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ABSTRACT

The coincident detection of particles is a powerful method in experimental physics, enabling the investigation of a variety of projectile-target
interactions. The vast majority of coincidence experiments is performed with charged particles, as they can be guided by electric or magnetic
fields to yield large detection probabilities. When a neutral species or a photon is one of the particles recorded in coincidence, its detection
probability typically suffers from small solid angles. Here, we present two optical assemblies considerably enhancing the solid angle for photon
detection in the extreme ultraviolet to visible spectral range. The efficiency and versatility of these assemblies are demonstrated for electron-
photon coincidence detection, where electrons and photons emerge from fundamental processes after photoexcitation of gaseous samples by
synchrotron radiation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5109104

. INTRODUCTION The simultaneous detection of several or all reaction prod-

ucts belonging to a particular projectile-target interaction allows

In atomic, molecular, or cluster physics, the interaction of a
target system with a projectile typically leads to its excitation, ioniza-
tion, or in the case of bound systems to their fragmentation with cor-
responding emissions of a variety of particles such as electrons, ions,
neutral species, and photons. For processes that produce excited
states of the target, there is in general not a singular de-excitation
path but branching into competing channels. The weaker processes
are often difficult to identify and even harder to quantify, as their
occurrence may be masked by other, more intense signals or they
may barely emerge above the noise level at all.

us to disentangle individual decay pathways and to increase the
signal to noise contrast for these weak processes significantly.
This powerful technique is called coincidence measurement and
is widely used in experimental particle, nuclear, atomic, molecu-
lar, and cluster physics (Refs. 1-8 and the references therein). The
most essential experimental parameters in a coincidence experi-
ment are the detection probabilities P;(€[0, 1]) of the respective
particles i, which may be separated into products of the accepted
relative solid angles Qi(€[0, 1]) and the detector efficiencies
€i(€[0, 1]). The total probability of recording a coincident event Pcoinc
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is the product of the individual detection probabilities of all involved
particles,

[ »-

all particles

I_I Qrel,isi« (1)

all particles

Peoinc =

The detector efficiency ¢; is the probability that a particle reaching
the detector is recorded as an actual event. It is an intrinsic charac-
teristic of the detector and typically depends on the particle type and
its properties such as energy and mass. The achievable solid angle,
however, is given by the experimental geometry. In general, it can be
described by the active detector surface area Ap and its distance to
the interaction volume D,

L A
" 4nD?’

In the case of charged reaction products (electrons or ions), Qe
often can be increased to values close to unity by guiding these
particles toward the active detector area via electric and/or mag-
netic fields. Prominent examples for the latter case are “reaction
microscope” experiments in which charged fragments of atoms,
molecules, or clusters are measured in multiple coincidences.”’
However, since guiding fields are not applicable to neutral fragments
and photons, the solid angle for the detection of these particles is
typically small and results in a low coincidence rate. Because of the
abovementioned challenge, reports of successful coincidence mea-
surements with detection of these kinds of particles are rare com-
pared to ones restricted to charged particles. In the following, we
will restrict the discussion to experiments in which a charged particle
and a photon from the same ionization event are recorded.

One class of these experiments uses excitation by monochrom-
atized emission of noble gas lamps to investigate fluorescing ionic
fragments of various molecular systems ranging from diatomic
N; or CO to fluorobenzene molecules.'''* Another approach was
the measurement of scattering angles in electron energy loss spec-
troscopy in coincidence with an emitted photon to investigate dou-
bly excited states in H, and H,0"'° as well as interferences in the
He(31,3!) excitation."”

However, these measurements do not use the opportunities
offered by modern synchrotron radiation facilities, in particular the
narrow bandwidth of the exciting radiation in combination with
the high tunability of the exciting-photon energies. This type of
excitation was used for photon-threshold electron measurements
which allow to determine the lifetime of radiative molecular states."”
Photoion-photon coincidence techniques were also applied at syn-
chrotron radiation facilities to investigate, for example, the disso-
ciative photoionization of N,'" ' and the core-hole decay of argon
atoms and clusters.””

A series of experiments showed that the coincident measure-
ment of photons and electrons, combined with polarization analy-
sis of the fluorescence, for atomic photoionization can be used to
perform so-called complete experiments, in which all amplitudes
and phases in a partial wave description of the process are deter-
mined.”” ® Yet, all these studies suffer from low coincidence rates,
compensated to some extent by using long acquisition times."" How-
ever, if the experiment needs to make use of synchrotron radi-
ation, for which allocated beamtime is limited, reasonable statis-
tics might not be achievable or losses in data quality have to be
accepted.

2

rel
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These challenges can be overcome according to the relation
given in Eq. (1), if collecting optics are used to increase the solid
angle of photon detection and correspondingly the coincidence
count rate as described in Ref. 27 for photon-photon, in Ref. 28 for
ion-photon, and in Refs. 29 and 30 for electron-photon coincidence
experiments. It is also possible to focus the layout of the experiment
on the solid angle of the photon detection by surrounding the inter-
action volume with appropriate mirrors.”’ This approach, however,
requires a suitable set of detectors due to additional constraints or
an adaption to existing detector systems.

In this paper, we show how to adapt optical assemblies to dif-
ferent experimental layouts using existing detector systems while
aiming for high solid angles of the photon detection for efficient
coincident detection of a photon and a charged particle. We present
two configurations: (A) A mirror assembly surrounding the interac-
tion volume using two spherical mirrors with different radii and a
parabolic mirror which guide the photons to a photon detector sys-
tem. This dramatically enhances the solid angle of photon detection
which enables efficient coincidence experiments with at least one
participating photon. This setup works without transmissive optics
and is therefore also suitable for the detection of photons in the vac-
uum ultraviolet to soft X-ray wavelength regime. (B) A combination
of flexible optical elements adaptable to a variety of experimental
constraints, suited for experiments in which a direct view on the
interaction volume is impossible. The applicability of both designs
is demonstrated by performing electron-photon coincidence mea-
surements on fundamental processes after excitation of supersonic
noble gas jets by synchrotron radiation.

Il. COINCIDENT DETECTION OF ELECTRONS
AND PHOTONS

In this section, we explain the timing scheme of our experi-
ment, followed by other details of the setup. In many coincidence
experiments, including the ones described in this work, either pulsed
target delivery or pulsed excitation sources like pulsed lasers, ion
bunches in ion storage facilities, or synchrotron radiation pulses
with an appropriate reference clock for the measurements are used
to ensure that all measured particles have originated in the same
physical event. The reference clock pulse is used as a start signal
for a time-to-digital converter (TDC). In the case of electron-photon
coincidence experiments, a coincidence event occurs, if at least one
electron and one photon are detected after a common start signal.
In general, coincidence events can result from true or accidental (or
false“z) coincidences. For true coincidences, both detected particles
originate in the same interaction process. Accidental coincidences
occur, if the electron and the photon originate from two different
physical processes or from two independent interactions at differ-
ent sites of the sample. For simplicity and without loss of generality,
it is assumed in this work that for a true coincidence event, both
the photon and the electron reach the respective detector within the
time interval between two consecutive excitation pulses. If this is not
the case, acceleration voltages may be applied to the magnetic bottle
drift tube, or the acquisition time may be extended to cover more
than two consecutive excitation pulses.

Often, true and accidental coincidences bear no experimental
signature that allows their separation on an event-by-event basis.
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A method to eliminate accidental coincidences uses data acquisi-
tion over several consecutive excitation pulses. It is assumed that
the rate of accidental coincidences is the same when both particles
are detected coincidentally between one reference clock pulse and
the successive one as compared to the accidental coincidence signal
when the two particles are recorded individually with respect to dif-
ferent successive reference clock pulses. Therefore, the true coinci-
dence spectrum can be obtained by the subtraction of the pure acci-
dental coincidence spectrum from the total coincidence spectrum.
This is a purely statistical method and does not allow identification
of individual true coincidences.

In a typical time of flight spectrometer, the electron spec-
trum is obtained by collecting the arrival times of all electron
events in a histogram and the time axis encodes the kinetic energy,
while the respective histogram of the photon events yields the
information about the lifetime of the radiative state. The signal
acquisition of an electron-photon-coincidence event is shown in
Fig. 1. The true coincident electron spectrum is explicitly obtained
by separation of the total coincident electron spectrum into four
cases:

e Both electron and photon were detected between the first
and the second reference clock pulse (to, fpn < trzef). These
events are named sp11.

o The electron was detected between the first and the second
pulse of the reference clock, and the photon was detected

after the second reference clock signal (fq < trzef and tpp

> trzef), named spi;.

e The electron was detected after the second reference clock
pulse, and the photon was detected between the first and the
second reference clock signal (ty > t%; and toh < £2). These
events are named spa1.

e Both electron and photon were detected after the second
reference clock pulse (to, tpn > tfef), named sp,.

The spectrum of true coincidences is then obtained by
True coincidences = sp;; + Sp,, = Sp;, = SP,;- (3)

This method of data acquisition and processing also allows the
detection of multiple electrons with a photon in coincidence.

800 ns < it
Reference
clock
Electron '
detector  : [
Photon : :
detector LI
S i — f—
t ref tExc tph tcl t ref

FIG. 1. Detection scheme of electron-photon coincidences. The TDC is triggered
by the reference clock and records the arrival times of the electrons t.; and pho-
tons ty, relative to the reference clock pulse tr. At synchrotron radiation facilities,
the time of excitation tg, typically has a constant offset to the provided reference
clock. For the showcase experiments, the time of 800 ns between two excitations
corresponds to the circulation time of an electron bunch in BESSY Il in single
bunch mode.

ARTICLE scitation.orgljournal/rsi

Proof-of-principle experiments were performed at the BESSY II
storage ring of the Helmholtz-Zentrum Berlin (HZB). In all exam-
ples, the synchrotron was operated in single bunch mode with a
circulation time of 800 ns, i.e., 800 ns temporal spacing between
two subsequent excitations. In the presented examples, magnetic
bottle type electron spectrometers were used for electron detec-
tion. Details for one of the instruments can be found in Ref. 33.
Briefly, the spectrometer uses the inhomogeneous field of a mag-
netic tip to parallelize the electrons from the interaction volume
toward a drift tube by converting transverse velocity components
to components parallel to the drift tube axis. Inside the drift tube,
the electrons follow the magnetic field generated by a solenoid and
are thereby guided to the detector. Here, electrons are amplified
by a chevron stack of microchannel plates (MCPs).” Detection is
carried out by an anode, where the corresponding voltage drop
is retrieved from the high voltage potential using capacitive cou-
pling.”” The signal is processed by a constant fraction discriminator,
and its arrival time relative to the reference clock is recorded by a
TDC (RoentDek TDC8HP, Atrms < 35 ps with a least significant bit
of 25 ps).

For photon detection, a single-photon detector as described in
Ref. 35 is used. The photons are passing through an MgF, win-
dow coated with a CsTe layer acting as a photocathode which
converts photons into photoelectrons and allows the detection of
photons with wavelengths in the range of about 120 nm-300 nm
(4.1 eV-10.3 eV). Here, the high-energy cut-off is given by the
MgF, window, while the low-energy cut-off is defined by the dras-
tically decreased photon-photoelectron conversion efficiency of the
CsTe photocathode. The electrons are amplified by an MCP chevron
stack, and the resulting electron cloud hits a delay line type position-
sensitive anode.’”® The drop of the high voltage at the front MCP
is measured using a capacitive coupling and used as the time sig-
nal. While the capability of position sensitive detection is not used
for the exemplary measurements presented in this work, future
experiments can incorporate these additional information. While
the design of the magnetic bottle provides a relative solid angle
Qrelel close to unity, the relative solid angle Qr.pn of the photon

-3 2
detection can be estimated to Qrepn ~ % using Eq. (2)

with an active area diameter of 40 mm of the used detector. In
the following, we illustrate two specific optics configurations in
detail, which increase Qrpn in order to enable electron-photon
coincidence experiments within a reasonable data acquisition
time.

I1l. OPTICS DESIGN AND APPLICATIONS

A. Configuration optimized for efficiency

For this approach, the photon detector is attached to a cham-
ber designed for electron coincidence spectroscopy of gaseous and
cluster jets similar as in Ref. 37. The distance between the active
detector surface and the interaction volume is 365 mm, result-
ing in a relative solid angle (without optics) of Qrjpn = 0.075%.
A mirror system for photon detection was designed as illustrated
in Fig. 2 to maximize the solid angle. It surrounds the com-
plete interaction volume with apertures specifically designed for the
used magnetic bottle spectrometer, target jet, and exciting-photon
beam.
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mirror
rotation axis

&&&&&&&&

magnetic
bottle

outer spherical mirror

synchrotron  gas jet
R =A beam
o \
interaction volume .
>

inner path 2 to detector
spherical “rotation axis
mirror = >
R=2A path 1 >

parabolic mirror

FIG. 2. Sketch of the basic rotational symmetric mirror system. The rotation axis
is indicated by a gray dashed line. In the direction of the detector, a parabolic
mirror guides the photons onto its active area (path 1, blue). On the opposite side
of the detector, two spherical mirrors reflect photons toward it. The radius of the
inner spherical mirror R; = 33 mm is twice its distance to the interaction volume
A, and photons are reflected in a collimated beam to the detector. The radius of
the outer mirror R, = 16.5 mm is equal to the distance to the interaction volume A
and therefore reflects the photons back into the interaction volume (path 3, violet).
From here on, the path coincides with photons of path 1.

The mirror surfaces are made of polished aluminum to ensure
a high reflectance for photons within the sensitivity range of the
detector. The system consists of a combination of a parabolic and
two spherical mirrors which guide photons from the interaction
volume toward the detector as shown by the exemplary ray trajec-
tories in Fig. 2: First, the paraboloid facing the detector parallelizes
all photons emitted toward this hemisphere (ray path 1, blue). Sec-
ond, the inner spherical mirror possesses a radius such that all pho-
tons hitting this mirror from the interaction volume are reflected
and also parallelized toward the detector (ray path 2, red). The size
of the inner spherical mirror’s area is equal to the entrance width
of the parabolic part. Third, the outer spherical mirror opposite to
the detector possesses a radius equal to the distance to the inter-
action volume, resulting in a reflection back into the interaction
volume (ray path 3, violet). These rays are then parallelized by the
parabolic mirror. This basic shape of the mirror needs to be adapted
for a crossed-beam experiment by drilling appropriate holes for the
exciting-photon beam and the target beam to enter and exit the mir-
ror. Additionally, appropriate holes for the magnet and the entrance
to the magnetic bottle electron spectrometer are needed. Finally, a
relative geometrical solid angle of about 41% is achieved. A main
advantage of this configuration is the functionality without trans-
missive optics (e.g., lenses), which potentially allows us to extend
the range of the detected photons into the vacuum ultraviolet to the
soft X-ray regime. This configuration was tested in an experiment at
the U49-2 PGM1 beamline (BESSY II, HZB).” The exciting-photon
energy was set to 90 eV. Using a 50 ym exit slit of the beamline
monochromator, the resulting photon beam with a bandwidth of
9 meV was crossed with a He gas jet.

For these experimental conditions, the dominant process is
the photoionization of a single 1s electron, i.e., He(ls®) + hv
— He"(1s') + ™. With a comparably low cross section, the second
electron can be additionally promoted into an excited state during

ARTICLE scitation.orgljournal/rsi

the photoionization process, He(1s%) + hv — He*(lsonp) +e , which
results in the appearance of so-called satellite lines in the photoelec-
tron spectrum.”” All satellite states subsequently decay by photon
emission, but only the 3p — 2s transition with about 7.6 ¢V’ transi-
tion energy is within the sensitivity range of the employed detector.
The cross section of the n = 3 satellite is 1.5(2)%, compared to the
single 1s ionization.”" Of course, the 3p electron can also decay to the
1s level with a branching ratio of ;g =2 = 0.112. If the cross sections
for all other processes are neglected, about 0.17% of the detected
electrons should be in coincidence with a photon in the sensitivity
range of the detector.

The 4p — 2s transition from the # = 4 satellite at 10.2 eV above
the ground state lies at the edge of the detector sensitivity and com-
bined with the reduced cross section of this satellite should lead to a
negligible intensity compared to the # = 3 case.

The total noncoincident photoelectron spectrum of He is
shown in Fig. 3(a). The 1s photoelectron line is the most prominent
feature followed by the n = 2 satellite and the suggested appearance
of the n = 3 satellite. In a magnified presentation, the satellite lines up
to n =5 can be identified (not shown). The energy axis was calibrated
using the corresponding energies from Ref. 42. If only the coinci-
dent electrons are taken into account, the n = 3 satellite increases
in intensity relative to the other features, as shown in Fig. 3(b). The
elimination of accidental coincidences as described in Sec. II yields
the (true) photon-coincident electron spectrum shown in Fig. 3(c).
Here, only the n = 3 satellite remains as the radiative n = 3 — n
=2 transition is within the sensitivity range of the used detector. The
count rate of true coincidences in this measurement was approx-
imately 0.5 Hz with a total electron count rate of approximately
58 kHz.

binding energy/ eV
80 70 60 50 40 30 20 10
6x10°———————F+——t——t—t——
1 a) E E x10 1
4x10°4 152/ P ]
20T gy ]
'“---s-._,"-__ ‘:.:._ ______

0
300+

200+
100+

counts/ 0.5 eV

100+ A
0-1 ; ; : n : :
T U U T T T | U
10 20 30 40 50 60 70 80
kinetic energy/ eV

FIG. 3. Electron spectrum of a He gas jet after irradiation with a photon energy
of 90 eV. (a) Total electron spectrum (red solid) and its 10-fold magpnification (red
dashed). (b) All recorded one electron-one photon coincidences (true + acciden-
tal). (c) True coincident electron signal after subtraction of accidental coincidences
by the method described in Sec. I.
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For an estimate of the effective solid angle of photon detection
achieved with this configuration, the ratio of the number of coinci-
dence events to the total intensity of the n = 3 satellite in the total
electron spectrum, which is about 0.0015, may be used. This ratio

has to be normalized by the ;E:ﬁ branching ratio and the quantum

efficiency of the photon detector. Since the exact quantum efficiency
in the spectral range of the 3p — 2s transition in He 11 (165 nm) is not
known, for a conservative estimation of the lower limit, we use the
peak quantum efficiency of 0.255 at 254 nm,"* resulting in an effec-
tive solid angle in the order of >5%. The geometrical solid angle of
the mirror assembly is about 41%. We assign the deviation to imper-
fect reflection of the mirror and variations in the quantum efficiency
of the detector. Nevertheless, this conservative estimate results in an
increase in the solid angle by a factor of about 70 compared to the
case without optics.

As a second example, atomic Ar was photoionized with an
exciting-photon energy of 449 eV. At this photon energy, the 2p
photoelectrons and the Ar" LMM Auger electrons have similar
kinetic energies and can be resolved simultaneously by applying a
retardation voltage to the drift tube of the magnetic bottle elec-
tron spectrometer. While Auger final states of the form Ar**(3p™2)
cannot decay further, some of the Ar" LMM Auger channels will
end in radiative satellite states of the configuration Ar**(3p™>nl). In
Fig. 4(a), the electron spectrum composed of the 2pi, and 2ps3;
fine structure components and the four Auger channels of high-
est kinetic energies, corresponding to the Ar" L,M,3M,3 and Ar*
L3sM33M;3(°Po12 and 'Dy) final states, is shown.” While the lat-
ter Auger electrons should not be accompanied by photon emission,

3x10¢ T T T T T T T T T
| 2 32 a)
2x10° Auger s
L2
7 [ @ apam
1x10°+ |
> L
(5]
(gl
S’ 0- 1 " 1 1 " 1 1
E 1 2}; 1 1 b M 1 1
=] 32
2 200 ) .
(]
o 2pI/2 . 1
Ar LzMz,st,s( SO)
100+ <
0_.
R e —
196 200 204 208 212

kinetic energy/ eV

FIG. 4. Ar electron spectrum after irradiation with a photon energy of 449 eV. (a)
Total electron spectrum, showing the two 2p photoelectron lines and the four Ar
Auger lines with the highest kinetic energies (assignment according to Ref. 43):
(I) Ar* LsMgsMy3("D2). (Il) Ar* LsMjsMy3(*Po,1.2) and Art LoMa sMa5('Dz) (not
resolved). (Ill) Ar* L2M2,3M2,3(3P0,1,2). (b) True coincident electron spectrum.
Details are discussed in the text.
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the photoelectrons are because some 2p vacancies lead to radia-
tive Auger final states (of which the corresponding Auger elec-
trons are not within the detected range). This is indeed what is
observed in Fig. 4(b), which shows the true photon-coincident elec-
tron spectrum. Surprisingly, one Auger channel is also present at
about 203.2 eV kinetic energy. We suggest that this weak channel
corresponds to radiative decay of the Ar' L2M2,3M2,3(ISO) Auger
final state™’ to the Ar" L2M2,3M2,3(3Po,1,2) state via magnetic dipole
or electronic quadrupole transitions, which are within the sensitivity
range of the detector.

B. Configuration optimized for adaptability

In certain cases, the application of configuration A might be
hindered by experimental constraints. For example, the layout of
the vacuum chamber, target source, or electron spectrometer can
interfere spatially with the mirror or the direct view toward the
interaction volume might be blocked. Then, the solid angle can still
be increased significantly using a combination of flexible optical
elements.

In the presented experiment, a magnetic bottle electron spec-
trometer similar to configuration A was used with a different inter-
action chamber. However, no port with a direct view of the interac-
tion volume was available for the photon detector, as illustrated in
Fig. 5. In addition, a valve at the entrance of the electron spectrome-
ter would intersect with parts in the close vicinity of the interaction
volume, thus preventing a mirror design as described above. With
these constraints, an assembly of three different optical elements is
used for photon guidance. A combination of an ultraviolet enhanced
aluminum coated spherical mirror and a fused silica spherical plano
convex lens, positioned at opposite sides of the interaction volume,
may achieve a relative solid angle of up to 7.5%. Simultaneously, the
lens collimates the emitted photons onto a planar mirror, which is
used to redirect the photons onto the detector. The functionality of
this configuration was validated in an experiment conducted at the
UE56/2 PGM1 beamline at BESSY II in Berlin. Neon atoms were

Detector

Spherical | ‘

mirror

Magnetic tip

FIG. 5. Isometric view of the adaptable setup. A spherical mirror and a plano
convex lens are used to increase the solid angle for the photon detection. The
plano convex lens distance and focal length are chosen such that the transmit-
ted photons are parallelized, while the plane mirror deflects the photons onto the
detector axis. Therefore, an observation of the emitted photons without direct view
is possible.
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FIG. 6. Electron spectra of Ne after irradiation with a photon energy of 867.1 eV.
(a) Total electron spectrum. (b) True coincident electron spectrum.

injected effusively into the interaction chamber through a 25 ym
nozzle. The exciting-photon energy was set to 867.1 eV correspond-
ing to the resonant 1s22522p6 - 1512322p63p excitation of atomic
Ne. Here, a variety of different de-excitation pathways are possible."’
The total electron spectrum in Fig. 6(a) consists of an intense peak
at short times of flight, comprised of unresolved Auger and valence
electrons. The slower electrons are the result of further autoionizing
Auger final states. However, the only relaxation channels observable
by an electron-photon coincidence are spectator Auger final states
of the form 1s2s2p*np with fast Auger electrons included in the
fast electron peak. Consequently, the autoionizing Auger final states
vanish in the true coincidence spectrum in Fig. 6(b). Here, the true
coincidence rate was about 0.01 Hz, compared to a total electron
count rate of about 60 kHz. Despite the low count rate, the exper-
iment yields an interpretable result. This illustrates that the coinci-
dence measurement involves an extremely efficient noise reduction,
allowing us to detect signals orders of magnitude weaker than the
noncoincident-noise.

IV. CONCLUSION

We have developed two optical assemblies which can be com-
bined with magnetic bottle electron spectrometers to result in a
highly efficient setup for electron-photon coincidence experiments.
While configuration A focuses on the optimization of the solid angle
of the photon detection, configuration B is adaptable to different
experimental constraints.

Both configurations were tested successfully for exemplary
physical processes that feature electron-photon coincidences after
excitation of atomic noble gas targets with synchrotron radia-
tion. We demonstrated that this method is capable of identifying
obscured physical processes and can circumvent the signal to noise
ratio problem of very low count rate experiments.

We envision this method to be capable to unravel energy
and charge transfer processes in dense media, e.g., resonant inter-
atomic Coulombic decay,” radiative charge transfer,”” or possibly
ultrafast proton transfer in liquid samples."”"’ Here, the additional
insight of photon detection allows us to further characterize ultrafast
phenomena taking place only in such dense media.
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