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Abstract
Few-photon ionization and relaxation processes in acetylene (C2H2) and ethane (C2H6)were
investigated at the linac coherent light source x-ray free electron laser (FEL) at SLAC, Stanford using a
highly efficientmulti-particle correlation spectroscopy technique based on amagnetic bottle. The
analysismethod of covariancemapping has been applied and enhanced, allowing us to identify
electron pairs associatedwith double core hole (DCH) production and competingmultiple ionization
processes including Auger decay sequences. The experimental technique and the analysis procedure
are discussed in the light of earlier investigations ofDCH studies carried out at the same FEL and at
third generation synchrotron radiation sources. In particular, we demonstrate the capability of the
covariancemapping technique to disentangle the formation ofmolecularDCH states which is barely
feasible with conventional electron spectroscopymethods.

1. Introduction

Experiments using x-ray free electron lasers (FELs) have opened up extraordinary opportunities inmany
scientific areas. One topic of great interest, with potential impact onfields such as bio-imaging andmaterials
science, is double core hole (DCH) spectroscopy, whichwas first proposed theoretically byCederbaum and
coworkers in themid 1980s [1, 2]. Experimental study in thisfield has been greatly enhanced by theworld’s first
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hard x-ray FEL source, the linac coherent light source (LCLS) at the SLACNational Accelerator Laboratory,
Stanford, USA. Two basic cases can be distinguished: either both core holes reside on the same atom, a state
denoted as single-site (ss) DCH, or the two core vacancies are located on two different atoms of themolecule,
which is referred to as two-site (ts) DCH.The numerical studies suggest in particular that the ts-DCH states
should be farmore sensitive to the chemical environment than the single core hole (SCH) states [1, 2], already
widely studied by conventional x-ray photoelectron spectroscopy also known as ‘electron spectroscopy for
chemical analysis (ESCA)’ [3].

Early FEL experiments onNewere carried out by Young and coworkers [4], onN2 byCryan and coworkers
[5] and by Fang and coworkers [6], and from these studies DCH states were known to be efficiently created at the
LCLS by sequential x-ray two-photon absorption. Subsequent experiments using the same detection technique
as in [4–6] improved the data quality and gave first insights into ts-DCH states [7, 8].

At the same time as the recent FELwork, DCH states have also been studied in synchrotron radiation-based
experiments using a highly efficientmulti-electron coincidence spectroscopy technique based on amagnetic
bottle [9–15]. It is known from relatedmulti-electron coincidence experiments [16–18], that the advantage of
using amulti-particle correlationmethod comparedwith a single particle detection scheme as used in [4–8] lies
in the fact that one accesses the inherent correlation of particles originating from the same ionization event. In
this way one can retrieve the signals of interest, which otherwisemay overlapwith other signals. It should be
noted that in synchrotron radiation experiments, ss-DCH states are formed farmore easily than the ts-DCH
states [12] due to the single-photon excitation character of this light source, whereas at an FEL the two types of
DCH states are expected to be equally accessible by two-photon absorption. From simple population arguments
one can expect for the present C2H2 andC2H6 cases that in using the two-photon route the formation of ts-
DCHs should be twice as likely as that of ss-DCHs since upon removal of thefirst electron, two core electrons are
still available on the second, non-ionized core, while only one electron is left on the already ionized core. The
two-photon route is nonlinear, since the spectral intensity scales with the square of the photonflux density and
likemany nonlinear processes it requires extremely high irradiancewhich can be obtained by tight focusing of
the light beam.

However, studies ofDCH states at an FEL including their decay pathways are complicated by interference
fromalternativemulti-ionization pathways involving inner-shell levels. In principle, the decay routes ofDCH
states are known in terms of a theoreticalmodel commonly used for predicting thefinal charge states [19].
Within thismodel, one distinguishes the interfering PAPprocess from the interesting PPAprocess, where P
stands for photoelectron andA stands for Auger electron and the sequence of letters represents the sequence of
processes. In the case of a PAP process, thefirst x-ray photon ionizes the core shell, which is then refilled by a
valence electron, with simultaneous ejection of anAuger electron before the second x-ray photon ejects another
core electron. In contrast, in the PPAprocess the second core electron is ionized immediately after the first core-
shell ionization and prior to the occurrence of Auger decay, so forming aDCH state. The competition between
the different pathways depends on the x-ray pulse duration relative to the core hole lifetime, which is about 7 fs
[20] for carbon-containingmolecules. Thismeans that in order to enhance the probability of theDCH (PP)
process, a pulse length comparable to the core hole lifetime is of great advantage, since then the second x-ray
photon is likely to be absorbed by the singly-ionized core-hole state prepared by the first x-ray photon, rather
than by the state formed byAuger decay of the initial single-hole state [22].We also note in this context that
recent theoretical calculations [23] predict amuch shorter lifetime for ss-DCH than for ts-DCH,with a
difference larger than a factor of two.

The present work advances earlier DCHFEL studies by introducing the capability to detectmultiple
electrons concurrently, so determining their inherent correlations. To do this, the technique of covariance
mapping, originally introduced to the field of photoionization by Frasinski and coworkers [21], is utilized. This
statistical analysis technique overcomes the drawback of the low FEL repetition rate for establishing the
correlations betweenmultiple particles. The results are equivalent to true coincidences, and remove ambiguities
in assigning features whichmay be blurred or overlapped in one-dimensional spectra.

2. Experimental details

Experiments were carried out at the atomic,molecular and optical (AMO) science instrument [24, 25] at the
LCLS at SLAC, Stanford. The LCLSwas operated in its 20 pC low-chargemode and at a repetition rate of 120 Hz,
where the FEL pulses were tuned to nominally 5 fs length and about 0.1mJ energy. The central photon energies
were determined off-line frommachine parameters as approximately 499 eV for theC2H2measurements and
about 500 eV for theC2H6 recordings. Four gas detectors, which are routinely available at the AMO instrument,
were used tomonitor the LCLS pulse energy on a shot-by-shot basis. In the present experiments, the x-ray pulse
energywas found to vary by about 15%. The pulses were focused by a pair of elliptically bent Kirkpatrick-Baez
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mirrors into the light–matter interaction region of theHigh Field Physics (HFP) chamber of theAMO
instrument, and the FWHMdiameter of the focused beamwas estimated to be∼ 1.4 μmor less.

TheHFP chamber of the AMO instrument was equippedwith our custom-mademagnetic bottle
spectrometer FELCO, developed on the design principles of previouswork [16, 26] specifically to perform
multi-electron correlation studies at FEL sources. Briefly, the spectrometer consists of a strong permanent
magnet of conical shapewhich is located close to the light–matter interaction region andwhose divergent
magnetic field collects all electrons created in ionization and directs them into a drift tube about 2 m long. The
tube is surrounded by a solenoid to create a homogeneousweakmagnetic field that guides the electrons towards
amulti-channel plate detector in aChevron configuration installed at the end of theflight tube. This
spectrometer type is characterized by a high collection efficiency ofmore than 90%of thewhole 4π solid angle,
implying a total collection-detection efficiency for single electrons of≈ 50%.A stack of electrostatic lenses was
installed at the entrance of the drift tube allowing either retardation of high kinetic energy electrons to improve
the spectral resolution, or efficient ion detection (see [27, 28]).Mass spectra were recorded in thismode to check
sample purity and to evaluate light-intensity dependent fragmentation patterns of themolecules.

The sample gas was introduced into the experimental chamber through an Even Lavie valve [29, 30]
operated at 120 Hz repetition rate with an opening time of 24 μs. The gas beampassed a conical skimmer of
200 μmdiameter before reaching the interaction region of the spectrometer where it was crossed
perpendicularly by the horizontally polarised FEL beam. In order to avoid clustering, commercially available
acetylene (C2H2) and ethane (C2H6) of purity > 99%was dilutedwith helium in an external cylinder, and the
Even Lavie valve was heated to approximately 80°C.

Time-of-flight (TOF) electron signals were recorded, for every LCLS shot, as complete wave forms using a
transient digitizer and sent to a fast data storage system. Each shot could contain asmany as∼ 50 electron signals.
The spectrawere converted from flight time to kinetic energy (Ekin) according to
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t t
E

( )
, (1)kin

0
2

0
2 0=

−
+

where t denotes TOF andD0, t0 andE0 are conversion and calibration factors. A typical data set consists of about
500 000 shots corresponding to a data acquisition time> 1 h at 120 Hz repetition rate.

Online analysis of the TOFdata aswell as the data converted to a kinetic energy scale was performed [31, 32]
to quickly assess the data quality. To visualise the correlations between the electrons, the statisticalmethod of
covariancemapping [21], which principle has already been deployed in related investigations at the FEL on the
Ne atom [32, 34], is employed. Briefly, two-dimensional covariancemaps are constructed by calculating the
difference between the correlated XY〈 〉 and the uncorrelated X Y〈 〉〈 〉products of electron signalsX andY at two
kinetic energies within the same single-shot waveform for all possible energy pairs according to

X Y XY X YCov( , ) , (2)= 〈 〉 − 〈 〉〈 〉

where terms in angled brackets ...〈 〉denote the average over all shots. The covariance intensities are plotted as a
two-dimensionalmap against the kinetic energies of the two electrons at each point. Suchmaps showpairwise
correlations, but as each of the events of interest (PAPA, PPAA etc) typically produces four electrons of different
energies, each type of event is expected to produce six features in themaps. Because signals aremeasured at a
single detector, themaps are completely symmetrical about the leading diagonal.

In the off-line analysis, the standard covariance technique [21]was enhanced in several ways in order to
improve the quality of themaps. To beginwith, a jitter correctionwas implemented in order to account for shot-
by-shotfluctuations of the photon energy. For every shot, the photon energywas determined from the FEL beam
parameters and the kinetic energy scales of the spectra were calibrated accordingly; this led to sharper
photoelectron lineswhen averaged overmany shots, but at the expense of somewhat broadenedAuger lines.
Secondly, the variation in light intensity from shot to shotwas compensated, first by partial covariance [32, 34]
and later by themethod of contingent covariancemapping [33], where data from shots of similar intensity were
analyzed in groups and their covariancemapswere subsequently combined. Amore detailed description of our
enhanced analysis procedure is given by Zhaunerchyk et al [34].

3. Theoretical details

Molecular geometries of C2H2 andC2H6were calculated by geometry optimization at theMP2/cc-pVTZ level of
theory using theGaussian 09 suite of programs [38]. The single and double core ionization potentials (SIP and
DIP) of the SCH, ss-DCH, and ts-DCH states of themolecules were estimated using theMCSCFmethod [39]
with cc-pCVTZbasis sets ofDunning [42, 43]. Computational details have been described elsewhere [36, 44].
We used the active space comprising all occupiedmolecular orbitals (except the 1s orbitals of the carbon atoms)
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and all unoccupied valence orbitals which contain large contributions fromdifferent atomic s and p orbitals,
with core occupancy being fixed.More explicitly, the size of the active space in the present study consists of 10
electrons distributed in 12 orbitals for C2H2 and of 14 electrons distributed in 16 active orbitals for C2H6. For
computational economy, the number of configurationswas limited; only singly and doubly excited
configurationswere included in theMCSCF calculations for C2H6.Note that the core hole orbitals were frozen
in all the CASSCF calculations. TheDIPswere calculated using the localizedmolecular orbital picture. Only the
core orbitals were localized, whichwas done using the Boysmethod [40]. TheCASSCF calculations were
performedwith theMOLPRO2012 quantum chemistry package [41].

4. Results and discussion

4.1. C2H2 case
Figure 1 shows covariancemaps for C2H2 ionized at amean photon energy of 499 eV. Formeasurement of this
data, a retardation voltage of 100 Vwas applied to increase the resolution for high kinetic energy electrons. The
intensity scale of the (same)map(s) is truncated at two different levels to enhance visibility of themajor features,
in the presence of the very strong diagonal line at equal kinetic energies, due to the autocorrelation signal. The
line structure visible infigure 1(a) at 208.5 eV corresponds to the primaryC1s single ionization process. The
associated island in the energy pair region of≈ 205–213 eV and 220–270 eV shows the expected correlation
between theC1s photoelectron and the subsequent normal Auger electron emission.

By truncating the intensity scale at a level lower by about one order ofmagnitude than the level used for
figure 1(a), wemakeweaker correlation signals discernible infigure 1(b). To identify the features observedwe
make use of the energies expected for the possible processes such as PPA(A) or PAP(A) based on known [45] or
heremeasured and calculated ionization potentials; because the twoAuger electrons can have similar energies
with a broad spread, and are not always experimentally distinguishable, we generally retain the symbols A and P
up to the last detected electron of interest. After a first core ionization, the energy of a newphotoelectron
produced by a second photon hitting the samemolecule will depend onwhether the second interaction happens
at the already ionized atomor at another atomof the samemolecule. This energy difference, due to differences in
theCoulomb interactions, distinguishes ss-DCHand ts-DCH formation. In ss-DCH formation the second
ionization energy will be significantly higher than the first and the kinetic energy of the second photoelectron
will be correspondingly lower, because the interaction involves one and the same carbon atom,whereas in the
case of ts-DCH, the second photon interacts with an ionized systemwhere theCoulombpotential is localised at
the other carbon atom. The shift in ionization potential is thereforemuch reduced, and comparable to that
between a neutral and valence ionizedmolecule. The kinetic energy of the second emitted photoelectronwill be
only a little higher than that of the first. TheAuger electron energies also depend strongly on the type ofDCH
state: thefirst Auger electron emitted froma ss-DCH state, the hypersatellite Auger electron, is expected to have
the highest kinetic energywhereas for thefirst Auger electron emitted froma ts-DCHa significantly lower

Figure 1.Covariancemaps ofmultiply-ionizedC2H2 obtained at themean photon energy of 499 eV. A retardation voltage of 100 V
was applied in order to enhance the resolution for high kinetic energy electrons. (a) The intensity scale is truncated at a suitable level to
enhance the visibility of the features of interest; (b) the samemap as in panel (a) but where the intensity scale is truncated at a value
lower by about one order ofmagnitude (the inset to the right is increased by another factor of 5). Several correlation features associated
with ss-DCH formation are identified and labelled as: (1)P1 andP2, (2) P2 andA2, (3)A1 andP2, (4) P1 andA1, (5)A1 andA2 and (6) P1
andA2 (with P1 = 208.5 eV, P2 = 138 eV,A1 = 280–300 eV,A2 = 220–260 eV).
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kinetic energy range is expected. Thefirst and secondAuger electrons from a ts-DCHare in the same energy
range as Auger electrons froma SCH state, 200–270 eV for C2H2 (see [12]). The secondAuger electron froma
ss-DCHand all theAuger electrons emitted in sequential processes such as PAP(A) are also expected to fall
within essentially the same kinetic energy range. Thus themajority of the Auger electron signals are heavily
overlapped and difficult to distinguish.

Many of the features observed infigure 1(b) can be assigned on the basis of the electron kinetic energies
expected for the case of C2H2 ionized by 499 eVphotons. The energies are known from theoretical work
[13, 36, 37, 45] including our own calculations, and from experimental data [12, 13], as summarized in table 1.
In particular, we identify all correlation islands associatedwith ss-DCH formation and subsequent Auger decays
as follows: (1) P1 andP2, (2) P2 andA2, (3)A1 andP2, (4) P1 andA1, (5)A1 andA2, and (6)P1 andA2, where Pi
denotes a photoelectron andAj anAuger electronwith the indices i j, =1 and 2 labelling their emission order.

Figure 2 represents C2H2 datameasuredwith a higher retardation voltage of 150 V. At 195 eV, the kinetic
energy expected for the second photoelectron from a ts-DCHprocess, we see a correlationwith theAuger
electron range of 220–270 eVmarked as island 7 infigure 2. In addition there is a correlation between the 195 eV
feature and themain photoelectron line at≈ 208 eV.We note that 195 eV is also an energy where satellites of the
mainC1s photoelectron line are expected to be located, approximately 12 eVbelow themainC1s line [37], but
those satellites should not correlate with theC1s line.

In order to check our assignment versus sequential processes of the PAPA...type, we performed calculations
which suggest that the second and later photoelectrons from such a sequence have substantially lower kinetic
energies than the second photoelectron from ts-DCH; the second photoelectron is expected to be between 180
and 191 eV, and subsequent ones even lower. Indeed, infigure 2we observe a correlation feature along the
kinetic energy of 185 eVmarked as island 8 infigure 2. This supports our assignment of the correlation feature at
the higher energy pair 195 and 208 eVwith the formation of a ts-DCH.

To examine the correlation between the different electron pairsmore quantitatively, figure 3 (a) shows in
panels (1)–(5) projections of the covariancemap in the following selected kinetic energy ranges (the
corresponding electron onwhich the selection is based ismarked in bold face): (1) 288–292 eV ( Ass PP− , i.e.
A1 from ss-DCH), (2) 136–140 eV ( Pss P A,− i.e. P2 from ss-DCH), (3) 183–187 eV ( PPA , i.e.P2 from a
sequential ionization process), (4) 207–211 eV (PPA/PAP, i.e.P1 from SCH,DCHor sequential processes), and
(5) 193–197 eV (ts-PPA, i.e.P2 from ts-DCH). In panel (6) offigure 3 (a), a core level photoelectron spectrum
including normal Auger transitions based on the summation of single-shot spectra is given; this corresponds to
what can bemeasured by conventional ESCA andAuger electron spectroscopy. For comparison, anAuger
spectrumproduced byC1s ionization of acetylene taken from the literature [35] has been added in panel (7),

Table 1.Theoretical and experimental values for electron energies frommulti-ionization of C2H2; unreferenced values
are from this work; the values presented in italic style are estimates based on known [45] or heremeasured and calcu-
lated ionization potentials; the valuesmarkedwith an asterisk are theoretical values for the photon energy used in
this work.

C2H2 Theory Theory Theory Experiment Ekin-range

hν=499 eV from [36] from [13] projection

SCH P1 Ebin (eV) 291.08 291.1 [37] 207–211

ss-DCH Ebin (eV) 650.23 650.02 650.7 652.5 [13]

- P2 Ekin (eV) 139.4* 136–140

-A1 Ekin (eV) 260–310 [45] 280–300 288–292

-A2 Ekin (eV) 210–255 [45] 220–260

ts-DCH Ebin (eV) 594.59 595.86 594.9 596.0 [13]

- P2 Ekin (eV) 195.2* 193–197

- Augers Ekin (eV) 225–245 [45] 220–270

PA... -sequences

- P2 Ekin (eV) 180–191* 183–187

-A2 Ekin (eV) 190–290 220–270
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both in its original form (dashed line) and in the formof a convolution of this spectrumwith aGaussian of 4 eV
FWHMequal to the energy resolution of our experimental data.

The projections in the firstfive panels offigure 3 (a) show strongmaxima at the positions where the
autocorrelation appears; they have been cut off in intensity to enhance the visibility of weaker features. The
projection for the hypersatellite Auger electron in panel (1) shows strong correlationswith thefirst
photoelectron (about 208.5 eV), with the second photoelectron from ss-DCH (about 138 eV), as well as
with the energy range of the secondAuger electrons emitted (220–260 eV). This is expected since all these
features are fingerprints of the ss-DCHprocess. The same holds for the correlation of the second photoelectron

Figure 2.Covariancemap of C2H2 obtained at themean photon energy of 499 eV andwith a retardation of 150 V. Two correlation
islands, 7 and 8, along the kinetic energies of 195 and 185 eV, respectively, aremarked and are discussed further in the text. The very
intense feature located above islands 7 and 8 andwithin the kinetic energy range of 220–270 eV is associatedwith normal Auger decay
of the single core hole.

Figure 3. (a) Projections of theC2H2 covariancemap (see figure 1) selected at the kinetic energy ranges: (1) 288–292 eV ( Ass PP− ),
(2) 136–140 eV ( Pss P A− ), (3) 183–187 eV ( PPA ), (4) 207–211 eV (PPA/PAP), and (5) 193–197 eV ( Pts P A− ). Panel (6) displays
a conventional core level photoelectron spectrum including normal Auger transitions and panel (7) shows the normal Auger spectrum
of C2H2 taken from the literature [35], both in its original form (dashed line) and in the formof a convolution of this spectrumwith a
Gaussian of 4 eV FWHMequal to the energy resolution of our experimental data; (b) the same data as in panels (2), (3) and (5) of (a)
but where the energy scale comprises the Auger region only andwhere the relative intensities are rescaled for direct comparison.
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from ss-DCH, as shown in panel (2), whose energy is verywell separated fromall the others. This is the only
electronwhose correlationwith the hypersatellite Auger region (about 280–300 eV) is clear, though the feature
is relatively weak, possibly due to reduced detection efficiency for such high kinetic energy electrons. In theory,
the correlated intensities for all features in themaps representing single processes, such as ss-DCH formation,
should be equal. In practice the relative intensities are hard to extract because of overlapping features and a
structured background level, stemming from the tails of the autocorrelation line. The two clearest featuresP2
andP1(C1s) andP2 andA2 from ss-DCH formation in acetylene have the same apparent intensities within a
factor of 2, which is consistent with the assignment.

The correlation spectrum shown in panel (3) offigure 3 (a) focuses on the energy regionwhere the second
photoelectron from aPAP sequence is expected. Here a strong correlationwith themain photoelectron as well as
themainAuger region can be observed, while there is no correlationwith any hypersatellite Auger electrons. For
further comparison, panel (4) shows correlation signals associatedwith theP1 electron, which is ejected in all
processes initiated by primaryC1s ionization. Therefore this projection reflects a combination of the correlation
features discussed so far. It also contains the comparatively strong correlation feature based on the conventional
SCH ionization process and on the normal Auger decay, which dominates the comparatively weak signals for
electrons stemming from few-photon processes. As expected the features assigned to this PAP process have
considerably higher relative intensity than those representing ss-DCH formation.

On examining theAuger bands in the different panels offigure 3 (a)more closely, we notice substantial
changes in their shape and shifts in their centre ofmass. As can be seen fromfigure 3 (b), the secondAuger
electron emitted from a ss-DCHcontributesmore in the low kinetic energy range of this Auger region than other
competing processes. In contrast, a well pronounced shoulder at around 260 eV is discernible in the projection
associatedwith ts-DCH formation and is attributed to the emission offirstly emittedAuger electrons (A1). Also,
as can be seen from the projection associatedwith (PA)n sequence,A1 Auger electrons originating from those
processes contribute to the same kinetic energy region, butwith a distinctly different intensity distribution.
Similarly distinct intensity distributions for the projections associatedwith ts-DCH, ss-DCHand (PA)n
processes, respectively, are observed in the kinetic energy region around 240 eVwhich is primarily attributed to
their secondly emitted Auger electrons (A2). Thismight be regarded as suggesting that ts-DCHs are efficiently
produced upon two-photon absorption, as predicted by the simple population argumentmentioned in the
introduction. Indeed, the one feature attributed above to ts-DCH formation appears to have an intensity that is
at least comparable to any of the features of ss-DCH formation. A factor of 2 in intensity difference is expected
on the basis of the number of K-electrons available for ionization in the two cases.

4.2. C2H6 case
Figure 4(a) shows the covariancemap ofmultiply ionizedC2H6 obtained at an average photon energy of 500 eV
and presented in the sameway as infigure 1(a). Again, the intensity scale has been truncated at a suitable value in
order to enhance the visibility of the features of interest. As can be seen, themap for C2H6 is highly reminiscent
of that for C2H2.

Figure 4. (a) Covariancemap ofmultiply ionizedC2H6 obtained at an average photon energy of 500 eV. The intensity scale has been
truncated at a suitable value in order to enhance the visibility of the features of interest. (b) The samemap as in panel (a) but with the
intensity scale truncated at a value lower by about one order ofmagnitude (the inset to the right is increased by another factor of 6).
Correlation features associatedwith ss-DCH formation are labelled as in figure 1(b).
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In order to enhance theweaker, few-photon excited correlation features ofmultiply ionizedC2H6, we
rescaled the intensity by about one order ofmagnitude comparedwith the scale used infigure 4(a). The
correspondingmap is shown infigure 4(b). As in the case of theC2H2map, we can clearly identify all expected
correlation features associatedwith ss-DCH formationwhich are labelled 1 to 6 following the same notation as
was used for the labelling of theC2H2 data. In particular, the second photoelectron associatedwith the ss-DCH
state appears at about 138.5 eV kinetic energy, the hypersatellite Auger electrons fall within the range of
280–300 eV, and the second emitted Auger electrons are found in the range of 220–260 eV. The experimental
values extracted are given together with the corresponding theoretical values in table 2.

Identification of features associatedwith ts-DCH formation ismore challenging for C2H6 than for C2H2

because the kinetic energy of the second photoelectron is expected to be less than 5 eV lower than the energy of
thefirst emitted core electron. Since the resolution for photoelectrons is limited to the bandwidth of the FEL
radiation plus the photon energy jitter, which are of the same order ofmagnitude, the signal of the second
emitted photoelectron is overlapped by thewings of themainC1s photoelectron line.

4.3. Comparison of the covariancemapping techniquewith conventional photoelectron spectroscopy
Figure 5 presents in itsmiddle and upper panel two projections of the covariancemaps of C2H2 andC2H6 for the
kinetic energy range corresponding to the hypersatellite Auger electronA1 which is associatedwith a ss-DCH
decay process andwhich, for energetic reasons, is well separated on themap fromother features. The kinetic
energy scale presented extends up to about 265 eV, deliberately excluding the otherwise dominant
autocorrelation part. For bothmolecular systems, we observe strong correlationswith not only themain
photoelectron peak P1 at around 208 eV kinetic energy, but alsowith the second photoelectron from the ss-DCH
processP2 at around 138 eV, as well as withAuger electronswithin the range of 220–260 eV kinetic energy. The
peak heights of theP1 andP2 features are nearly the same, supporting the interpretation that they are associated
with a single process, namely formation and decay of ss-DCH states.

In order to illustrate the advantage of the covariancemapping technique, we included in the lower panel of
figure 5 the conventional core electron spectrumofC2H2 based on an acquisition of about 1 h.Whereas in the
one-dimensional spectrum there is hardly any clear peak structure associatedwith the P2 electron from ss-DCH
at around 138 eV kinetic energy, we can see a very strongly pronounced peak at this energy position in the
corresponding projection of C2H2. This represents correlation between the second emitted photoelectron and
thefirst Auger electron associatedwith ss-DCHcreation.Wenote that the acquisition time for the data onwhich
the projections are basedwas the same as for the conventional spectrum.We can thus conclude that an
advantage of using the covariancemapping technique lies in the fact that it brings out features of interestmore
distinctly than conventional electron spectroscopy techniques.

This conclusion also holds for comparisonwithDCHdetection in true coincidencemodewith the same
kind ofmagnetic bottle spectrometer at a synchrotron radiation source. Asmentioned above, in the present
work, we allowed for asmany as 50 electrons for a single LCLS pulse, or for an estimated average of about 25
electrons per radiation pulse, which resulted in sufficiently good statistics within less than 1 h. Since the LCLS
was operated at a repetition rate of 120 Hz, this amounts to an electron count rate of 3 kHzwhich is very similar

Table 2.Theoretical and experimental values for electron energies frommulti-ionization of C2H6;
unreferenced values are from this work; the valuesmarkedwith an asterisk are theoretical values for
the photon energy used in this work.

C2H6 Theory Theory Theory Experiment

hν=500 eV from [36] from [13]

SCHP1 Ebin (eV) 290.5

ss-DCH Ebin (eV) 648.83 648.11 648.1 650.6 [13]

- P2 Ekin (eV) 142.4*

-A1 Ekin (eV) 280–300

-A2 Ekin (eV) 220–260

ts-DCH Ebin (eV) 589.01 589.47 590.0 590.2 [13]

- P2 Ekin (eV) 199.2*

- Augers Ekin (eV) 220–270
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towhat is typically used in synchrotron radiation based coincidence experiments using amagnetic bottle [9]. By
examining on our covariancemaps the volumes associatedwith SCHand ss-DCH formation, we obtain an
estimate for the relative intensity ratio of the two processes of about 3%. In contrast, asmentioned in several
synchrotron radiation basedDCHworks, the corresponding relative ratio is on the order of 10−3 [9, 12, 14, 15].
This implies that in order to obtain the same amount of ss-DCH signal at a synchrotron radiation source, data
acquisitionwill need to take about 10 times longer. Furthermore, as discussed above, in the case of nonlinear
FEL based experiments the formation of ts-DCH in comparison to ss-DCHcan be expected to be of similar
probability. In contrast, at synchrotron radiation sources, where primarily single-photon transitions are
utilized, the cross-section for ts-DCH formation is known to be about two orders ofmagnitude lower than for
ss-DCH formation [12], which implies that the data acquisition for good statistics ts-DCH signals requires
several days at the storage rings.

5. Conclusions

Two-photon excitedmulti-ionization processes in acetylene and ethane have been successfully detected in short
run times at the intense x-ray FEL beamof the LCLS at Stanford. By combining amulti-electron spectrometer of
high collection-detection efficiencywith the data analysis technique of covariancemapping. Signatures of both
ss- and ts-DCHproduction could be identified, as well as those of some competing processes involving
sequences of core ionization andAuger decay.

Themeasurements confirm the prediction that inDCHproduction by two-photon ionization using intense
pulsed light, ts-DCHs and ss-DCHs are formedwith comparable probabilities. Although the covariance analysis
method alleviates some spectral congestion from competing processes, some still remains. Thismeans that the
technique still needs further development before it can be applied to largermolecules. In particular, even shorter
light pulses of the order of 1 fs andmore precise photon energymeasurement and control would be highly
advantageous.
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