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We report on the design and performance of a double-sided coincidence velocity map imaging
spectrometer optimized for electron-ion and ion-ion coincidence experiments studying inner-
shell photoionization of gas-phase molecules with soft X-ray synchrotron radiation. The
apparatus employs two microchannel plate detectors equipped with delay-line anodes for co-
incident, time- and position-resolved detection of photo- and Auger electrons with kinetic
energies up to 300eV on one side of the spectrometer and photoions up to 25eV per unit
charge on the opposite side. We demonstrate its capabilities by measuring valence photoelec-
tron and ion spectra of neon and nitrogen, and by studying channel-resolved photoelectron
and Auger spectra along with fragment-ion momentum correlations for chlorine 2p inner-shell
ionization of cis- and trans-1,2-dichloroethene.

Keywords: velocity map imaging, photoionization, synchrotron radiation, electron-ion coin-

cidences, photoelectron spectroscopy, ion momentum imaging

I. INTRODUCTION

Since the pioneering work of Houston and Chandler!
and Eppink and Parker?, charged-particle imaging and,
in particular, velocity map imaging (VMI) have become
a wide-spread technique to study photoionization, disso-
ciation, and gas-phase chemical reactions dynamics in a
wide variety of targets and with a number of different
light sources.?® Common applications of the VMI tech-
nique range from experiments with laboratory sources
such as gas-discharge lamps, picosecond and femtosec-
ond laser systems, and high harmonic generation sources
to studies performed on large-scale facilities such as syn-
chrotron radiation sources and free-electron lasers. Ve-
locity map imaging is particularly important for measure-
ments with extreme ultraviolet (XUV) and X-ray pho-
tons since the radiation can ionize along the entire beam
path, not just in a high-intensity focal region, as is it the
case, e.g., for femtosecond near-infrared lasers. In order
to obtain good energy resolution, it is therefore crucial to
focus charged particles with the same velocity but orig-
inating from different starting points in the interaction
region to the same spot on the detector.

In parallel to the emergence of the VMI, coincidence
momentum imaging methods, such as COLTRIMS®®

a)Electronic mail: rolles@phys.ksu.edu

and related techniques® !, also developed into pow-

erful tools for imaging gas-phase photoionization and
photofragmentation dynamics. In recent years, several
"hybrid” spectrometers have been developed that use el-
ements of both, traditional VMI and COLTRIMS-style
spectrometers, thereby overcoming some of the limita-
tions of each of the techniques. Examples of such double-
sided hybrid spectrometers for coincident electron and
ion detection include combinations of a VMI spectrome-
ter with a traditional time-of-flight or electrostatic cylin-
drical analyzer opposite to the VMI side!?18, as well
as double-sided VMI spectrometers with two position-
sensitive detectors for coincident momentum-resolved
imaging of both, electrons and ions'® 2?2, many of which
were specifically designed for photoionization studies us-
ing synchrotron radiation®3 2%, With few exceptions26:2?,
the latter are mostly optimized for and limited to rather
low-kinetic energy electrons. Here, we present the design
of a double-sided VMI spectrometer capable of detecting
high-energy electrons up to 300 eV in order to allow for
electron-ion and ion-ion coincidence measurements and
for the angle-resolved detection of Auger electrons pro-
duced by inner-shell photoionization with soft X-ray syn-
chrotron radiation. As described in detail in section III,
this enables, e.g., detection of Auger electrons in coin-
cidence with momentum-resolved fragment ions in order
to measure channel-resolved Auger spectra, thereby dis-
entangling congested molecular Auger spectra into indi-



vidual contributions from specific ionic final states.

Il. APPARATUS
A. Vacuum system and molecular beam setup

The ultrahigh vacuum (UHV) system of the coinci-
dence end-station consists of three differentially pumped
chambers: (i) The interaction chamber containing the
double-sided VMI spectrometer; (ii) the molecular beam
source; and (iii) a differential pumping section to decou-
ple the experimental chamber from the beamline vacuum.
The interaction chamber is pumped by a 6001 turbo-
molecular pump and typically reaches a base pressure
in the low 108 mbar without bake-out. It has an inter-
nal double p-metal shielding to minimize the influence of
the earth’s magnetic field and other stray magnetic fields
on the electron trajectories. The continuous molecular
beam is mounted on an xyz-manipulator and consists of
a stainless steel tube terminated by 30 micron flat aper-
ture that can be cooled by liquid nitrogen or (moderately)
heated by a resistive heater. The molecular beam expan-
sion chamber is pumped by two 10001/s turbomolecular
pumps. Typically, a single skimmer with 500 pm diame-
ter separates the expansion chamber from the interaction
chamber, but a second pumping stage with an additional
skimmer can be added, depending on the experimental
requirements.

B. Spectrometer design and performance

Although the VMI apparatus can, in principle, be used
at different light sources and different beamlines, it was
designed with the parameters of beamline 10.0.3.1 of the
Advanced Light Source at the Lawrence Berkeley Na-
tional Laboratory in mind since it is most frequently
being used at this beamline. Beamline 10.0.3.1 deliv-
ers VUV and soft X-ray radiation in the photon energy
range between 17eV and 350eV with a resolving power
of 35,000 at 60eV3%3! covering, for example, the first
inner-shell ionization thresholds of many halogens such
as chlorine, bromine, and iodine, the L-shell ionization
threshold of sulfur, and the K-shell ionization thresh-
old of carbon. In order to be able to detect all photo-
and Auger electrons over the entire photon energy range,
it is therefore necessary that the spectrometer can de-
tect electrons up to 300eV with a full-solid-angle accep-
tance. Furthermore, since the focus of our research lies
on the photoionization and fragmentation dynamics of
molecules after inner-shell photoionization, typical frag-
ment ion kinetic energies can reach up to ~ 25eV, and
up to three or even more ionic fragments need to be de-
tected in coincidence and with good time and position
resolution in order to be able to reconstruct their three-
dimensional momentum vectors.

Since the performance of the electron and the ion side
in a double-sided VMI spectrometer are interconnected
as they share a common extraction field, the lengths of
the drift tubes on both sides need to be designed ac-
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FIG. 1. (a) Schematics of the double-sided VMI spectrom-
eter including the geometric dimensions (length unit: mm)
and typical voltages for the spectrometer electrodes and the
detectors. (b) SIMION equipotential lines and simulated tra-
jectories of ions with a kinetic energy of 15eV and electrons
with a kinetic energy of 120eV emitted into five different di-
rections, towards and away from the detector and at 0, 45,
90, and 135 degrees with respect to the spectrometer axis,
and at three positions along the direction of the molecular
beam, each spaced 1 mm apart (green, red, and blue lines,
respectively).

cording to the required kinetic energy ranges mentioned
above. Fig. 1 shows the dimensions of the spectrometer
along with typical voltage settings and the correspond-
ing SIMION simulations. Electrons and ions created in
the interaction region located in the middle between the
electron and ion extractor electrodes are accelerated by
static electric fields towards two opposite MCP detectors
with 80 mm diameter. In addition to the two extrac-
tor electrodes, two additional electrodes (”electron focus”
and ”ion focus”) provide tunable electrostatic lenses that
help focusing the extended interaction region'# and help
compensate for field distortions due to the open extrac-
tor/repeller geometry®2. Varying the voltage on these
focusing electrodes will shift which kinetic energy range
is focused best and, thus, has the best kinetic energy
resolution.

For the simulation shown here, the electrode voltages
of the VMI spectrometer were chosen to allow for the
collection of electrons up to 290 eV and ions up to 25
eV per unit charge over the full solid angle. This was
achieved by applying +180 V and -180 V to the two inner-
most extractor electrodes, +1080 and -1260 V to the two
focusing electrodes, and +5580 V/-4770 V to the two
drift tubes.

In order to detect electrons and ions in coincidence
and to record both position and time information for the
charged fragments, which is necessary to determine their
three-dimensional momentum vectors, the double-sided
VMI is equipped with microchannel plate (MCP) detec-
tors with multi-hit delay-line anodes (RoentDek DLDS80
for the electrons and RoentDek HEXS80 for the ions). The
analog MCP and delay line signals are amplified, pro-
cessed by a constant fraction discriminator (CFD), and
then recorded by the data acquisition system consisting
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FIG. 2. (a) Raw (left) and inverted (right) photoelectron image for photoionization of neon atoms at a photon energy of 125
eV. (b) Corresponding photoelectron spectrum, i.e., 27 angle-integrated radial distribution, obtained from the Abel inverted
image. (c) Relative kinetic energy (KE) resolution, AE/E, as a function of electron KE, determined from the full width at

half maximum (FWHM) of the Ne(2p) photoelectron peak.

of two RoentDek TDC8HP 8-channel multi-hit time-to-
digital converters (TDC). The TDCs have a resolution of
<100 ps and a multi-hit dead-time of <10 ns. They are
triggered by the detection of an electron (which could
be either a photoelectron or an Auger electron), which
typically arrives at the detector after a flight time of ap-
proximately 5 ns. The ion time of flight is then measured
with respect to the arrival time of the first detected elec-
tron. This allows the experiment to be performed during
the standard ALS multi-bunch top-off mode of operation,
which has an electron bunch spacing in the storage ring of
2 ns. In the ALS’s two-bunch timing mode of operation,
the ALS bunch marker signal can be used as a timing
reference, thus making it possible to also determine the
electron flight times.

C. Two-dimensional electron imaging

Since the time-of-flight spread of the electrons due
to their initial momentum along the spectrometer axis
is very small and since the spacing between electron
bunches in the storage ring in the multi-bunch operation
mode is not sufficient to link the detected photo- or Auger
electrons to a specific soft X-ray pulse, the electron im-
ages are typically treated as two-dimensional projections
of the three-dimensional momentum sphere, and an im-
age inversion procedure is employed to retrieve electron
kinetic energy spectra and angular distributions as typ-
ically done for ”conventional” VMI spectrometers. To
demonstrate the performance of the electron side of the
double-sided spectrometer and to characterize its kinetic
energy resolution, photoelectron images for the valence
photoionization of neon atoms were recorded over a range
of photon energies between 50 and 150 eV.

A raw electron image recorded at a photon energy of
125 eV is shown on the left hand side of Fig. 2(a), to-
gether with a central slice through the three-dimensional
momentum sphere, obtained by applying an inverse Abel
transformation®?, shown on the right hand side of the
same image. The corresponding angle-integrated photo-
electron spectrum obtained from the Abel inversion is

shown in Fig. 2(b). By determining the width of the
Ne(2p) photoelectron peak as a function of photon en-
ergy and, thus, of photoelectron kinetic energy, the res-
olution of the electron side of the spectrometer can be
characterized, which is shown in Fig. 2(c). We neglect
the line broadening due to the photon bandwidth, which
was less than 10 meV for the monochromator exit slit
settings chosen for this measurement. Note that in order
to correct for distortions of the electron images, which
severely affect the achievable kinetic energy resolution,
a circularization procedure has been applied to the raw
images before the inversion.33:34
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FIG. 3. Radial position of the Ne(2p) (black squares) pho-
toelectron lines in the inverted electron images for different
electron kinetic energies, compared to the results obtained
from SIMION trajectory calculations for the same spectrom-
eter voltages as used in the experiment.

Given the known Ne(2p) and Ne(2s) ionization poten-
tials of 21.6 eV and 48.5 eV, respectively, the neon mea-
surement can also be used to determine the calibration
function for converting the radius of the inverted electron
images into electron kinetic energy, as shown in Fig. 3.



Experimental data and SIMION trajectory simulations
are in good agreement, verifying that the latter can safely
be used for calibrating the electron kinetic energies.

D. Three-dimensional ion momentum imaging

In order to test and characterize the momentum imag-
ing capabilities of the ion side, we have performed an
electron-ion-ion coincidence experiment on the dissocia-
tive valence double photoionization of Ny and Os. Ny
and Oy molecules were introduced into the interaction
chamber as a supersonic jet by directly opening the gas
line to ambient air. The spectrometer voltages for this
measurement were +100 V and -100 V on the two inner-
most extractor electrodes, +600 and -700 V on the two
additional focusing lenses, and +3100 V and -2650 V on
the two drift tubes.

Fig. 4(a) shows the resulting photoion-photoion coinci-
dence (PIPICO) plot for photoionization at 160 eV pho-
ton energy. The elongated tails that are visible in the
N+t4+N* and OT4+0O% coincidence channels are due to
fragmentation of ”warm” N5 and O, molecules that were
present as residual gas in the vacuum chamber and that
can be ionized along the whole light path. The fragments
from the warm target are not focused properly and have
longer flight times since they are not produced in the cen-
ter of the spectrometer. However, their contribution can
be significantly reduced by selecting a narrow gate in the
PIPICO spectrum.

Using the time-of-flight and the detector hit position,
the three-dimensional momentum of each ion can be re-
constructed and the total kinetic energy release (KER)
spectrum of the NT+N* channel can be extracted, as
shown as a black line in Fig. 4(b). To demonstrate
the good momentum resolution that can be achieved by
our spectrometer, the KER spectrum is compared to a
KER spectrum measured for Ny inner-shell ionization
obtained using a COLTRIMS apparatus®®. The width
of the two sharp peaks at 8 and 10 eV are compara-
ble in both measurements (width of the peak at 10 eV:
500 meV (FWHM) in the COLTRIMS measurement; 580
meV (FWHM) in the present experiment).
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FIG. 4. (a) Photoion-photoion coincidence (PIPICO) plot
for photoionization of Ny and Oz at 160 eV photon en-
ergy. (b) KER distribution of the NT+NT channel after
photoionization at 160 eV photon energy (black line) com-
pared to the KER distribution of the N*+N¥ channel pro-
duced by N3 inner-shell ionization at 419.3 eV obtained using
a COLTRIMS apparatus®.

Since the electric field in a VMI spectrometer is not
homogeneous, one cannot derive analytical formulas to
reconstruct the ion momenta from the measured time
of flight and hit positions of each ion. Instead, we use
the SIMION 8.1 software package to simulate the ex-
pected time of flight and hit positions for ions starting in
the interaction region with different kinetic energies and
emission angles.

By varying the starting position of the ions in the
SIMION simulation within a sphere of 1 mm diameter
(which does not reflect the assumed size of the interac-
tion region but rather the uncertainty with which the
exact position is known), the uncertainty A E/E of the
ion kinetic energy calibration is estimated to be on the
order of 10% for ions with a kinetic energy of 1 eV and
less than 5% for 10-e¢V ions. To verify the energy calibra-
tion, the KER spectrum of Ny molecules was measured
(see Fig. 4(b)). The measured kinetic energies of several
sharp features in this spectrum agree with literature val-
ues®%36 to within 4%, thus confirming the above estimate
of the energy uncertainty.

I1l.  INNER-SHELL IONIZATION OF CIS- AND
TRANS-1,2-DICHLOROETHENE

In order to demonstrate the capabilities of our double-
sided, high-energy coincidence VMI, this section presents
results of an electron-ion-ion coincidence experiment
studying the inner-shell ionization of cis- and trans-1,2-
C5H5Cls molecules in the gas phase. The commercially
available, isomerically pure samples (Sigma Aldrich, 96%
purity) are liquid at room temperature and were first out-
gassed in a freeze/pump/thaw cycle before introducing
them into the gas phase via expansion through a 30 mi-
cron aperture without additional carrier gas. The molec-
ular beam was crossed by a beam of linearly polarized
soft X-ray radiation from the ALS (photon energy: 240
eV; bandwidth 150 meV) in the interaction region of the
VMI spectrometer. The lens voltages of the VMI spec-
trometer were chosen as shown in Fig. 1 to allow for the
collection of electrons up to 290 eV, singly charged ions
up to 25 eV, and doubly charged ions up to 50 eV over
the full solid angle.

A sketch of the molecular geometry of the cis and
trans isomers along with the ion time-of-flight spectra
recorded for each isomer at a photon energy of 240eV
(40eV above the Cl(2p) inner-shell ionization threshold)
is shown in Fig. 5. The two spectra are normalized to
have an equal yield of 3°C1* ions and clearly show isomer-
dependent differences in the branching ratios, most no-
tably in the yield of the C1 fragments, which are created
by bond recombination and almost exclusively occur af-
ter photoionization of cis-1,2-CoHoCls.

Further information about the fragmentation of 1,2-
CyH5Cly, can be obtained from the PIPICO and
the photoion-photoion-photoion coincidence (PIPTPICO)
maps shown in Fig. 6(a) and (b), respectively, for the cis
isomer. In the PIPICO map, the time of flight of the sec-
ond detected ion (time-of-flights) is plotted against the
time of flight of the first detected ion (time-of-flights),
and bright orange and yellow islands mark ionic frag-
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FIG. 6. (a) Photoion-photoion coincidence (PIPICO) and (b) photoion-photoion-photoion coincidence (PIPIPICO) maps of

cis-C2H2Cla after inner-shell photoionization at 240eV.

ments that arrive in coincidence, i.e., they originate from
the same molecule that broke up as a consequence of the
ionization event. In particular, sharp diagonal stripes,
as shown, e.g., in the zoomed inset in the lower right of
Fig. 6(a), indicate that the molecule broke up into two
charged fragments that carry equal momentum, while
broader features indicate breakup into more than two
fragments with significant momentum. These can be
further differentiated in the triple coincidence PIPIPICO
map, where the time-of-flight sum of the second and third
detected ion (time-of-flights + time-of-flights) is plotted
as a function of the time of flight of the first detected ion
(time-of-flight; ). Note that chlorine has two naturally oc-
curring isotopes, 3°Cl and 37Cl, which lead to several co-
incidence channels consisting of all possible combinations
of these two isotopes. Additional channels result from the
possible loss of one or both hydrogen atoms, all of which
can be clearly resolved in the PIPICO and PIPIPICO
maps. The strongest complete two-body fragmenta-
tion channel, CoH3?Clt+35ClIt, and strongest complete

three-body fragmentation channel, CoHy +3°Cl++35Cl1+,
are marked by white arrows in Fig. 6.

By selecting only those events where the ions appear
in a specific ionic coincidence channel in the PIPICO
or PIPIPICO map, it is possible to distinguish photo-
and Auger electrons corresponding to different ionic final
states and to produce channel-resolved photo- and Auger
electron spectra, as shown in Fig. 7. The width of the
Auger feature in the channel-resolved spectrum (red) is
considerably narrower than in the non-coincident elec-
tron spectrum (green) and the spectrum where only one
of the ionic fragments is determined (blue) since the lat-
ter two contain a multitude of Auger transitions, while
only one or a few specific transitions lead to a given
ionic final state. Measurement of electron-ion-ion and
electron-ion-ion-ion coincidences can, thus, help with dis-
entangling convoluted molecular Auger spectra, as will be
discussed in more detail in a forthcoming publication.

Finally, as we have shown previously?”, it is possi-
ble to distinguish between different geometric isomers
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FIG. 7. Electron kinetic energy spectra recorded at a photon
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from valence photoionization. All spectra are normalized to
the maximum of the photoline.

by means of momentum-resolved ion-ion coincidence mo-
mentum imaging. For this purpose, we determine the
angle § between the momentum vectors of two ClT frag-
ments detected in coincidence with a CoH,™ fragment.
The corresponding yield as a function of the cosine of
the angle 6 for both cis and trans isomers is shown in
Fig. 8. For the trans isomers, the distribution peaks at
cos @ = —1, while it peaks at cosf =~ —0.3 for the cis iso-
mers. Note that the latter value is quite different from
our finding in cis-CoHoBro®7, where the yield for the cis
isomers peaked at cos@ = —0.5. This shift to a smaller
angle is also reproduced by numerical Coulomb explosion
simulation, which assume purely Coulombic repulsion be-
tween point charges located at the center of mass of each
fragment and instantaneous creation of the charges fol-
lowed by explosion from the equilibrium geometry of the
neutral molecule, as explained in Refs.3"38. The simu-
lations yield value of cos@ = —0.49 for the cis isomer
of CoH,Cly as opposed to a value of cosf = —0.58 for
cis-CoHoBry. Note that the simulation overestimates the
angle, similar to our findings in the case of CyHyBry37.

Nevertheless, with the help of these simulations, we
can determine that a significant contribution to the dif-
ference in the momentum correlations for the cis isomers
of CoH5Cly and CoHsBry is the mass difference between
Cl and Br, which changes the energy and momentum
sharing with the CoHaT fragment, while the slightly dif-
ferent equilibrium geometry of CoHoCly and CoHyBro
affects the simulated angle between the fragments only
very little.

Another common way of investigating both, the kine-
matics and the dynamics of a three-body fragmentation
process is by representing the fragment ion momentum
correlations in a Newton plot, as shown in Fig. 9. Here,
the momenta of two of the fragments (CoH3 and CIt) are
plotted with respect to the momentum of the third frag-
ment (C11). For the trans isomer, the Newton plot shows
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FIG. 8. Angle between the CIT ion momenta in the triple-

coincidence channel CoHF+CI1T+CIt for cis- (blue) and
trans- (red) C2H2Cls.
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FIG. 9. Newton plot of the CgH%’—i—ClJ“—&—Cl+ triple-
coincidence channel for (a) cis- and (b) trans-CoH2Cly. The
momenta of the CoHJ fragment (upper half) and of one of
the CIT fragments (lower half) are shown in the frame of the
momentum of the second CIT™ fragment, which is shown as a
black horizontal arrow. The momentum vectors of the CQH2+
fragment and the first C1* fragment are normalized to the
length of momentum vector of the second CIT.

that the two C1T fragments are emitted close to back to
back, while the CoHJ fragment remains almost at rest, as
one would expect from an instantaneous fragmentation
in the undistorted equilibrium geometry, where the cen-
ter of mass of the CoHy moiety is exactly in the middle
between the two Cl atoms. The cis isomer, however, has
a distinctly different fragmentation pattern with the CI*
fragments being emitted at a much steeper angle with
respect to each other and the CoHJ fragment also car-
rying a significant momentum. In both cases, the shape
of the features in the Newton plot suggests that the two
bonds that are broken in this particular fragmentation
process are broken in a concerted manner, since a sequen-
tial breakup with a time interval close to (or larger than)
the rotational period of the intermediate would lead to a
pronounced circular shape of the features in the Newton
plot38, which is clearly absent in the present case.

The difference in the Coulomb explosion kinematics for
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FIG. 10. Kinetic energy distributions of the CI™- (green)
and CoHJ-fragments (red) as well as KER (black) in the
CoHF +CIT+CI™ triple-coincidence channel for (a) cis (b)
trans isomers. The results of the Coulomb explosion model
are shown as dashed lines.

cis- and trans-CoH,Cly is also reflected in the kinetic
energy distributions and the KER, which are shown in
Fig. 10 for the same CoHj +CI1T+CI* coincidence chan-
nel as discussed above. For the cis isomer, the CoHy
fragment has significantly higher kinetic energy than each
of the CI* fragments, while for the trans isomer, the
kinetic energy distribution of the CyHJ fragment has
a maximum at 0 eV and the CIT fragments are more
energetic than for the cis isomer. Similar to the case
of CoHyBry37, this can be explained by an obstructed
instantaneous explosion3%4% in the trans isomer, where
the CoHJ -fragment is trapped between the two C1T frag-
ments. This simple picture is corroborated by the results
of our Coulomb explosion model calculations shown as
dashed lines in Fig. 10, which reproduce the difference
between the fragment kinetic energy distributions in the
two isomers.

IV. CONCLUSIONS

We have presented the design and performance of a
double-sided VMI spectrometer optimized for the coinci-
dent detection of high-energy photo- or Auger electrons
with energetic ions resulting from the Coulomb explo-
sion of inner-shell ionized molecules. With typical lens
voltages up to +/- 6 keV, the spectrometer is capable
of time and position-resolved detection of photo- and
Auger electrons with kinetic energies up to 300eV and
of photoions with up to 25eV per unit charge. The ki-
netic energy acceptance can be increased if higher lens
voltages are used. For the typical experimental condi-
tions investigated here, we find a kinetic energy resolu-
tion AE/E ~ 4% for electrons with 100 eV kinetic en-
ergy and = 5% for ions with 10 eV kinetic energy. We
have illustrated the coincidence capabilities and, in par-
ticular, the possibility to record ion coincidence-channel-
resolved Auger electron spectra on the example of an
Auger electron-ion-ion-ion coincidence experiment per-
formed on cis- and trans-1,2-dichloroethene at the Ad-
vanced Light Source synchrotron radiation storage ring
facility.

By combining some of the advantages of traditional
VMIs with those of COLTRIMS-type coincidence mo-
mentum imaging spectrometers, our double-sided coinci-

dence VMI design is also well suited for high-repetition-
rate XUV high harmonic generation sources and for up-
coming high-repetition-rate free-electron lasers, where
coincident detection of high-energy electron with frag-
ment ions will be an important prerequisit for many gas-
phase experiments in atomic and molecular physics and
ultrafast photochemistry*!.
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