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We report on a new versatile transportable endstation for controlled molecule (eCOMO) experiments providing
a combination of molecular beam purification by electrostatic deflection and simultaneous ion and electron
detection using velocity-map imaging (VMI). The b-type electrostatic deflector provides spatial dispersion
of species based on their effective-dipole-moment-to-mass ratio. This enables selective investigation of
molecular rotational quantum states, conformers, and molecular clusters. Furthermore, the double-sided VMI
spectrometer equipped with two high-temporal-resolution event-driven Timepix3 cameras provides detection
of all generated ions independently of their mass-over-charge ratio and electrons. To demonstrate the potential
of this novel apparatus, we present experimental results from our investigation of carbonyl sulfide (OCS)
after ionization. Specifically, we provide the characterization of the molecular beam, electrostatic deflector,
and electron- and ion-VMI spectrometer. The eCOMO endstation delivers a platform for ultrafast dynamics
studies using a wide range of light sources from table-top lasers to free-electron-laser and synchrotron-radiation
facilities. This makes it suitable for research activities spanning from atomic, molecular, and cluster physics,
over energy science and chemistry, to structural biology.
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I. INTRODUCTION

The advancement of synchrotron and x-ray free-electron
laser (XFEL) radiation sources, such as those at DESY
(FLASH), the linac coherent light source (LCLS), the free-
electron laser radiation for multidisciplinary investigations
(FERMI), the SPring-8 Angstrom compact free-electron
laser (SACLA), the x-ray free-electron laser at the Paul
Scherrer Institute (SwissFEL), the European x-ray free-
electron laser (EuXFEL), and the Shanghai soft x-ray free-
electron laser (SXFEL), substantially pushes the bound-
aries of existing research areas and breaks the ground for
completely new fields.' ' These sources generate ultra-
short x-ray pulses spanning from tens of femtoseconds
down to the attosecond range.'®'” Furthermore, they
provide a high peak brilliance, coherence and photon en-
ergies ranging from 5 to 250 keV.*!825 Table-top laser
systems offer unique advantages in other areas: These
sources include variable-wavelength optical-parametric-
amplifier (OPA)-based systems,?6:27 high power lasers
with repetition rates up to 1 MHz using optical paramet-
ric chirped-pulse amplification (OPCPA),2%2% and lasers
with attosecond pulse durations.?3! Each photon source
has unique properties, functions, and parameters that
make it suitable for different investigations, ranging from
ultrafast studies of chemical reactions over bio-molecular

@) Current address: Institute of Atomic and Molecular Physics, Jilin
University, Changchun 130012, China

b) Email: sebastian.trippel@cfel.de

©)Email: jochen.kuepper@cfel.de;

Website: https://www.controlled-molecule-imaging.org

dynamics to materials and life science.?2737 This progress
led to particular needs on user-side applications, notably
atomic-level-resolution molecular dynamics experiments
based on ultra-cold molecular beam methods.38:38-43

Molecular beams are of significant importance in phys-
ical chemistry and molecular physics as they provide
a unique opportunity to obtain fundamental insights
into molecular photophysics and chemical processes.*4 48
Whereas substantial research was conducted on isolated
small molecules and atoms, investigating more complex
molecular systems with molecular-level insight is still re-
stricted by many experimental challenges.'*4?:°0 One of
these challenges is to generate well-defined ensembles of
the reactant particles. In this regard, many molecular
beams usually contain mixtures of isolated molecules, var-
ious molecular clusters, or multiple isomers, e. g., of chiral
molecules or large biomolecules. The ability to select a
particular species plays a crucial role in gaining a deeper
understanding of its importance in chemical behavior that
also impacts a wide range of biological processes.’ %4 To
overcome this obstacle, the electrostatic deflector was
developed to a achieve spatial separation of different neu-
tral species in ultra~cold (Tt < 1 K) molecular beams,
ultimately obtaining pure particle ensembles.?0-55-59

A second challenge is recording the molecular dynamics
using experimentally accessible observables. The reaction
microscope (REMI) technique, for example, provides com-
plete, correlated, 3D velocity information of all particles
detected in coincidence.!%29:69 However, it is limited by
low count rates, which can lead to poor statistics. High-
count-rate approaches such as VMLS5! provide a significant
improvement in that respect. A significant drawback of
VMI in high count rate conditions however is that one



cannot rely on coincidence detection to extract, e. g., in-
formation about different electrons and ions coming from
the same target molecule, although covariance mapping
methods®? can partially overcome this problem. Lastly,
for VMIs, photoelectron photoion coincidence (PEPICO)
spectroscopy that is synchronizing VMI- and time-of-flight
(TOF) information, is also challenging.®® These issues so
far limit access to the full kinematics of single reactions
and, therefore, systematic studies of the underlying phys-
ical mechanisms.

This article provides a comprehensive overview of the
newly established endstation for controlled molecule ex-
periments. It addresses the aforementioned challenges
of the current experimental research. eCOMO provides
pure, cold, dense, and pulsed molecular beams of selected
species using Even-Lavie valves®® in combination with
the electrostatic deflector.’® The endstation is equipped
with a double-sided VMI spectrometer combined with
high spatio-temporal-resolution Timepix3 cameras com-
bined with the software package PymePix.6%:56 This lets
us overcome the limitations of standard camera technol-
ogy for advanced imaging experiments with high event
rates.%6-69 Moreover, this also meets the high-frequency
data acquisition requirements of various light sources with
high repetition rates mentioned earlier.'866

To demonstrate the capabilities of the novel system, we
present the results of its commissioning with an optical
laser in our laboratory. We used the fragmentation of OCS
after strong-field ionization as a benchmark to characterize
the molecular beam, the electrostatic deflector, and the
electron-and-ion-VMI spectrometer.

Il.  APPARATUS DESCRIPTION
A. Vacuum system

The vacuum setup, shown schematically in the up-
per left corner of Figure 1, consists of four differentially
pumped vacuum chambers housing the molecular beam
source, the electrostatic b-type deflector, the double-sided
VMI spectrometer, and the molecular beam dump. All
chambers are mounted on rails to allow easy translation
of the setup along the z-axis, which is parallel to the
molecular beam propagation direction. The source cham-
ber is pumped with two turbomolecular pumps (Pfeiffer
Vacuum ATH2303 M), which results in a total pumping
speed of ~3600 1/s for helium. The source chamber is
equipped with two quick-access DN250 CF doors (Pfeiffer
Vacuum 420KTU250), enabling easy sample replacement
in the Even-Lavie valve sample container.* Furthermore,
the source chamber is separated from the deflector cham-
ber with home-built automatic DN250 CF gate valve™
to allow sample changes without breaking the vacuum of
the deflector chamber and the spectrometer. The deflec-
tor chamber is also pumped with a turbomolecular pump
with a pumping speed in the order of ~1800 1/s for helium
(Pfeiffer Vacuum ATH2303 M). Next, the VMI chamber is

pumped by two turbomolecular pumps (Pfeiffer Vacuum
PM P06 302 and PM P06 312) resulting in an overall
pumping speed of ~4000 1/s for helium. Finally, the beam
dump is pumped with a turbomolecular pump (Pfeiffer
Vacuum PM P04 024) resulting in a pumping speed of
~470 1/s for helium. In addition, a 250 mm diameter
copper shield connected to a dewar for liquid nitrogen
cooling is located in the VMI chamber to increase the
pumping speed for molecules with freezing points above
the liquid nitrogen temperature. The Dewar is designed
such that liquid nitrogen must be refilled every ~7 hours
to keep the shield cold.

The first pre-vacuum line that provides vacuum to
the source chamber and to the second low pressure pre-
vacuum line, is pumped by an pre-vacuum pump (Pfeiffer
Vacuum PR P00 009) with a nominal pumping speed of
~130 m3/h. The second pre-vacuum line is pumped by a
turbomolecular pump (Pfeiffer Vacuum PM P03 900) with
a pumping speed of 255 1/s for helium. The second pre-
vacuum line provides vacuum to the deflector-, VMI-, and
beam dump chambers. This line is needed to compensate
for the low helium compression ratio given for, e.g., the
pumps of the VMI chamber by 3 x 10°. When operating
the molecular beam valve at a repetition rate of 100 Hz,
the typical pressures in the source-, deflector-, VMI-,
and beam dump chambers are ~107%, ~1078, ~10710,
and ~1071% mbar, respectively. Under such conditions,
the typical pressure in the first and second pre-vacuum
lines is ~1073 and ~10~7 mbar, respectively. Further
information on the vacuum system including the layout
of gas lines, the interlock system with its logic to control
the gate valves, and voltage power supplies, is provided in
the supplementary information. The primary purpose of
the interlock system is to ensure operation monitoring of
the eCOMO vacuum system and to automatically protect
the setup and spectrometer in case of sudden emergency
situations.

B. Molecular beam setup

The main part of Figure 1 shows the molecular beam
setup. All molecular beam components including the
valve, skimmers, deflector, and the knife edge are mounted
on motorized translation stages in the x—y plane. The in-
dividual positions can therefore be adjusted perpendicular
to the molecular beam propagation direction using linear
feedthroughs and stepper motors (Thorlabs, DRV014),
which can be controlled remotely. The maximum travel
range for the whole molecular beam is ~11 and ~12 mm
in z- and y direction, respectively. The implemented
motors enable the alignment and vertical scanning of
the molecular beam with respect to any general photon
source, enabling the investigation of different sections of
the quantum-state-dispersed molecular beam.

An Even-Lavie valve®? is used to deliver the molecular
beam by a supersonic expansion of 10-100 bar helium with
typically a few mbar of sample molecules into vacuum.”"
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FIG. 1. Sketch of the experimental setup consisting of a molecular beam valve, an electrostatic b-type deflector, a double-sided
VMI, and two Timepix3 cameras. The inset provides a side view from a CAD model, where colored frames depict the different
parts of the setup. All distances are provided in cm. See text for details.

The valve temperature can be adjusted between room
temperature and 250°C to control the vapor pressure
of the sample under investigation and can be operated
with a repetition rate of up to 500 Hz. The valve is
mounted on a semi-motorized DN63 CF 3D manipula-
tor (Caburn-MDC E-PSM-2504) with a travel range of
7 cm along the molecular beam propagation direction.
The first conical skimmer (Beam Dynamics, model 50.8,
@ = 3 mm) is used for skimming the molecular beam and
to obtain differential pumping. The distance between the
first skimmer and the valve can be adjusted between 9
and 16 cm by moving the valve along the molecular beam
propagation direction. The first skimmer is mounted on
a home-built flange with a built-in 2D translation stage
to adjust the skimmer position in the z- and y direc-
tions. A second skimmer (Beam Dynamics, model 40.5,
@ = 1.5 mm) is placed 13.01 cm behind the first skimmer
tip for further collimation of the molecular beam. An elec-
trostatic b-type deflector,” which disperses the molecules

in the molecular beam with respect to their quantum
states?0:55:57:59,73 ig |ocated 4.4 em behind the tip of the
second skimmer. Both electrodes of the electrostatic de-
flector are connected through high-voltage feedthroughs
(Pfeiffer 420XST040-30-30-1) allowing voltages of up to
430 kV on each electrode. The second skimmer and
the electrostatic deflector are mounted together on an
z—y translation stage to adjust their positions. The elec-
trostatically dispersed molecular beam is then cut by
a vertically adjustable knife edge placed 4.1 cm down-
stream of the deflector exit. This allows for both, an
improved sample separation and a higher column density
of the molecular beam.” The molecular beam is further
skimmed by a third conical skimmer (Beam Dynamics
model 50.8, @ = 1.5 mm) placed 2.37 cm downstream
of the knife edge, providing differential pumping against
the VMI chamber. This third skimmer is again mounted
on a 2D translation stage. The molecular beam enters
the VMI chamber after the third skimmer. The distance



between the tip of the third skimmer and the interaction
region is 27.8 cm. The state-selected molecules are ion-
ized by the photons used for the investigation inside the
double-sided VMI spectrometer.®! The resulting electrons
and ions are velocity-mapped onto a 120 mm (Photonis
Model: APD 3 PS 120/32/25 191 60:1 NR 10"FM P47)
and a 75 mm (Photonis Model: APD 3 PS 75/32/25/8
I 60:1 NR MGO 8’FM P47) diameter position-sensitive
detectors, respectively. Each detector consists of three z-
stacked multi-channel plates (MCPs) and a fast phosphor
screen (P-47). Both detectors are captured by time and
position-sensitive Timepix3 cameras built by Amsterdam
Scientific Instruments based on homebuilt chips.%%:"® The
molecular beam enters the beam dump chamber through
a @ = 2 cm aperture after passing the VMI. The beam
dump chamber pump is mounted with a 22 mm offset
regarding the z-axis, allowing the molecular beam to di-
rectly hit onto the rotors to prevent scattering of the
direct beam back into the VMI chamber.

C. Double-sided VMI

The double-sided VMI setup specifically designed for
eCOMO is illustrated in Figure 2 a along with its relevant
dimensions and the electrode labels. It allows for the
simultaneous detection of electrons and ions and evolved
from the initial concept of velocity imaging in photoion-
ization coincidence studies.”® The VMI’s adaptable design
permits both, vertical and horizontal installations within
the VMI chamber, facilitating flexible use in different
laboratories and photon-science facilities. By default, the
eCOMO spectrometer is installed vertically in the VMI
chamber. However, the spectrometer can be installed
alternatively horizontally along the molecular beam direc-
tion replacing the beam dump. In this case, only the long
side of the spectrometer can be used for either electrons
or ions. The VMTI’s point of origin is defined in the middle
between the electrodes EE1 and IE1 as indicated by the
red star. This is the location where the molecular beam
interacts with the photons. Electrodes EE1 and IE1 are
fabricated from oxygen-free copper (OF-Cu) with at least
5 um of gold plating to obtain a higher work function
compared to stainless steel for experiments using high en-
ergetic photons, e.g., UV light. The remaining electrodes
are made of stainless steel (1.4429 ESU), with surfaces
finely polished. Additionally, a rim structure is designed
around the outer edge of each electrode to reduce the in-
fluence of the VMI holder on the shape of the electric field
in the center of the spectrometer. All electrodes have an
outer diameter of 140 mm and are separated by ceramic
spacers (Macor) as electrical insulators. A cylindrical
shield surrounding the VMI, depicted in green, with holes
for the photons, molecular beam, potential diagnostic
paddles for x-ray experiments as well as for pumping,
is composed of p-metal to provide shielding from stray
fields and external magnetic fields. Double-layered meshes
EM1-EM2 and IM1-IM2, with 80% transmission for each

Imaging mode ‘ SMI ‘ SVR-VMI | LVR-VMI

Electron mesh 2 (EM2) 0 -134 6864
Electron drift tube (EDT) 0 1956 9816
Electron extractor 2 (EE2) 0 490 673

Electron extractor 1 (EE1) 0 -277 -553
Ton extractor 1 (IE1) 0 -370 -593
Ton extractor 2 (IE2) -420 -821 -4672
Ton extractor 3 (IE3) -1600 -2373 -4717
Ton drift tube (IDT) -1600 -2380 -4800
Ton mesh 2 (IM2) -1600 -821 -4672

TABLE 1. The voltage settings (in Volt) required for the
corresponding electrodes, as displayed in Figure 2 (a) to enable
the operation of the double-sided VMI in the specified modes.
See text for details.

layer, are positioned on both sides of the spectrometer to
ensure homogeneous drift tube fields close to the detector
surfaces. The first mesh on both sides with respect to the
interaction region is conductively connected to the cor-
responding drift tube. The VMI is completely mounted
on the DN200 CF ion detector flange. Its design allows
for straightforward installation or replacement entirely
from the ion detector side. The electrode connections
extend through wires to the DN200 CF flange, where
they proceed to the exterior via electrical feedthroughs
(CF16-SHV20-SH-SE-CE-NI, Vacom) with a maximum
rated voltage of 20 kV each.

The spectrometer can operate in diverse photo-electron
and photo-ion detection modes by adjusting the voltages
across the electrodes as detailed in Table I. This table
lists, as examples, the implementation of a spatial map
imaging (SMI) mode™” — optimized exclusively for ions —
and two VMI modes for different maximum energies for
the velocity components parallel to the detection plane .
The VMI modes images both, electron and ion velocities.
Each voltage setting is tailored for specific applications.
In the SMI mode, the projected position on the detector
correlates with the ion’s initial position and is in the first
order unaffected by its initial velocity, enabling precise
imaging of the ionizing region. This functionality is partic-
ularly advantageous for the alignment of the experimental
setup, ensuring accurate positioning of the light focus
and the molecular beam. Conversely, the VMI mode al-
lows electrons or ions with identical velocity vectors to
converge to a single spot on the corresponding detector,
in the first order irrespective of their initial positions.
Different VMI modes allow different maximum kinetic
energies to be collected on the detector, which can be
adjusted depending on the experimental situation. The
detection range for the electron kinetic energy parallel to
the detector surface extends up to 700 eV in the large-
velocity-range VMI (LVR-VMI) mode. Single-charged
ions can be mapped here with a parallel energy up to
12 eV. The range for the parallel electron kinetic energy
extends up to 100 eV and for single-charged ions up to
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FIG. 2. (a) Schematic of the double-sided VMI setup cut along the y—z plane containing the symmetry axis. The left side
represents the electron detector, while the right side represents the ion detector. All distances are in mm. Typical voltage
settings for each electrode can be found in Table I. The interaction region is indicated by the red star. (b) Simulation for the
large velocity range mode calculated with SIMION. Equipotential lines are displayed in red. The trajectories of electrons are
depicted in green, while ion trajectories are represented in blue.

10 eV in the small-velocity-range VMI mode (SVR-VMI).

The combination of MCP and phosphor screen amplifies
each individual ion and electron after the particles hit the
detector, by creating an avalanche of electrons that then
scintillates on the phosphor screen. The light-flashes are
captured with a Timepix3 camera®%7 operated and con-
trolled by our open source library PymePix.6%78 PymePix
is also utilized to extract the raw physics events from the
Timepix3 data stream, converting them into centroided
events recognized as single particle events.®® The data-
driven cameras, with a temporal resolution of ~1.6 ns,
enable us to operate in multi-mass detection mode and to
directly obtain the VMI images of all fragments by slicing
the TOF coordinate in software during analysis. The
performance evaluation of the Timepix3 camera is beyond
the scope of this article and was extensively discussed
in other publications.?%:730 The relative positions and
relative TOFs measured by the cameras can be converted
to velocities in VMI conditions.

The energy resolution of the double sided VMI was
determined through SIMION simulations. It is in the first
approximation linearly dependent on the source size so the
volume in which the ions and electrons are produced. In
addition, it depends on the specific mode of spectrometer

operation. In our specific simulation we used a cylinder
for the focal volume with the length given by the diameter
of the molecular beam D = 2 mm, and the radius given
by the standard deviation of the transverse laser intensity
distribution o, = 21 pm resembling our experimental
conditions. Taking LVR-VMI as an example, we obtain
AE,/E, = 0.004 for the ion side, which is to first order
constant for all energies that can be mapped. This results
in an energy resolution of AE, = 0.02 &V for, e.g., a
parallel ion energy of E, = 5 €V. For electrons, using
the same settings, we obtain AE,/E, = 0.003. Both
resolutions are in good agreement with results obtained
on similar systems.®! Further settings to meet special
experimental requirements are possible, but must be again
found by simulations.

D. Portability and Installation

The eCOMO setup is designed for easy and conve-
nient transport between different light sources, which
is facilitated by four integrated wheels. Once eCOMO
is positioned, four adjustable home-built support feet
connected to a screw jack with standing screw (Nozag



NSE25), capable of both, horizontal and vertical adjust-
ments, allow precise 2D positioning with a travel range of
£3 cm. The overall height of the interaction center can be
adjusted between 103 and 135 cm. The source, deflector,
and VMI chambers are mounted on profile guide rails
attached to the stainless steel platform by guide carriages,
allowing further adjustments along the molecular beam
direction. The eCOMO setup incorporates all necessary
equipment, as depicted schematically in the upper left
corner of Figure 1 in the green highlighted area, except
for the computer used to control eCOMO and acquire
data.%® Integrated within the setup are all required power
supplies with ports allowing quick installation, includ-
ing three power cables capable of handling the necessary
electrical load, a pair of inlet and outlet pipes for water
circulation to cool the molecular pumps, an exhaust pipe
for the vacuum system, and multiple gas sources such
as nitrogen, compressed air, and the molecular carrier
gas. The total weight of eCOMO including the pumps
and electronics is ~1800 kg. The overall dimensions of
eCOMO are 90, 175, and 240 cm in width, height, and
length, respectively.

IIl. CHARACTERIZATION OF THE SETUP
A. Molecular beam spatial profiles

We used OCS as a sample to characterize the molecular
beam and VMI performance to commission eCOMO.32:83
OCS was ionized by pulses from a commercial Ti:sapphire
femtosecond laser system (Coherent Astrella) operated at
a repetition rate of 1 kHz. The laser beam was compressed
to approximately 40 fs with a standard grating-based com-
pression setup. The laser beam was directed through a
75 cm focal-length lens, which resulted in a peak intensity
of I = 3x 10 W /cm?. The laser focus was spatially and
temporally overlapped with the molecular beam in the
interaction center of the VMI spectrometer. The pulsed
molecular beam was produced by expanding a mixture
of 100 bar helium and ~10 mbar OCS. The gas mix-
ture was expanded into the source chamber through the
Even—Lavie valve operated at a temperature of 50 °C and
at a repetition rate of 250 Hz. Laser shots without the
molecular beam were used for background measurements.
Optimized operation conditions of the valve allowed for
the generation of a dense (> 107 cm™2) molecular beam
in the interaction volume. The OCS sample was dis-
placed toward negative y positions when a total voltage of
25 kV was applied across the deflector, i.e., de facto the
populated quantum states of OCS exhibited a strong-field-
seeking character at the relevant electric field strengths in
the deflector. The measured deflection profile of OCS is
shown in Figure 3 as red dots. Solid lines represent simu-
lated OCS beam profiles, computed through Monte-Carlo
sampling combined with trajectory calculations that in-
corporate the geometrical constraints of the mechanical
apertures in the experimental setup. These simulated
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FIG. 3. Measured molecular beam density profiles (points)
and simulation (solid lines) for the deflector switched off (blue)
and at a total voltage of 25 kV (red) applied across the elec-
trodes. The inset shows the number of OCS™ ions ¥ per shot
(black squares) as a function of the laser peak-intensity natural
logarithm In Ip. The purple dashed line represents the fit of
the asymptotic slope. The data in the inset was measured at
y = —0.5 mm in the deflected molecular beam profile, marked
by the black arrow.

deflection profiles of OCS match the experimental data,
assuming an initial rotational temperature of T,o; = 0.5 K
for the molecular beam entering the deflector. The re-
sults affirm that the eCOMO setup can generate cold and
stable molecular beams.

The OCS beam sample density was determined using a
strong-field ionization model.3%:%¢ The asymptotic slope
of an integral ionization signal ¥ (Ip), with respect to
natural logarithm of the peak intensity In Iy approaches
a limiting value as Iy approaches infinity. This slope can
be expressed as:

s
li = 2rac?D 1
e <d1n10> e 2P @

where p represents the sample density, o, the standard de-
viation of the transverse laser intensity distribution, « the
instrument sensitivity, D the length of the focal volume in
the molecular beam, and ¥ the total number of detected
ions. The inset of Figure 3 illustrates the parent-ion signal
count X per shot as a function of the laser peak intensity
Iy on a semi-logarithmic scale. The data was measured at
y = —0.5 mm in the deflection profile as indicated by the
black arrow. The asymptotic slope and saturation onset
were obtained by fitting a straight line through the highest
peak-intensity points, resulting in a saturation onset of
Isat = (94 + 0-3stat + 1-gsyst) X 1013 W/Cmg. The sub-
scripts indicate statistical and estimated systematic errors.
This is in good agreement with the previously reported
saturation intensity of OCS measured under similar exper-
imental conditions given by Iy.; = 7.2x 103 W /cm?.82 To
extract the sample density we determined the combined
sensitivity of the meshes and the MCP detector to be
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FIG. 4. TOF-MS spectrum of ions originating from the molec-
ular beam containing OCS (blue) and from VMI-chamber
background gases (red). The inset provides a magnified view
of the specific region where OCS fragment ions and more
highly charged ions occur.

a = 35.9% + 1.3% as described in Section III C. In addi-
tion we use ¢, = 21 pm and D = 2 mm for the laser inten-
sity standard deviation and the molecular beam width, re-
spectively. The resulting sample density at y = —0.5 mm
is given by p = (2.86 £ 0.58stat & 0.57gyst) X 10° cm™3.
The maximum density is p ~ 107 cm ™2 in the direct beam
as shown in Figure 3, which is one order of magnitude
lower than previously reported on a similar experimental
setup,®? which is attributed to a lower concentration of
OCS in the helium mixture.

B. Time-of-flight mass spectrum (TOF-MS)

Figure 4 shows the time-of-flight mass spectrum (TOF-
MS) resulting from strong-field ionization of OCS and
from the background gas in the VMI chamber measured
with the Timepix3 camera.5=67 The figure displays two
distinct regions: The first region depicts the OCS parent
ion and its isotopologues O'3CS and OC3S, which corre-
spond to m/q = 60 u/e, m/q = 61 u/e,and m/q = 62 u/e,
respectively. The respective signal strength is in good
agreement with the corresponding natural abundance
of OCS’s most abundant atmospheric isotopologues.®>
The isotopologues with masses m/q = 63 u/e, and
m/q = 64 u/e are also present in the data, but are not
visible in the graph shown because of their natural abun-
dance below 0.1%. The second feature is the presence
of fragments, as also seen in the zoomed-in subfigure of
the graph. Two broad peaks correspond to CO™ with
m/q = 28 u/e and ST with m/q = 32 u/e ions, which
exhibit a broad ion velocity distribution due to Coulomb
explosion of OCS?". The broad velocity distribution is
directly reflected in the broad TOF distribution. The
relatively strong background here originates from impuri-

ties of Oy and N, gases present in the VMI chamber and
the molecular beam. Additionally, two narrow peaks are
observed in the inset, which correspond to doubly ionized
OCS and singly ionized H,S, which is an impurity also
present in the molecular beam. The significant water ion
peak can also be mostly attributed to poor background
pressure conditions, which at the time, were not fully
optimized and given by Pyyp = 4 x 1079 mbar when the
molecular beam was switched off. Additionally, there are
small contributions of water ions that arose from impu-
rities in the molecular beam. Recent modifications of
the setup showed considerable improvement, achieving
pressures as low as Py = 3 x 10711 mbar. Furthermore,
the purity of the gas line was also improved by installing
a cooling thermostat (ECO RE 1050 S, LAUDA).

C. Performance of the double-sided VMI

In order to experimentally characterize the double-
sided VMI, both electrons and ions from the molecu-
lar beam containing OCS were examined after strong-
field ionization. Figure 5 a and Figure 5 ¢ show the
background subtracted cation-fragment velocity maps for
m/q =28 u/e and m/q = 32 u/e, respectively. The laser-
peak-intensity here was Iy = 2.5 x 10" W/cm?. The
velocity maps show the commonly known features of OCS
fragments after strong field ionization.®36 The central
circular parts of both velocity maps are attributed to
fragmentation to CO" and S™ following single ionization.
The intense central spots are attributed to N3 and OF
in the m/q = 28 u/e and m/q = 32 u/e velocity maps,
respectively. These were impurities present in the molec-
ular beam. The outer rings are ascribed to the Coulomb
explosion channels OCS + nhy — OCS™ — CO™ +S™.
The reduced counts right above the central regions are
attributed to strong signals from background ions such
as HoO™ arriving shortly before the selected ions in com-
bination with the dead time of the Timepix3 camera.%¢
In addition, the detector could be less sensitive there
because all background ions hit this area. The projected
radial velocity distributions are shown in Figure 5 e. The
multiple channels corresponding to the VMIs are visible
again.

The ion information can be used to determine the elec-
tron velocity map corresponding to specific ionization or
fragmentation channels. To do so, both Timepix3 cam-
eras have to be first synchronized as they independently
record electrons and ions. To correlate the ion and elec-
tron cameras we simultaneously took ion and electron
data at low laser intensities (Ip = 3 x 103 W/cm?) at an
average event rate of 0.02 ions or electrons per shot. The
number of ions Nj(Niyi) or electrons Ne(Nirge) Were
assigned to the camera-specific trigger numbers Ni,.; and
Nirgie, respectively. The normalized convolution Nj * Ne
of this signal is shown in Figure 5 g as a function of the
relative trigger number ANy = Nirgi — Nirgie. The peak
indicates the required relative trigger number shift for
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FIG. 5. (a) and (c) Projected ion velocity maps for m/q =
28 u/e and for m/q = 32 u/e fragments, respectively. The
laser polarization is indicated by the red arrow. (b) and (d)
Projected electron velocity maps for electrons correlated with
OCS™ and H207, respectively. (e) and (f) Projected radial
velocity distributions for ions and electrons, respectively. (g)
Ton-electron Timepix3-camera-trigger correlation. See text for
more details.

both cameras to be synchronized.

To demonstrate ion-electron correlations, we ionized
OCS with a laser-peak-intensity of Iy = 8 x 10** W/cm?
to have both, parent ions and fragments present. In this
case, the mean number of detected ions per shot was ~2
so specific ions and electrons from single laser shots can
not be correlated directly. We can, however, obtain the
statistically averaged electron image using the covariance
of the electron velocity maps with the boolean operation
on a specific ion detected.?” Figure 5 b displays the pho-
toelectron velocity distribution after the covariance anal-
ysis where an OCS™ was measured in coincidence. The
figure reveals intricate angular and radial structures as
previously reported.®? Specifically, the momentum distri-
butions exhibit wide radial patterns that repeat at integer
multiples of the photon energy, which is commonly re-
ferred to as above-threshold ionization (ATT). A detailed
discussion about the structure of the OCS electron mo-

mentum map is beyond the scope of this manuscript and
further information can be found elsewhere.3? Figure 5 d
displays the photoelectron momentum distribution accord-
ingly when an H,O™ from ionization of the background
gas was measured in coincidence with an electron. A clear
difference in the image structure is observed in compari-
son with Figure 5 b, which is attributed to the different
ionization channels. The differences become even more
obvious in the electron’s speed distribution projected onto
the detector shown in Figure 5 f. In comparison with
previous work,®2 our short data acquisition time led to
smaller experimental statistics, resulting in less detailed
ATT structures. Further discussion about the underly-
ing reason with respect to the differences in the electron
velocity distributions is again beyond the scope of the
manuscript. The clear differences between the two elec-
tron velocity maps however clearly show that eCOMO
allows to correlate electron and ion momenta.

The low-intensity correlation measurements used for
Figure 5 g enabled us furthermore to obtain the detection
efficiency for electrons and ions in our setup (see SI for
details). From our data we obtain a final total detection
efficiency of a; = 35.9% + 1.3% and a, = 35.4% + 1.3%.
Assuming a detection efficiency of the MCP given by
apcp = 50% we obtain a transparency for a single mesh
Cmesh = 83.7% £ 1.5%, with the estimated transmission
of 80%. The deviation is attributed to the fact that the
effective transmission of the second grid is higher due to
the shadow cast by the first grid.

IV. CONCLUSIONS

In summary, eCOMO was developed, set up, and com-
missioned using experiments with an ultrashort-pulse
table-top laser system. The performance of the cold
(Tror < 1K), pulsed, and dense (p ~ 1 x 107 cm™3) molec-
ular beam was characterized. SIMION simulations of
the double-sided VMI indicated that under experimen-
tal conditions, an energy resolution of AE/F < 0.4%
is achievable. We showed that the combination of the
double-sided VMI and two synchronized Timepix3 cam-
eras at eCOMO works and that the individual ions can be
separated in the data analysis based on their mass over
charge ratio. Furthermore, specific molecular dynamics
can be separated for systems with many fragmentation
channels as shown here for OCS after ionization. Using
a covariance analysis, electron VMIs and corresponding
projected electron velocity distributions were assigned to
specific mass over charge ratios. The absolute detection
efficiency of the setup was measured by coincidence meth-
ods to a; = 35.9% 4+ 1.3% and a, = 35.4% +1.3% for ions
and electrons, respectively. The use of the b-type elec-
trostatic deflector allows to separate specific rotational
quantum states, conformers and molecular cluster species
with different effective-dipole-moment-to-mass ratios.>%72
This feature of the eCOMO setup has great potential in
various areas, such as the separation and purification of
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I. VACUUM SYSTEM

Figure S1 illustrates the vacuum setup, including
the high-pressure gas line of the eCOMO system. The
source-, deflector-, VMI- and beam-dump chambers
are indicated as the light blue structure. The gas flow
is depicted by red arrows starting from the Even-Lavie
(EL) valve in the source chamber. The turbomolecu-
lar pumps are indicated as yellow rectangles and are
discussed in the main manuscript. The roughing-line
pump is indicated as OTB. The automatic gate valves
are shown as blue symbols. Here, gate valves 1 and
4 are DN40-ISO-KF mini gate valves (VAT 01232-
KA44). Gate valve 3 is a DN16 ISO-KF mini gate
valve (VAT 01224-KA44). Gate valve 4 indicates an up-
dated home-built automatic DN250 CF gate valve [1],
which allows separating the source from the deflec-
tor chamber. This gate valve is driven by a solenoid
valve (Festo VUVS-LK20-M52-AD-G18-1C1-S). All
gate valves are controlled by a home-built NIM-based
controller. Vacuum monitoring is accomplished by the
gauges shown in Figure S1 as green rectangles (Pfeiffer
Vacuum PKR 251, PBR260, and IKR270). All gauges
are controlled and monitored by a controller (Pfeiffer
TPG 366).

II. INTERLOCK SYSTEM

The general concept of the interlock controller logic
is illustrated in Figure S2. The box has 5 two-wire
LEMO inputs and 5 one-wire LEMO outputs. One of
the two-wire input wires delivers 5 V (“Send”). The
second wire is used to drive the transistor-transistor
logic (TTL) driver integrated circuits (ICs) labeled as
“Return” in Figure S2. All input channels are connected
via push pins with an attachable circuit board in the
interlock controller. The push pins can be used to
select a specific pin assignment of the input connectors
with respect to Send and Return. The Return signal
drives two ICs, a TTL driver, and an inverted TTL
driver, respectively. In this way, the input logic can
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be inverted making use of the jumpers right behind
the TTL drivers. The TTL driver ICs serve also as
a protection of the interlock controller regarding over
voltages. The attachable circuit board can be easily
replaced if necessary since it is connected to a main
circuit board via push pins. A complex programmable
logic (CPLD) device is used to logically connect the
input signals and interlock hardware switches with the
output channels and LEDs. In this way, the logical
program can be changed quickly. The output voltage
can be switched between 5, 12, and 24 V depending on
the specific requirements of the corresponding device
attached.

The front and back panel of the interlock controller
are shown in Figure S3. The upper half of the front
panel contains LED indicators and switches for the
input channels. The lower half of the front panel
contains LED indicators and switches to indicate the
status and control the output channels. Input and
output channels are provided via the back plate of the
module. LEDs on the front panel indicate the status
of the box depending on the logic of the CPLD.

Figure S4 illustrates how the interlock system moni-
tors and protects the vacuum system. The pressure-
gauge controller records the vacuum from each gauge
and, depending on whether the respective threshold
conditions are met, sends a 5 V trigger signal to the
interlock box. The interlock box then processes these
input signals and transmits corresponding output trig-
ger signals to the gate valves controller box and elec-
trode power supplies to control their operation. In
this special case, a gate valve can only be opened if all
vacuum systems connected by this valve are within the
permitted pressure range. Additionally, voltage can
only be applied to the electrodes when the pressure in
the VMI chamber is below the threshold.

IIT. DETECTION EFFICIENCY

The low-power correlation measurements used for
Figure 5 g in the main manuscript enabled us to de-
termine the detection efficiency for electrons and ions
in our setup. For each detected electron, we examined
whether there was a simultaneous detection of an ion
for the same laser shot. The detection efficiency for
ions o4 and electrons a, is given by:

_ Ni'Nc_Nuncor. _ Ni'No_Nuncor.

(€51 ) Qe
Ni|e>1 Ne|i>1
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Figure S1. Schematic of the eCOMO vacuum system together with the high pressure gas line. Gauges and pumps are
indicated as green and yellow rectangles, respectively. Red arrows depict the gas flow. Ball and gate valves are indicated
by orange and blue symbols, respectively. The high-vacuum part of the setup is depicted in light blue. The roughing lines
are shown in light purple. The high-pressure line and the Even-Lavie valve (EL valve) are shown by the gray shaded

structure.
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Figure S2. General concept of the interlock controller. The middle section is hidden for space reasons.

Here, we have the number of electrons N, the num-
ber of ions N;, the number of uncorrelated events on
both detectors Nuncor., the number of ions with at
least one detected electron Njj.» 1, and the number of

electrons with at least one detected ion Ngjj»1. From
our data we obtain a final total detection efficiency of
a; = 35.90% and a. = 35.35%. Assuming a detection
efficiency of the MCP given by apcp = 50% we ob-



Figure S3. Front- (left) and back-panel (right) of the interlock controller.
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Figure S4. Interlock logic used at eCOMO. Thresholds for pressures are set on the gauge controller on the left. The
corresponding outputs are send to the input of the interlock controller. The CPLD of the interlock controller is programmed
as illustrated in the figure. The logic output of the interlock controller drives the gate valves and the logic for the power
supplies as indicated on the right.

tain a transparency for a single mesh apesn = 83.7%,  the effective transmission of the second grid is higher
which is in agreement with the nominal transmission due to the geometric overlap with the shadow cast by
of 80%. The deviation is attributed to the fact that the first grid.
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