, 85Rb*, $7Rb*, and
133Cs*) from Fig. 5. The number next to the point represents the number of
ions at that mass. We are able to achieve a high mass resolution over a wide
mass range within a single shot with good reproducibility (see text for more
details).
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of ions at this mass in the trap. The data presented for the
current work are taken from the spectrum shown in Fig. 5.
Our system was optimized for the maximum resolution of
m/z = 40 u. In a single shot, however, we observe mass res-
olutions above 1200 for masses even >3 times the optimized
mass. This high mass resolution across a wide range of masses
in a single spectrum is critical for reaction experiments where
the product masses can be very different than calcium.

We can compare our results to other published results
of mass resolutions from radially extracted LIT TOF-MS. As
shown in Fig. 6, the resolution from the work of Rosch et al.?!
is slightly lower than the resolution we obtain, but because of
the complexity of their system, they can realize this resolution
for only one mass at a time. This is in contrast to our setup,
where high mass resolution is possible for all masses within a
mass window greater than 100 u in a single shot. The UCLA
group also measures a slightly lower resolution, but their pub-
lished number is for a larger crystal and a heavier mass. It is
challenging to make a direct comparison in this case as the
number of ions surely plays a significant role in the reduction
of the mass resolution.

The total number of ions in the Coulomb crystal has no
significant influence on the observed mass resolution of each
individual mass channel, as shown in Fig. 7. In this measure-
ment, constant ion numbers of *K* (2100 ions), ¥ Rb* (2225
ions), and '33Cs* (=75 ions) were loaded into the ion trap,
while the amount of “°Ca* was varied between 400 and 1400.
This changes the total ion number in the Coulomb crystal,
while keeping the numbers in all mass channels (except for
40Ca*) constant. Each data point is the average of 12-22 single
measurements (depending on the crystal size) with the error
bars representing the standard error of the mean. The small
error bars also indicate a small shot-to-shot variation of the
measured mass resolutions. The mass resolution within a mass
channel stays approximately constant as shown in Fig. 7, even
when the total number of trapped ions is varied by a factor
of two.
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FIG. 7. Measured dependence of the mass resolution on the total ion number
in a given crystal. In this measurement, the ion numbers for 39 K+, 85 Rb*, and
133Cs* were kept constant while the number of “°Ca* loaded into the crystal
was varied. We observe no clear dependence of the mass resolution in a single
mass channel (masses 39, 85, and 133 u) with increasing total ion number.
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To isolate the effect of ion number on the mass resolution
within a mass channel, we measured spectra from pure cal-
cium crystals of varying size. Pure “°Ca* crystals of different
sizes were loaded into the trap and analysed in the TOF-MS
using identical settings. The results of those measurements
can be seen in Fig. 8. Here, one can see a decrease in the mass
resolution as the number of ions increases. This decrease is
related to fundamental properties of a TOF-MS; the mass res-
olution depends strongly on the initial conditions of the ion
cloud.?’37 A larger Coulomb crystal size results in a larger
initial spatial distribution, which causes a decrease in the mass
resolution. To further probe the influence of the spatial/energy
distribution, we measured the mass resolution with the cool-
ing lasers blocked, allowing the crystal to melt and forming a
warm cloud in the ion trap. This results in larger radial ion dis-
tributions,’® as well as increased kinetic energies of the ions.
The initial conditions for the extraction into the TOF-MS are
worse in this case, leading to a reduction of the observed mass
resolution.>” The resulting TOF-MS peak (at identical TOF-
MS settings) had a significant decreased mass resolution of
only R ~ 40-50. For future reaction experiments, the number
of ions in the trap will be kept to <1000, and thus the mass
resolution will be high enough to distinguish any anticipated
reaction products.

B. Calibration of the TOF-MS

To fully realize the advantage of using a TOF-MS coupled
to an ion trap for studying chemical reactions, mass spectra
must be calibrated to allow the extraction of absolute num-
bers of ions present at each mass for a single shot. We use
information from the fluorescence images of the crystals to
help calibrate our mass spectrometer. The trapped calcium ions
represent a deterministic ion source, as the number of ions can
be directly counted for small crystals using the fluorescence
images. To determine the transfer function of our TOF-MS,
we start by loading a small crystal (1-40 ions) into the trap
and counting the number of ions in the resulting fluorescence
image by hand. Then, we eject the ions into the TOF-MS and
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FIG. 8. Dependence of the mass resolution on trapped ion numbers. Pure
40Ca* Coulomb crystals of different sizes are trapped and detected in the
TOF-MS. We observe a decrease in the mass resolution with increasing ion
number.
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record a spectrum. We integrate the peak in the spectrum cor-
responding to “°Ca*, which produces a number with units of
“Vns.” The results of this procedure are shown in Fig. 9. The
plot shows a linear relationship between the number of ions in
the trap and the integrated signal from the MCP. The fitted slope
of 1.73 + 0.07 x 1073 Vns/ion is then used to determine the
number of ions during subsequent reaction experiments. This
calibrated ion number is also valid for larger Coulomb crystals,
as long as the MCP shows a linear response with the increas-
ing ion numbers. To test this linearity, we loaded pure *°Ca*
crystals with different sizes into the trap. As Coulomb crystals
have a constant ion density,® we expect a linear relationship
between the size of the Coulomb crystal (as determined by the
CCD image) and the integrated MCP signal. From the mea-
sured data, we have seen no deviation from the linear behavior
up to 1500 ions.

Using a single trapped ion, we can also measure the prob-
ability of detecting a ion. We extract a single ion into the
TOF-MS and observe a signal from the MCP about 38% + 3%
of the time. This is the transfer efficiency of the entire system.
The largest contribution to the decrease in the detection effi-
ciency is the quantum efficiency of the MCP detector, which
is 50%-55%.%

C. Determining ion density

To use the LIT TOF-MS as a platform for studying chemi-
cal reactions, one must be able to determine the initial number
of trapped ions before the reactions. Although the number of
ions loaded into the trap is relatively reproducible, there is
some variation, and a direct measurement of the initial trap
number will help to reduce the uncertainty in the reaction mea-
surements. Since the TOF-MS measurements are destructive,
we need to use data from the fluorescence images to deter-
mine the initial number of ions. We calculate the number of
ions by multiplying the density in the trap by the volume of the
Coulomb crystal. The Coulomb crystal volume is determined
by an ellipsoidal fit of the CCD image. The density is then
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FIG. 9. Calibration of the MCP signal to the ion number. To calibrate the
MCP signal, we start by loading small crystals into our trap and counting the
number of ions on the image. Then, by extracting those ions into the TOF-MS
and integrating the resulting MCP signal, we can determine how the MCP
signal relates to the number of ions in the trap. Using this calibration, we can
determine the absolute number of ions in the trap for subsequent experiments.
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FIG. 10. Determination of the ion density in our ion trap. We correlate the
measured ion number from the TOF-MS to the fitted Coulomb crystal volume
taken from the recorded CCD images. From a fit to these data, we can deter-
mine the ion density in our trap. The inset shows a Coulomb crystal with an
ellipsoidal fit.

found by fitting a line to the measurements of the integrated
MCP signal (calibrated ion number) vs. the volume of the crys-
tal (Fig. 10). From these data, we calculate the ion density for
our ion trap to be 7.8 + 0.2 x 107 ions cm™. This density
depends on only the trapping potential and is fixed for any
one reaction experiment. Using the pseudopotential approxi-
mation in the 0 K limit,*' the ion density n can be estimated
by

€0 VI%F

- 2.4
m "o

ey

where € is the vacuum permittivity, ro is the inscribed radius
of the trap, Vgr is the RF amplitude, and Q is the RF. Using our
experimental parameters, the calculated ion number density is
3.5 x 107 ions cm™, which is in reasonable agreement to the
experimental value. The largest uncertainty in the calculation
comes from the measurement of the RF amplitude on the trap
rods, as it is hard to measure directly without perturbing the
system.

IV. SUMMARY AND FUTURE DIRECTIONS

We have presented a linear ion trap TOF-MS apparatus for
measuring cation-molecule reactions in a controlled environ-
ment at reaction temperatures below 1 K. A linear TOF-MS
is coupled radially to an ion trap to enhance the identifica-
tion of the (non-fluorescing) product ions and to accurately
determine the number of ions. Our robust and simple design
of trap driving electronics addresses the technical challenges
of such a system, which include fast quenching of the RF field
and the application of fast HV pulses to extract ions into a
TOF-MS, while achieving a high mass resolution. We achieve
a fast quench of the RF fields (within 2 RF cycles) and the
application of HV pulses with rise times of <300 ns on the
same electrodes. We demonstrate high mass resolution of the
detected ions in a wide mass window of >100 u within a single
shot. Additionally, we have shown an ion detection sensitivity
down to a single ion. Finally, we are able to calibrate the mass
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spectrum to extract absolute ion numbers of all trapped species
without the need of molecular dynamics simulations.

Using this apparatus, we investigated the quantum-state
controlled reaction between laser cooled °Ca* and room tem-
perature NO radicals.*”> While this measurement showed the
strengths of our new experimental setup, the reaction temper-
ature was above 1 K. In the future, a Stark decelerator®>**
will be attached to the ion trap, similar to other proposed
experiments.'"*> This will offer enhanced control over the
quantum-state population of the neutral molecules, where we
can tune the velocity down to 10 m/s with a high energy res-
olution and nearly single quantum-state selectivity. Then, by
introducing state-selective ionization of the trapped molecu-
lar cations, true fully quantum-state resolved, cold chemical
reactions can be studied in this system.

ACKNOWLEDGMENTS

This work was supported by the National Science Foun-
dation (Nos. PHY-1734006 and CHE-1464997), AFOSR (No.
FA9550-16-1-0117), and NIST.

M. Larsson, W. D. Geppert, and G. Nyman, Rep. Prog. Phys. 75, 066901
(2012).

2A. G. G. M. Tielens, Rev. Mod. Phys. 85, 1021 (2013).

3B.R. Heazlewood and T. P. Softley, Annu. Rev. Phys. Chem. 66, 475 (2015).

4S. Willitsch, Int. Rev. Phys. Chem. 31, 175 (2012).

5. Eschner, G. Morigi, F. Schmidt-Kaler, and R. Blatt, J. Opt. Soc. Am. B
20, 1003 (2003).

OT. Baba and 1. Waki, Appl. Phys. B 74, 375 (2002).

TA. Ostendorf, C. B. Zhang, M. A. Wilson, D. Offenberg, B. Roth, and
S. Schiller, Phys. Rev. Lett. 97, 243005 (2006).

8M. Drewsen, Phys. B 460, 105 (2015).

9K. Mglhave and M. Drewsen, Phys. Rev. A 62, 011401 (2000).

10g, Roth, P. Blythe, H. Wenz, H. Daerr, and S. Schiller, Phys. Rev. A 73,
042712 (2006).

g, Willitsch, M. T. Bell, A. D. Gingell, S. R. Procter, and T. P. Softley, Phys.
Rev. Lett. 100, 043203 (2008).

2w, G. Rellergert, S. T. Sullivan, S. Kotochigova, A. Petrov, K. Chen,
S. J. Schowalter, and E. R. Hudson, Phys. Rev. Lett. 107, 243201 (2011).

B H. Hall, M. Aymar, M. Raoult, O. Dulieu, and S. Willitsch, Mol. Phys.
111, 1683 (2013).

lag. Okada, T. Suganuma, T. Furukawa, T. Takayanagi, M. Wada, and
H. A. Schuessler, Phys. Rev. A 87, 043427 (2013).

15T, Baba and I. Waki, J. Chem. Phys. 116, 1858 (2002).

16p\. Drewsen, L. Hornekar, N. Kj®rgaard, K. Mglhave, A.-M. Thommesen,
Z. Videsen, A. Mortensen, and F. Jensen, AIP Conf. Proc. 606, 135 (2002).

Rev. Sci. Instrum. 88, 123107 (2017)

178, Roth, P. Blythe, H. Daerr, L. Patacchini, and S. Schiller, J. Phys. B: At.,
Mol. Opt. Phys. 39, S1241 (2006).

ISM. T. Bell, A. D. Gingell, J. M. Oldham, T. P. Softley, and S. Willitsch,
Faraday Discuss. 142, 73 (2009).

19X Tong, A. H. Winney, and S. Willitsch, Phys. Rev. Lett. 105, 143001
(2010).

20p, Rosch, S. Willitsch, Y.-P. Chang, and J. Kiipper, J. Chem. Phys. 140,
124202 (2014).

21T, Baba and I. Waki, J. Appl. Phys. 92, 4109 (2002).

2M. Drewsen, A. Mortensen, R. Martinussen, P. Staanum, and J. L. Sgrensen,
Phys. Rev. Lett. 93, 243201 (2004).

23B. Roth, P. Blythe, and S. Schiller, Phys. Rev. A 75, 023402 (2007).

24C. M. Seck, E. G. Hohenstein, C.-Y. Lien, P. R. Stollenwerk, and B. C. Odom,
J. Mol. Spectrosc. 300, 108 (2014).

25B.A. Collings, J. M. Campbell, D. Mao, and D. J. Douglas, Rapid Commun.
Mass Spectrom. 15, 1777 (2001).

263, J. Schowalter, K. Chen, W. G. Rellergert, S. T. Sullivan, and E. R. Hudson,
Rev. Sci. Instrum. 83, 043103 (2012).

27¢, Schneider, S. J. Schowalter, K. Chen, S. T. Sullivan, and E. R. Hudson,
Phys. Rev. Appl. 2, 034013 (2014).

28K -K. Ni, H. Loh, M. Grau, K. C. Cossel, J. Ye, and E. A. Cornell, J. Mol.
Spectrosc. 300, 12 (2014).

29K A.E. Meyer, L. L. Pollum, L. S. Petralia, A. Tauschinsky, C. J. Rennick,
T. P. Softley, and B. R. Heazlewood, J. Phys. Chem. A 119, 12449
(2015).

30N. Deb, L. L. Pollum, A. D. Smith, M. Keller, C. J. Rennick,
B. R. Heazlewood, and T. P. Softley, Phys. Rev. A 91, 033408 (2015).

31D, Rosch, H. Gao, A. Kilaj, and S. Willitsch, EPJ Tech. Instrum. 3, 5 (2016).

32A. A. Makarov, E. V. Denisov, and A. Kholomeev, “RF power supply for a
mass spectrometer,” US Patent 7,498,571 (3 March 2009).

33c. Schneider, S. J. Schowalter, P. Yu, and E. R. Hudson, Int. J. Mass
Spectrom. 394, 1 (2016).

34p.R. Denison, J. Vac. Sci. Technol. 8, 266 (1971).

3SW. C. Wiley and I. H. McLaren, Rev. Sci. Instrum. 26, 1150 (1955).

363, Jyothi, T. Ray, and S. Rangwala, Appl. Phys. B 118, 131 (2015).

3R, B. Opsal, K. G. Owens, and J. P. Reilly, Anal. Chem. 57, 1884 (1985).

38D, Guo, Y. Wang, X. Xiong, H. Zhang, X. Zhang, T. Yuan, X. Fang, and
W. Xu, J. Am. Soc. Mass Spectrom. 25, 498 (2014).

39M. Drewsen, I. Jensen, J. Lindballe, N. Nissen, R. Martinussen,
A. Mortensen, P. Staanum, and D. Voigt, Int. J. Mass Spectrom. 229, 83
(2003).

40G. Fraser, Int. J. Mass Spectrom. 215, 13 (2002).

41K, Okada, M. Wada, T. Takayanagi, S. Ohtani, and H. A. Schuessler, Phys.
Rev. A 81, 013420 (2010).

427, Greenberg, P. C. Schmid, M. Miller, and H. Lewandowski, “Quantum
State Controlled Radical-Ion Reactions” (unpublished).

43H. L. Bethlem, G. Berden, and G. Meijer, Phys. Rev. Lett. 83, 1558 (1999).

44L. P. Parazzoli, N. Fitch, D. S. Lobser, and H. J. Lewandowski, New J. Phys.
11, 055031 (2009).

45p, Eberle, A. D. Dorfler, C. von Planta, K. Ravi, D. Haas, D. Zhang,
S. Y. T. van de Meerakker, and S. Willitsch, J. Phys.: Conf. Ser. 635, 012012
(2015).



