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Abstract:

In this contribution we briefly review a series of recent pioneering experiments on few-

photon-induced multiple fragmentation of atoms and molecules performed at the Free

electron LASer at Hamburg (FLASH) using a “Reaction Microscope”, i.e., a coincident

momentum imaging technique. For atoms we consider the most basic non-linear process,

namely direct or sequential two-photon double ionization (TPDI). In particular benchmark

data for theory are presented such as recoil-ion momentum distributions for direct TPDI of

He and Ne, and fully differential data for sequential TPDI of Ne. For molecules we show how

one can identify contributions from different reaction channels by inspecting the measured

kinetic energy and angular distributions of ionic fragments, and even infer the time-delay

between the two photon absorption events in TPDI by detailed comparison with theory.

Finally, we describe a novel split mirror arrangement for EUV-pump – EUV-probe

experiments, and present the very first time-resolved data on the dynamics of N2 molecules

irradiated by the FLASH light.
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1. Introduction

Light-induced nonlinear reactions were envisioned as early as 1931, when M. Göppert-

Mayer predicted that the energies of more than one photon can be combined to release a

bound electron from an atom [1]. Although the first signatures of two-photon processes had

been observed in 1950 in the radio frequency absorption spectra of molecular RbF [2], it took

until the invention of the laser to provide experimental evidences of multiphoton ionization

[3]. Nearly at the same time it was realized that mechanisms of nonlinear ionization crucially

depends on both, the frequency as well as the intensity of light, and basic theoretical concepts

for our current understanding of strong-field-induced phenomena were established [4-7]. In

particular, in the pioneering work of Keldysh quantitative conditions for the applicability of

the ‘photon’ or ‘field’ description of non-linear optical processes have been derived [4].

With the availability of laser sources at even higher intensities, it became possible to eject

more than one electron from an atom exposed to an external light field. Since the first

observation of the doubly charged ions produced by multiphoton absorption [8], many-

electron dynamics and electron-electron correlation in intense laser pulse interactions with

matter have become one of the hottest topics in atomic, molecular and optical physics [9,10],

along with studies of few-electron ejection upon single photon absorption [11,12]. Whereas

the latter process, where the electrons have to share the energy of a single light quantum, is

possible exclusively due to electron-electron correlation, it turned out that in case of strong

field double or multiple ionization both independent (“sequential”) or correlated (“direct”, or

“non-sequential”) electron emission occurs, depending on the parameters of the light field

and atomic or molecular structure. In particular, field-mediated correlation (“recollision”)

[13,14] was found to be of decisive importance at moderate field intensities, often enhancing

multiple ionization cross sections for linearly polarized light by many orders of magnitude

observed in yield measurements of multiple charged ions [15-18]. Still, the subtle details of



the underlying dynamics are not completely settled and, thus, subject of continuing

experimental as well as theoretical effort (see e.g. [19-22]).

Until very recently studies of nonlinear few-electron processes have been restricted to the

optical and infrared domain, where the Keldysh parameter [4]
PP

UI /=γ is often close to or

smaller than unity (here Ip is the ionization potential and 24/ ωIU
p

= is the ponderomotive

potential, I the light intensity and ω it’s frequency). In the first decade of the 21st century the

rapid development of laser- (high-harmonic generation, HHG) [23,24] and accelerator-based

(free-electron lasers, FEL) [25-28] light sources enabled generating intense, ultrashort VUV,

EUV, and even X-ray pulses. Those in turn allowed one to extend experiments on multi-

photon – multi-electron reactions towards shorter wavelengths [29-48]. Due to their

fundamental nature and also in a view of practical applications (since multi-photon processes

occur whenever intense FEL radiation interacts with matter, i.e., with atoms, molecules,

clusters or solids) enormous theoretical interest has emerged to describe basic few-photon –

few-electron reactions for simple atomic and molecular systems (see [49-69] for an

incomplete selection of recent publications). Moreover, these novel light sources currently

delivering pulses shorter than ten femtoseconds with realistic prospects of reaching the sub-fs

regime (FELs), or even less than hundred attoseconds (HHG), are paving the way for a

variety of novel time-resolved experiments. They will substantially extend the boarders of

present ultrafast science, not only in terms of the time resolution that can be achieved

stretching towards the attosecond domain ([70-72], see [24] for a recent review), and new

electronic states that can be accessed with EUV or X-ray pulses [70,73,74] but, moreover, in

terms of techniques visualizing the dynamics. In particular, time-resolved X-ray diffraction

[75] or electron holography [76] experiments nurture the hope of recording the “molecular

movie”, i.e. tracing in time the nuclear motion during a chemical reaction, and three-

dimensional imaging of photo-electrons emerging upon absorption of a EUV- or X-ray probe



pulse will enable to directly follow the evolution of electronic states during the “breaking and

making” of molecular bonds without the need of spectroscopic information as in a typical

“femto-chemistry” experiment in the optical regime [77].

Decades of studies for ion impact, with intense optical lasers as well as with synchrotron

radiation established dedicated experimental tools for investigations of multiple ionization

and fragmentation processes in atoms and molecules. Starting with recording total ionization

cross sections and intensity-dependent ion yields respectively, and continuing with

measurements of singly or multiply differential cross sections, instrumental progress recently

culminated in experiments yielding fully differential data for ionization and fragmentation of

simple atomic [19,78-82] and molecular [83-86] systems. Here, a breakthrough was achieved

with the invention of coincident cold-target recoil-ion and electron momentum spectroscopy.

These spectrometers (sometimes called “reaction microscopes”, REMI [87-89]), based on

combined electric- and magnetic-field projection techniques, time- and position-sensitive

micro-channel plate (MCP) detectors and supersonic gas jets providing cold atomic or

molecular targets, allowed for the simultaneous and coincident determination of the full

three-dimensional (3D) momentum vectors for several charged reaction fragments (the so-

called kinematically complete experiments). Moreover, due to the fact that emerging

fragments are imaged with a large (often reaching 100 % of 4π) solid angle, in many cases

these machines enabled recording comprehensive probability densities of the final many-

particle momentum states. This, along with the availability of reliable background

elimination procedures exploiting momentum conservation conditions [90,91], which

generate unprecedentedly clean spectra, made this technique extremely successful in time-

resolved experiments [73,74,92-97]. Because of its capabilities to separate different reaction

channels leading to the same final states and cleanly reveal even weak ionization pathways

based on the energy- and angular-resolved many-particle detection, this approach has now



become the method of choice and fore-front state-of-the-art technique for atomic and

molecular research with FELs [38,39, 43-48] and HHG [73,74], as well as in collision

physics [78,79,89]. 

The main goal of the present contribution is twofold. First, we will provide a brief

overview of experiments on few-photon-induced double and multiple ionization of atoms and

molecules performed over the last five years at the first VUV-FEL in the world, the Free-

electron LASer at Hamburg (FLASH) employing a dedicated “Reaction Microscope”. We

will concentrate on distinguishing direct and sequential fragmentation pathways for these

reactions in the photon energy range of 30-50 eV, that has received most attention,

experimentally as well as theoretically and characterize their salient features by inspecting

differential or multi-differential cross sections (note that several experiments of this kind

have been performed at the EUV-FEL at the Spring 8 Compact SASE Source (SCSS) in

Japan at energies below 25 eV (see, e.g., [46,47]), and, very recently, at the first X-ray FEL,

LINAC coherent light source (LCLS) at Stanford: however, they will not be subject of the

present review). Second, by presenting the very first experimental results on time-resolved

molecular dynamics involving the absorption of two or more EUV photons we envisage what

we think is one of the most exciting future field in atomic and molecular physics at FELs:

Infrared-, terahertz-, EUV or X-ray pump-probe experiments with few femtosecond time-

resolution and any combination of the above wavelengths regimes for the pump or probe

pulse, respectively, imaging emerging ionic fragments, photoelectrons and possibly scattered

photons in multiple coincidence experiments.

The paper is organized as follows. In section 2 we briefly discuss the experimental

apparatus, a dedicated “Reaction Microscope” focusing on the issues specific for the FEL

experiments, and describe a split-mirror setup developed for EUV pump - EUV probe

experiments mentioned above. Section 3 is devoted to the results on direct and sequential



double ionization of He and Ne atoms upon two- or three-photon absorption, and Section 4

deals with multiple fragmentation of simple diatomic molecules, D2 and N2. In Section 5 we

present and discuss first results of the EUV pump - EUV probe experiments on N2, and

Section 6 gives a short summary of the manuscript as well as our view of the future

perspectives.

2. Experimental: “Reaction Microscope” for time-resolved studies at free-electron lasers

2.1 Dedicated “Reaction Microscope” for studies of atomic and molecular fragmentation at

FLASH

In several experimental campaigns at FLASH the Heidelberg “Reaction Microscope”

(REMI), a multi-particle imaging spectrometer which allows measuring the 3D momentum

vectors of several ions and electrons in coincidence, was used to explore non-linear reactions

in atoms and small molecules. The sketch of the apparatus (including the split-mirror setup

for time-resolved measurements described in Section 2.2) is shown in Fig. 1. In brief, the

FLASH beam (typically 12 to 30 micro-bunches at 5 Hz repetition rate) was focused onto a

collimated supersonic gas-jet target (propagating parallel to the FEL polarization direction) in

the ultra-high vacuum chamber of the REMI. For single-pulse experiments described in

Section 3 and 4 the focusing had been performed by the ellipsoidal grazing incidence mirror

upstream along the FLASH beamline (BL2), providing a focus of ~ 15-20 µm diameter. For

pump-probe experiments described in Section 5 the beam was refocused by a back-reflecting

split-mirror described in Section 2.2 (configuration illustrated in Fig. 1) Created charged

particles were projected onto two position-sensitive and multi-hit capable micro-channel plate

(MCP) detectors (diameter 120 mm for ions, and 80 mm for electrons, position resolution 0.1

mm, dead-time 10 ns) by means of weak electric (~ 1 V/cm for atomic and ~ 40-50 V/cm for

molecular experiments) and magnetic (10 G) fields applied along the vertical axis



(perpendicular to both, FEL propagation and polarization directions) achieving a detection

solid-angle close to 4π for all particles of interest. From the measured times of flight (TOF)

and positions on the detector the initial momentum vectors of emerging ions and electrons

were reconstructed.

The most prominent development for the dedicated FEL machine compared to the earlier

generation of REMIs [89,90] was further improvement of the background pressure in the

spectrometer chamber (<10-11 mbar) enforced by the severe vacuum requirements set by the

desire to perform non-linear multiple ionization experiments in the EUV domain. In order to

observe these reactions light intensities of order of 1013 W/cm2 or higher are needed. Since

the photon energies are typically high enough to efficiently ionize background atoms and

molecules by a single photon with probabilities that exceed those for non-linear processes by

at least two (often up to four) orders of magnitude, one encounters an enormous number of

background signals not only from the focal region, but essentially all along the trace of the

FEL beam through the spectrometer. At the same time one-photon single ionization of the

target particles limits the effective target densities to < 1010 particles/cm3 resulting in just a

few, often less than one doubly or multiply charged ion of interest per shot. The upper limit

of the target density is given by the detector saturation, space charge effects, and the

requirements set by the coincidence measurements. Here one has to identify, e.g. by applying

momentum conservation, those electronic and ionic fragments that emerged from the same

atom or molecule in the target which becomes exceedingly difficult if more than a few events

are detected per FEL shot. Although most of the above concerns are in principle also present

in any experiment with intense optical lasers, still the background problem is typically much

less severe in this case since ionization of background atoms or molecules due to its multi-

photon nonlinear character is limited in space to the focal region, with only slightly larger

effective volume compared to the reaction of interest.



Fig. 2 illustrates the scheme of the coincident measurement and the performance of the

REMI for a typical double ionization experiment. In Fig. 2a the measured longitudinal

(parallel to the TOF axis) momentum component of Ne2+ ions created by the absorption of

two 44 eV FLASH photons is shown as a function of the sum-momentum of two detected

electrons. Since the two absorbed photons carry negligibly small momenta, the final-state

recoil-ion momentum is balanced by the sum-momentum of the electrons, which is reflected

in the line observed in Fig. 2a. The sum-momentum of all three fragments (shown in Fig. 2b)

is then close to zero and the width of the distribution for each of the three dimensions

provides a sound quantitative estimate of the resolution achieved in the three-particle

coincident experiment.

2.2 Split mirror arrangement for the pump-probe experiments

For the pump-probe experiments (Section 5) the REMI was attached to the unfocused

FLASH beamline (BL3), and the FLASH beam after passing through the reaction chamber

had been refocused on the target by a back-reflecting, narrow-band multilayer spherical

mirror under normal incidence (1 inch Mo/Si mirror, focal length 50 cm, estimated focus

diameter less than 10 µm). The mirror was cut horizontally into two identical half-spheres

which can be moved relative to each other in order to produce two replicas of the FEL pulse.

While the lower part of the mirror is mounted on a high-precision piezo-stage movable along

the FEL propagation direction and allowing one to adjust the delay between both pulses in a

range of ± 2.5 ps with less then 100 as step resolution, the upper half sits on the tip-tilt stage

enabling 2D relative adjustment of the reflections from both half-mirrors in the plane

perpendicular to the beam propagation direction. Various mirrors from different sources

(FOM institute AMOL, Amsterdam; Fraunhofer IOF, Jena; LBNL, Berkeley) have been used

in experiments with different wavelength with reflectivity ranging from 30 % to 60 %.



The overlap of two focal points was initially adjusted observing an optical interference

pattern obtained with a HeNe laser aligned along the beamline with ~ 100 µm precision.

Further adjustment has been performed using a spatial imaging system for the created ions.

Here, a strongly inhomogeneous electric field was created in the reaction point by setting a

sharp metal needle introduced in the spectrometer on a high voltage magnifying the spatial

image of the interaction (focal) point on the detector. By illuminating one or the other half of

the mirror only, the vertical and horizontal positions of each of the two focal points were

measured separately by the TOF and 2D position on the detector, respectively. Tilting and

tipping one of the mirrors until TOFs and 2D positions coincide yielded an overlap between

the two foci within about 20 µm. Fine tuning of the spatial overlap has been performed using

non-linear Ne2+ signal. The time zero point t0 (exact temporal overlap of both pulses) in the

first experiments has been verified by a sharp maximum observed in the measured delay-

dependent yield of multiple ionization of N2. The relative intensity of both pulse replicas can

be chosen at will by varying the relative illumination of both mirror parts by the incoming

FEL light.

3. Double ionization of He and Ne atoms

3.1 Direct and sequential channels in EUV double ionization

The most basic non-linear light-matter reaction involving more than one electron is

represented by two-photon double ionization (TPDI) of the He atom. Due to its fundamental

nature this process has received enormous theoretical attention (see e.g. [49-51, 53-57, 62-68,

98-102]) as soon as a possibility of its experimental realization appeared on the horizon.

Surprisingly, even for the moderate intensities investigated, where second-order perturbative

approaches are expected to be valid, the calculated total cross-sections for TPDI of He (σTPDI)

still vary over more than one order of magnitude [66]. Two recent measurements of σTPDI



recently performed for photon energies of 41.8 [29,30] and 42.8 eV [36] employing HHG and

FLASH radiation, respectively, did not really solve the problem, mainly due to the fact that

neither the pulse profile nor the pulse duration have been precisely known, and, thus, the

estimated experimental intensity exhibits relatively large error bars such that the experiment

can hardly discriminate between different theoretical predictions.

Two channels are usually distinguished in TPDI. As illustrated in Fig. 3, the “sequential

double ionization” (SDI) is allowed if the photon energy ωh is larger than the ionization

potential +
PI of the singly charged ion. It is usually seen as proceeding sequentially in time

with two independent photo absorption events, one from the atom and one from the (relaxed)

singly charged ion. The direct, or “non-sequential” double ionization (NSDI) instead, the

only possibility at lower photon energies ( ωh>+
PI but PP II +> +ωh2 with IP and IP

+ being

the ionization potentials of the neutral and the ion, respectively), requires the “instantaneous”

absorption of the two photons through an intermediate virtual state (“vs” in the Fig. 3). It is

considered to be a highly correlated process, with a smooth energy partition between the two

electrons at lower photon energies but with distinct features predicted when approaching the

boarder for sequential ionization at ωh=+
P

I . In principle sequential mechanisms can be

realized as well at these photon energies. However, the second ionization step would require

direct two-photon absorption by the singly charged ion, and, thus, “SDI” becomes a stepwise

three-photon process, which is expected to become a dominant channel at intensities higher

than those needed for the direct TPDI [36,38,42,59,102]. 

Since the dominance of direct or sequential channels, apart from the intensity of the light,

is defined by the interrelation between the photon energy and the atomic structure (ionization

potentials), considerable theoretical efforts have been undertaken to extend calculations for

EUV double ionization to other rare gas atoms, in particular to Ne [52,58-61,69]. The latter,



often being experimentally the more convenient target than He [38,39,43], provides a good

comparison for qualitative understanding of ionization mechanisms.

Low-order perturbation theory expects the yield of ions produced by n-photon absorption

to be proportional to In, where I is the radiation intensity. Both of the He experiments

mentioned above [29,30,36] revealed the dominance of the two-photon NS channel for

double ionization at light intensities up to 1014 W/cm2 reflected in the linear intensity

dependence of the double-to-single ionization ratio (which is equivalent to the quadratic

intensity dependence of the doubly-charged ion yield in case if single ionization is not

saturated). However, e.g., double ionization of Ne at 42 eV, where sequential TPDI is

energetically allowed, manifested the same intensity dependence [36]. In the same work the

Ne2+ / Ne1+ ratio at 38.8 eV, where sequential TPDI is energetically forbidden, exhibited a

quadratic intensity dependence, indicating that three photons are involved in the ionization

process, whereas in [38] (for 38.4 eV and at somewhat lower intensities), a nearly quadratic

intensity dependence of the Ne2+ yield has been observed up to intensities of ~ 6x1012

W/cm2, the lowest value used in [36], and a dependence of I2.6 was found at higher I. From

this assessment of the present situation one can clearly see that, as was previously realized for

the single-photon and the strong-field (multiphoton) regimes, measurements of the total

cross-sections alone do not allow one to draw a definite conclusions concerning the physical

mechanisms underlying the few-electron ionization dynamics, and, thus, differential data are

required.

3.2 Recoil ion momentum distributions for double ionization of He and Ne

Fig. 4 depicts the first differential data for TPDI of He. Momentum distributions of the

He2+ ions were obtained at a photon energy of eV44=ωh (a) and 52 eV (b). The data are

shown in the plane defined by the jet propagation direction and the spectrometer axis, and are

integrated over the third momentum component (the one parallel to the FEL beam



propagation). The FEL intensity was estimated as I ≈ 1014 W/cm2. The distribution in Fig. 4a

displays a distinct maximum at the origin with essentially all events lying well within the

circle marking the maximum He2+ momentum upon two-photon absorption (realized if both

electrons are emitted in the same direction with equal energies). This behavior clearly differs

from the momentum spectra obtained for single ionization [39] as well as for double-

ionization induced by a single photon with similar energy above the threshold (see [103]),

which both manifest a dipole-like shape. Since for double ionization the momentum of the

doubly-charged ion is balanced by the sum-momentum of both emitted electrons, the

dominance of the events with very low ion momenta indicates that both electrons are

preferentially emitted back-to-back into opposite hemispheres with similar energies, thus,

widely compensating the momenta of each other. This is in striking contrast with the

dynamics found in single-photon double ionization, where exact back-to-back emission along

the polarization direction is forbidden by the dipole selection rules. Thus, since this limitation

is lifted for the case of TPDI, the difference between the ion momentum distributions for

these two processes might readily be understood qualitatively.

In contrast to the data of Fig. 4a, the spectrum at 52 eV (Fig. 4b) exhibits two maxima at

longitudinal momenta close to ± 1 a.u.. This is in good qualitative agreement with the recent

theoretical predictions illustrated in Fig. 5. According to a series of calculations [51,56,57,63-

65,68,101], a change of the shape of the energy distribution between both electrons should be

expected. As discussed, e.g., in [63], for the photon energies of 40-45 eV equal energy

sharing between both emitted electrons is needed in order to overcome the attraction of the

nucleus and promote both electrons into the continuum (see Fig. 5a, taken from [63]),

whereas as the photon energy approaches the SDI threshold (54.4 eV), the asymmetric energy

sharing starts to dominate. (Here it should be noted that even though this general trend can be

clearly seen in the various calculations, there are significantly different energy sharings



predicted at specific photon energies by different theoretical approaches). In this case both

electrons are still preferentially emitted back to back, but one of them receives most of the

excess energy resulting in the existence of the maximum at non-zero values in the total

recoil-ion momentum (Fig. 4b, 5b). This behavior has been considered as a signature of the

SDI via a virtual intermediate state, and was dubbed “virtual sequential ionization”

[51,56,57]. Indeed, the predicted spectrum shape starts to resemble the one predicted for the

photon energies above the SDI threshold shown in Fig. 5c (taken from [39], see also [56,57]).

Here it should be noted that the fine structure of the “virtual sequential ionization”

contribution in TPDI of He at 50-52 eV differs in various calculations, sometimes exhibiting

four maxima (see Fig. 5b) [56,57,63,69]. Unfortunately the momentum resolution of the

present experiment (limited, among other factors, by space charge effects) does not allow us

to reliably discriminate between these theoretical predictions. Factors defining the

experimental resolution, its influence on the outcome of the calculations as well as the

comparison to results from various theoretical approaches are considered in details elsewhere

[104]. In the future, with increased repetition rates of micro-bunches at FLASH one might

come into the position to significantly reduce space charge effects and envision to record

fully differential cross sections as ultimate benchmark for theory.

Within the photon energy range used and due to limited available FLASH beamtime,

experiments on SDI of He could not be performed. However, this channel has been studied in

details for Ne. Fig. 6 displays recoil-ion momentum distributions for double ionization of Ne

at 38 eV (a) and 44 eV (b). As one can see from the sketch presented in Fig. 3, for Ne at a

photon energy of 44 eV one does enter the sequential regime for TPDI. This is reflected in

the observed momentum spectrum (Fig 6b), which clearly exhibits a ring-like structure

corresponding to the intuitive expectations for sequential TPDI. Here, both electrons are

assumed to be most likely emitted independently along the polarization direction, one from



the neutral atom and one from the ground state of the singly charged ion, each exhibiting a

dipole-like shape in its momentum distribution. The recoil spectrum of the doubly charged

ion should then reflect the convolution of these two dipole structures. Whereas for He one

would expect a clear two-ring structure with outer and inner rings on both sides reflecting the

situation where both electrons either go into the same or opposite hemispheres, respectively

(see Fig. 5c), for Ne this structure is smeared out because of (i) less excess energy and

different electron energies in the continuum (depending on the final state of the doubly

charged ion, see Fig. 7); (ii) different emission patterns of both electrons with a β-parameter

of the second between 0 and 0.5, i.e. close to isotropic emission [52]; (iii) somewhat lower

experimental momentum resolution achievable for Ne compared to He because of the internal

gas-jet temperature resulting in a broadening of the spectrum (∆p ~ 0.7 a.u., see [39,104]).

Fig. 6a displays the momentum distribution of Ne2+ ions obtained at a photon energy of

eV4.38=ωh (at the intensities I ≥ 2x1013 W/cm2, where doubly charged ion yields showed a

I2.6 intensity dependence). Here, sequential TPDI is energetically forbidden, and the recoil-

ion momentum spectrum clearly resembles the pattern observed in Fig 4a for He, indicating

the dominance of the direct TPDI channel and dominating back-to-back electron emission.

However, in contrast to Fig. 4a, where essentially all events are found within the circle

denoting the maximum sum-momentum of both electrons upon absorption of two photons, in

Fig. 6a a noticeable amount of counts lie outside this circle, indicating that the contribution of

the three-photon channel, though not dominating, is not negligible under these experimental

conditions. This qualitatively agrees with the slope of doubly-logarithmic intensity-dependent

Ne2+ yield lying in-between two and three as observed in [38]. Here it should be noted that

according to some theoretical predictions, an intensity-dependent transition between two-

photon direct and three-photon sequential mechanisms is expected to be rather sharp [59,102]

and, thus, the potential observation of non-negligible contributions from both channels might



seem surprising. One of the possible reasons for this, as well as for somewhat different slopes

of the Ne2+ yield curves observed in [36] and [38] might originate from the role of the

intermediate resonance for the second step of the sequential channel since there is a number

of excited states in the Ne+ ion around 38.4 eV. Resonant enhancement might lead to the fact

that, depending on the exact photon energies, ionization caused by different parts of the rather

broad (and fluctuating) FEL pulse spectrum proceeds predominantly via different pathways,

and might also result in the deviation (lowering) of the slope of the intensity-dependent ion

yield curve (note that measurements [36] and [38] have been performed at slightly different

photon energies).

3.3 Sequential TPDI of Ne at 44 eV: A kinematically complete experiment

Difficulties with the separation of different contributing pathways as discussed in the

previous subsection would be readily resolved if coincident electron spectra would be

available. Unfortunately, because of the low cross sections, limited amount of beamtime, and

low effective repetition rate (single bunches) of FLASH at the time those experiments were

carried out, no fully differential data could be acquired under conditions where direct TPDI

dominates. However, we did succeed in collecting fully differential data for sequential TPDI

of Ne at 44 eV [43], and these results shed new light on this seemingly simple process.

Initially [105] SDI was characterized by several typical features: First, the electrons are

considered to be emitted independent of each other. Second, whenever sequential TPDI is

energetically allowed, it is expected to dominate the total cross section. Third, the predicted

photoelectron spectrum is characterized by two lines defined by energy conservation and the

two ionization potentials. While the latter two expectations are in line with the results of

recent more elaborate calculations [65,106], the former one has been questioned, and angular

correlation between the emitted electrons have been predicted [60] pointing to the subtle

nature of the process.



In Fig. 7-8 we present electron spectra for SDI of Ne at 44 eV. Note that all electrons

measured here are detected in coincidence with Ne2+ ions and, thus, fulfill the momentum

conservation condition illustrated in Fig. 2. Fig. 7a displays the measured coincident two-

electron energy distribution integrated over all emission angles (with the dotted line showing

the total singly differential energy spectrum). Apart from a small contribution from false

coincidences (indicated by the arrow), the correlated energy spectrum consists of four distinct

peaks symmetric with respect to the main diagonal. For each pair of peaks the energy of the

electron from the first ionization step is centered at 22.5 eV (peak 1), which is identical to the

measured energy of electrons from single ionization. The second electron either emerges with

a kinetic energy of about 3 eV (peak 2), or with nearly zero energy (peak 3), indicating that

the Ne2+ ion is left in the 3P0,1,2 state (40.9 eV with respect to the Ne+ ground state, the triplet

fine structure is not resolved), or in the 1D2 state (44.1 eV), respectively. The 1S0 final state

(47.1 eV) is energetically not accessible for sequential TPDI. The contributions from direct

TPDI, which would be distributed along the lines parallel to the second diagonal [64,65],

cannot be observed in the spectrum.

Fig. 7b displays the 2D momentum distribution of the electrons originating from double

ionization. One can clearly observe three structures (marked by the arrows) corresponding to

the different electron energies of Fig.7a. The outer ring (1) corresponds to the 22.5 eV

electrons from the first ionization step, the middle one (2) reflect those with ∼ 3eV energy

from the second step leading to the 3P final state of Ne2+, and the spot close to zero (3)

originates from second-step, low-energy electrons corresponding to the 1D final state.

From the measured three momentum components for each of the electrons we reconstruct

their emission angular distributions (see e.g. Fig. 8a for the second electron emitted with the

Ne2+ left in the 3P state) and extract angular asymmetry parameters ( ß ) from fits (e.g. the full

red line in Fig. 8a) containing 2ß and 4ß asymmetry parameters as expected theoretically for



a two-photon process. The resulting angular ß parameters obtained for the electrons from the

first ( ß)1(
) and the second ( ß)2(

) second SDI steps are presented in Fig. 8b. Again, only the

events where the Ne2+ ion is left in the 3P final state are included.

In Fig. 8b we compare the experimental ß-values (open symbols) with the theoretical

predictions. Solid and dashed lines represent the results of the multi-configurational Hartree-

Fock (MCHF) and Dirac-Fock (MCDF) calculations, respectively [43,61]. For a direct

comparison, the theoretical results were averaged over the unresolved 3P0,1,2 final states of the

Ne2+ ion (see [61]). The predicted state-selective +2
2

)2( ß parameters considerably deviate from

each other. Our experimental value lies much closer to the MCHF result, which is slightly

above the upper limit of the experimental error. Noticeably, recent calculation by Kheifets

[52] (shown as a dashed-dotted line in Fig. 8b) predict an even lower value, thus, placing our

experimental point exactly in-between these two theoretical curves. A similar behaviour can

be observed for the +2
4

)2( ß parameter. Here, both MCHF and MCDF calculations yield almost

identical values, again lying at the upper limit of the experimental error bar, whereas the

results of [52] are close to the lower one.

Fig. 8b also shows +2
2

)2( ß and +2
4

)2( ß parameters obtained in the non-coincident experiment

of Braune et al. at 47.5 eV [107] (full symbols without error bars). Whereas the +2
2

)2( ß value

agrees well with the prediction of the MCHF calculation, and, accounting for the expected

wavelengths dependence, also with our experimental result, the one for +2
4

)2( ß is much lower

than all three theoretical values. Correspondingly, it also considerably differs from the value

obtained in our experiment. Since none of the three calculations predict a significant

wavelength dependence for +2
4

)2( ß in this energy range, the reasons for this discrepancy

remain unclear.



The coincidence scheme used allows us not only to measure the electron angular

distribution for the second ionization step, but also for the first one (which is not feasible in

non-coincident photoelectron spectroscopy because these electrons have the same energy as

those from single ionization). Since according to the theoretical expectations [61] both

electrons in sequential TPDI are not emitted independently, this might be imprinted in the

angular distribution of the first step electrons, which, thus, should differ from the one

obtained for pure single ionization. We do observe some difference reflected in the non-zero

value of the 4ß parameter for the first step ( +2
4

)1( ß ), slightly outside the statistical error bar

( +2
4

)1( ß = -0.12 ± 0.11, red data point in the inset of Fig. 6b). Analysis of this effect in the

framework of the MCHF and MCDF approaches [43] yield non-zero values of +2
4

)1( ß = 0.08

and +2
4

)1( ß = 0.06, respectively (red full and dashed lines in the inset of Fig. 8b). Thus, even

though the observed deviations from zero are weak, we did find a discrepancy between

theory and experiment beyond the statistical experimental error.

Modifications of the angular distribution for the first step electrons compared to single

ionization raises a very general question concerning the nature of sequential TPDI, since it

appears rather counterintuitive that the second electron, which might be set free much later

within the FEL pulse, influences the emission characteristics of the first one. This brings one

back to the conclusion stated in the initial paper on the subject [105], claiming that “there is

no way of distinguishing sequential from simultaneous”, i.e., that the timing of the electron

emission can not be revealed from the experimental data.

4. Multiple fragmentation of simple molecules

4.1 Direct and sequential TPDI of D2

For molecules, the absorption of a few EUV photons resulting in the ejection of two or

more electrons typically leads to further disintegration (dissociation, Coulomb explosion) of



the created molecular ions. Therefore, in order to reveal the basic mechanisms of light-

molecule interactions one has to consider (apart from the role of electron-electron correlation)

such specific molecular issues as a role of nuclear motion on a time scale of the EUV pulse,

the coupling between electronic and nuclear degrees of freedom beyond the Born-

Oppenheimer approximation etc. A fundamental test ground for such studies is the hydrogen

(or deuterium) molecule, which is the only molecular system being readily accessible for

theory and beautiful experiments for single-photon induced double ionization have been

reported recently [108, 109]. Pulse durations of the novel FEL sources match characteristic

time scales of both, vibrational motion and fast dissociation of these lightest molecules,

making investigation of few-photon-induced fragmentation especially intriguing.

Here we consider fragmentation of the D2 molecule irradiated by intense FLASH

pulses at ωh = 38 eV, focusing on tracing dominating mechanisms of TPDI. Similar to the

atomic case, there are two basic TPDI pathways, direct and sequential. For the latter channel

the photons are assumed to be absorbed via an intermediate stationary state of the ion

(assumed to be the 1sσg ground state of D2
+ which is populated with a probability of about 95

% in the first absorption step) in two steps which might be separated in time, whereas for the

former one both photons are absorbed simultaneously through a virtual intermediate state,

implying that TPDI occurs close to the internuclear distance (R) of a neutral molecule. Thus,

it appears natural to expect that the signatures of both TPDI pathways can be traced in the

kinetic energy release (KER) of the Coulomb exploding molecule, which is related to the

internuclear distance R.

In order to gain insight into the various processes that might occur upon absorption of

the first photon, we plot in Fig. 9a the KER spectrum for non-coincident D+ fragments,

reflecting dissociative channels of D2
+. Only fragments emitted perpendicular to the



polarization direction (θ = 900 ± 50) are considered here. For comparison we also show

theoretical ab initio results obtained using the time-dependent method developed in [110].

In excellent agreement with the ab initio calculations and previous measurements for one

photon single ionization [111] all relevant fragmentation pathways, like ground-state

dissociation (maximum at EKER = 0), dissociation via the 2pπu channel (EKER ≈ 9 eV) as well

as contributions and interferences involving the decay of doubly excited (Q2) states [109] are

well resolved (Fig. 9a), providing a sound basis for the understanding of TPDI.

The KER-spectrum for coincident D++ D+ fragments integrated over all emission angles is

shown in Fig. 9b. Two clear peaks are visible in the experimental data, with the high

energetic part at 18 eV corresponding to a Franck-Condon transition from the molecular

ground-state to the repulsive 1/R Coulomb state. Such high KER is expected for direct TPDI,

however, sequential ionization with a very short time gap (much less than the Coulomb

explosion time) between both absorption steps or with the absorption of the second photon at

any later time when the created ionic wave-packet reaches its inner turning point may also

contribute. The low KER region, however, is accessible via sequential ionization only

enabling a quantitative separation of both pathways with the help of theory. Advanced many-

particle quantum calculations by Martin et al. (included in [48]) deliver absolute cross

sections for the sequential part along with relative KER distributions for direct TPDI such

that, in comparison with experiment, not only both pathways can be disentangled but,

moreover, first conclusions on the relative importance of both processes can be obtained.

Thus, coincident KER spectra indirectly encode the time in between the absorption of the two

photons through the internal molecular dynamics, proving the concept sometimes referred to

as “molecular clock”.

4.2 Multiple fragmentation of N2 molecule



As a more complex example of a multi-electron reaction with a large variety of possible

fragmentation pathways, we discuss here the break-up of a nitrogen molecule exposed to

intense FEL pulses. N2 represents one of the simplest few-electron diatomic systems, and its

interaction with light has been extensively studied experimentally as well as theoretically. A

wealth of results has been reported for single-photon interactions (see, e.g., [86,112–119],

fragmentation by intense laser fields [83,84], two-colour time-resolved studies [73], and high-

resolution electron impact coincidence measurements [120]. Recently, several experiments

on multiple ionization of N2 by few EUV photons have been performed at FLASH and SCSS.

In particular, total ionization cross sections [33,34], time-of-flight spectra [42] , as well as

energy and angular distributions [44-46] of the ionic fragments for different fragmentation

pathways have been reported.

In Fig. 10 we sketch the potential curves of N2 reachable by few-photon absorption from

the N2 ground state as a function of the internuclear distance R, whereas Fig. 11 displays a

photo-ion–photo-ion-coincidence (PIPICO) spectrum measured at FLASH at a photon energy

of 44 eV. Here, the TOF spectrum of the first detected ionic fragment is plotted as a function

of the TOF of the second one. True coincident events resulting from three different Coulomb

explosion channels (N 2
2+ → N++N+, N2

3+ → N2+ + N+ and N 2
4+ → N2+ + N2+) can be clearly

identified as hyperbolic lines reflecting momentum conservation, whereas false coincidences

(fragments originating from two different molecules) appear as a diffuse background. Based

on the measured ion kinetic energies and setting software conditions on these coincidence

lines, we can separate different channels of N2 break-up, and reveal the number of photons

involved in the fragmentation process by measuring the intensity dependence of the yield of

the particular pathway. The linearity of the intensity scale was ensured by inspecting the H2
+

ion yield originating from single-photon ionization, which manifests a slope of 1 in a double-

logarithmic representation (see [38,44,45]). 



The results of this analysis are presented in the inset of Fig.11, where we plot intensity-

dependent ion yields for particular N2 decay channels. Surprisingly, the slopes of the yield

curves indicate that several pathways involve more photons than the minimum number

needed to reach the corresponding final states. First, we find that not only dissociative

molecular dications N2
2+ → N++N+, but also bound doubly charged molecular ions N2

2+

(X1Σg
+) are both predominantly created by two-photon absorption. While this can be easily

understood for the dissociative states A1Πu, d3Πg, and D1Σu
+ since most of them simply

cannot be populated via one-photon absorption, this is certainly different for the X1Σg
+ state

(43 eV above the neutral N2 ground state) which is clearly in reach for one 44 eV photon (see

Fig. 10). The need for two photons to be absorbed is most likely due to exceedingly small

cross sections close to the single-photon double ionization threshold, while sequential two-

photon double ionization involving, e.g., excited states of N2
+ is expected to be relatively

large [44]. Second, the asymmetric dissociative dication channel (N2
2+ → N2++N) is

dominated by three-photon absorption even though only two photons would be needed. Here,

a one-photon threshold for the (γ, 2e) reaction has been established recently at 55 eV with a

cross section of only 5x10-21 cm2 at ~ 10 eV excess energy [117]. At 44 eV this excess energy

is just reachable by two-photon SDI via the bound N2
+ states or dissociative F band,

predominantly populated via single-photon absorption [73], such that the cross section for the

(2γ, 2e) pathway is intuitively expected to be small as well, and a dominance of the three-

photon channel does not seem unreasonable. Certainly surprising, however, is that as much as

five photons within one light-pulse (~25 fs) need to be absorbed for the creation of

dissociating N2
3+ ions, even though relying on the potential curves given in [121] already two

would be energetically enough for the non-sequential triple ionization, and three would allow

to reach this final state via sequential pathway.



Further insight into the fragmentation dynamics can be gained from the angular

distributions of the detected ionic fragments. In Fig. 12 we present the measured angular

distribution as a function of KER for all N+ fragments (a), N+ fragments detected in

coincidence (N+ + N+ channel, b), and all N2+ fragments (c). Whereas non-coincident

dissociating fragments (predominantly created by one-photon absorption) preferentially

emerge along the FEL polarization axis (Fig 12a), ions from the Coulomb explosion

produced by two-photon absorption (Fig 12b) exhibit a clear maximum in the perpendicular

direction for the A1Πu and d3Πg final states, and only the fragments in the D1Σu
+ state are

predominantly ejected along the laser electric field. Taking into account that the FEL pulse

duration is much shorter than the rotational period of the molecule, we thus found strong

evidences that A1Πu and d3Πg states cannot be created via the dissociating F- or H-bands by

the absorption of the second photon and are most likely reached through the bound N2
+ states.

Considering the angular distribution of the N2+ fragments in Fig 12c, we observe the low-

energy ones, which mostly result from the N2
2+ → N2+ (2P) +N (4S) dissociation channel,

emerging along the FEL polarization axis. Therefore, this pathway can proceed via both,

dissociative and bound intermediate states of N2
+. On the contrary, fragments with KER > 10

eV originating from the N2+ + N+ channel are emitted preferentially in the perpendicular

direction. Thus, this pathway, involving in total 5 photons as discussed above, does not

proceed through the dissociating F- or H-bands of N2
+, but rather via the bound states of the

latter ion, and afterwards via one of the bound or dissociating states of N2
2+, with the

exclusion of the D1Σu
+ state which decays along the FEL polarization. The above constraints

on the possible intermediate states involved in the production of the highly-charged

fragments will become crucial for the understanding of the time-dependent N2 dynamics

discussed in the next section.



5. First results of EUV pump – EUV probe experiments

Here we briefly discuss a proof-of-principle time-resolved study on molecular fragmentation

which employs EUV FLASH photons for both initiating and probing molecular dynamics of

interest. For this illustrative experiment the nitrogen molecule was chosen as a target, mainly

because of its rather large multiphoton ionization cross-sections in the EUV domain, the

detailed knowledge of the fragmentation dynamics upon single photon absorption and

considerable amount of data on few-photon fragmentation of N2 collected recently with the

FELs (see previous Section). Here we present results obtained at a photon energy ωh = 38.7

eV, where we observed the most pronounced delay-dependent effects. Experiments were

performed with the split-mirror setup described in Section 2.2. For this particular experiment

we reached an intensity of ~ 1014 W/cm2, considerably higher, than for the single pulse

measurement on N2 at 44 eV discussed above. This is clearly imprinted in the observed ion

spectra. As one can see from Fig. 13, where we present a PIPICO spectrum for the pump-

probe experiment at 38.7 eV (integrated over the delay range of ±300 fs), we achieve seven-

fold ionization of the molecule, which at this photon energy requires at least 10 photons

(compare to Fig. 11, where the highest charge state was limited to 4).

Fig. 14 depicts the measured KER spectrum of the N2+ fragments as a function of the

delay between two identical FLASH pulses. Since both replicas of the FEL pulse were

identical, the spectrum is symmetric with respect to zero delay. Clear delay-dependent

structures can be observed, proving the capability of the split-mirror setup as well as spatial

and temporal overlap of both pulses.

A detailed analysis of the pump-probe data and underlining molecular dynamics is

beyond the scope of the current contribution, and will be reported elsewhere. However, we

briefly discuss here the salient features of the spectra, relying on the channel identification

based on the KER measurements and momentum conservation conditions set on the



coincident lines visible in Fig. 14. We mainly concentrate on the N2+ fragments presented in

Fig. 14, where particular contributing pathways are marked. One has to note that, in general,

there are two types of delay-dependent phenomena to be expected in this kind of experiment.

First, there is some “real” time-dependent molecular dynamics (e.g., signatures of the motion

of the nuclei reflected in the delay-dependent KER). Second, since for the delays where two

pulses overlap, the peak intensity of the FEL pulse is higher than for two non-overlapping

pulses resulting in a different molecular response. In particular, non-linear reactions requiring

direct (non-sequential) photon absorption should be enhanced around zero delays, resulting in

autocorrelation-like patterns. Both of these effects are clearly visible in Fig. 14. One can trace

a long high-energy tail extending beyond 40 eV KER at zero delay (indicated by the arrow),

which originates from higher-order non-linear ionization. Furthermore, the spectrum clearly

manifests a series of bands (descending from zero delays in both directions) for which the

fragment energy decreases with increasing time. This behavior is typical for pump-probe

experiments where a final state is represented by the Coulomb explosion curve: First, the

pump pulse creates a dissociative state of the molecular ion, which gets further ionized by the

delayed probe pulse during its course of fragmentation. The inter-nuclear distance growing

with time leads to smaller and smaller Coulomb explosion energies.

Here it should be noted that we observe only a very weak delay dependence for the N+ +

N+ final-state channel. The most likely reason for this is that, as shown in Section 4.2 by the

analysis of the fragment angular distribution (for a somewhat higher photon energy), most of

these ions are not produced via sequential (i.e., delayed) ionization of the dissociating states

of the N2
+ ion, but rather via its bound states and, therefore, a potential delay dependence

would be restricted to signatures of the vibrational motion in the intermediate state. On the

contrary, as discussed above, there is a variety of dissociating states of the dication N2
2+



which might be involved in the production of higher charge states, and, thus, their dynamics

can be probed by absorbing one or few photons from the probe pulse while dissociating.

In order to get more insight into the delay-dependent features of the spectrum in Fig. 14,

in Fig 15 we plot individual KER spectra for different pathways leading to the production of

N2+ ions at two different delays, zero, and 275 fs. For the sake of visual convenience, all the

curves are normalized to 1 at their respective maxima. Fig. 15a displays a non-coincident

spectrum, where all N2+ ions are included for both delays. For this plot it can be clearly seen

that the signal at higher KER values is enhanced at small delays, whereas in the low-energy

region additional structures appear at later times. Two peaks appearing at ~ 3 eV, and 8 eV

clearly manifest themselves in the coincident N+ + N2+ spectrum (Fig. 15b) reflecting, most

likely, one-photon ionization of the dissociating N2
2+ dication. On the other hand, the high-

energy part of the non-coincident spectrum in Fig. 15a is obviously formed by the

contribution from higher charge states (Fig. 15c,d). E.g., the high energy tail visible in the 2D

spectrum in Fig. 14 at zero delay originates mostly from the N2+ + N3+ final state. For both,

N2+ + N2+ and N2+ + N3+ channels the KER spectra at large delays overall extend further

towards lower energies compared to the results for overlapping pulses, and also exhibit

pronounced structures in the low-energy region indicating rich dissociation dynamics.

However, reliable identification of the states involved would require more detailed analysis

of the experimental data (e.g., angular distributions for particular pathways at different

delays, intensity dependences of the ion yields for different final states etc.), as well as better

knowledge of the relevant (high-lying) potential curves. Furthermore, for routine

unambiguous separation of different fragmentation channels, coincident electron spectra

would become an indispensable and necessary tool.

6. Conclusions and outlook



Free-electron lasers along with high-harmonic based attosecond sources opened a new

era for studies of light-matter interactions expanding non-linear physics and time-resolved

measurements into the EUV and X-ray domain. Among other advances, the availability of

FLASH, the first FEL user facility, in combination with rapid development of multi-particle

momentum imaging techniques enabled a series of pioneering experiments on atomic and

molecular fragmentation. Starting by inspecting intensity-dependent ion yields, these studies

yielded differential and, for certain cases, even kinematically complete data, and triggered

enormous theoretical activity. In particular, recoil-ion momentum distributions for a

prototype non-linear reaction, direct TPDI of He measured at two different photon energies,

44 and 52 eV, stimulated a series of calculations for this observable and showed good

qualitative agreement with theory. Similar experiments on TPDI of Ne at 38 eV helped to

interpret the results of ion-yield measurements revealing the dominance of a direct channel,

but also highlighted the need to measure coincident electron spectra. Fully differential data

for sequential TPDI of Ne at 44 eV demonstrated that even this, presumably “simple”

reaction raises a number of intriguing issues, since some basic questions on two-electron

emission, e.g., whether or not both electrons can be ejected in the same direction along the

polarization axis remain unresolved theoretically [60,61]. For molecules, coincident

momentum spectroscopy of ionic fragments along with detailed theoretical analysis enabled

reasonable understanding of the Coulomb explosion dynamics following direct and sequential

TPDI for simplest diatomic systems such as D2. A wealth of experimental results on larger

molecules (apart from the N2 data discussed in section 4.2, we have also performed analogous

measurement for O2) yielded a qualitative picture of the few-photon-induced fragmentation

and set a challenge to extend theory of non-linear two- or few-electron ionization to these

systems.



Experimentally, the next important milestone would be reached with a kinematically

complete measurement on TPDI of He, which would allow for a detailed comparison with

numerous theories available. This experiment, technically extremely challenging because of

the background and cross section issues discussed in Section 2.1, will come closer to reality

with the increase of the effective FLASH repetition rate expected for the next user run. This

update will also considerably facilitate recording of coincident electron spectra for molecular

fragmentation, necessary for reliable separation and identification of different decay

channels. We have recently performed the first step in this direction, collecting ion-electron

coincident data for N2 fragmentation at 52 eV at low FEL intensities.

Another important issue which has to be resolved for a rigorous quantitative

comparison between theory and experiment is the need for a detailed knowledge of the FEL

pulse structure. FEL pulses generated by the so-called self-amplified spontaneous emission

(SASE) cannot be directly reconstructed from the measured frequency spectrum because of

the stochastic nature of the SASE process, and, thus, neither the pulse shape nor its averaged

duration known only from the measured spectra and the machine parameters, cannot be

considered reliable. Recently, considerable efforts have been undertaken in order to directly

measure temporal and coherence properties of the FLASH pulses via linear or intensity

autocorrelation [41,122,123] and cross-correlation [124] measurements.

Ultrashort duration of the FLASH pulses provides a basis for a variety of time-

resolved measurement schemes. Several two-color studies employing optical [125-127] and

terahertz [124,128] radiation synchronized with EUV pulses have been recently reported, and

the development of the beam-splitter setups [122,123] as well as the split mirror arrangement

described in Section 2.2 opens a way for EUV-pump EUV-probe experiments. First results

on N2 fragmentation presented in Section 6 illustrate the rich potential of coincident

momentum spectroscopy and “Reaction Microscopes” for this kind of studies. It should be



noted that from the measured delay-dependent KER spectra for different pathways one can

also extract autocorrelation-like traces with different degree of non-linearity, thus,

characterizing the averaged FEL pulse duration in situ. Apart from the N2 data presented

here, first measurements on time-resolved imaging of D2 vibrational motion [129], O2

fragmentation, and isomerization of the C2H2 dication have been recently performed at

FLASH employing this setup. In the future, following the same approach complemented with

coincident electron detection, we envision tracing in real time dynamics of highly-excited

states, autoionization reactions, light-induced structural rearrangement of polyatomic

molecules etc. Due to the availability of the external optical laser synchronized with FLASH

all these experiments can be performed on aligned molecular samples [125].

Until very recently two operating FEL facilities, FLASH and the EUV-FEL at SCSS

covered the photon energy range from 12 to 200 eV. With the commissioning of the Linac

Coherent Light Source (LCLS) in 2009 and upcoming Japanese [130] and European [131]

XFELs, multiphoton and time-resolved experiments discussed here can be extended deep into

the X-ray domain. As mentioned in the Introduction, this will open the way for a number of

novel imaging techniques, including the possibility of coherent diffraction imaging of nano-

scale objects [132,133] and recording “molecular movies” of light-induced chemical

reactions via time-resolved X-ray diffraction or photoelectron holography [76]. In order to

meet the requirements for these and others experiments with X-ray FELs, a next-generation

experimental end-station combining the “Reaction Microscope” described here or “velocity

map imaging” [134] spectrometer for charged particle detection with two large-area, fast-

readout energy-resolving pnCCD detectors for X-ray photons has been recently developed

[135]. This machine has been successfully commissioned at LCLS end of 2009, enabling

unique experiments on atomic, molecular and cluster fragmentation as well as on coherent

diffractive imaging of clusters, nanocrystals [136] and viruses. With this kind of experimental



setup, in the view of further developments expected at the LCLS (including generation of

few-femtosecond pulses in a pump-probe arrangement [28,137]), the update of the FLASH

facility and two other upcoming XFELs deeming on the horizon, we envisage in the nearest

future a number of exciting time-resolved experiments in atomic, molecular and biophysics

imaging emerging ionic fragments, photoelectrons, as well as scattered and fluorescent

photons in multiple coincidence experiments.
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Figure captions:

Figure 1. Sketch of the experimental setup. FEL polarization axis is parallel to the supersonic

gas jet propagation direction.

Figure 2. (a) Recoil-ion versus electron sum-momentum along the TOF direction measured

for TPDI of Ne at 44 eV. (b) Sum-momentum of all three particles for the same reaction. For

both (a) and (b) momentum conservation condition on two other momentum components has

been set.

Figure 3. Schematic of direct and sequential ionization of He and Ne at 38 and 44 eV, and of

the relevant energy levels. VS: virtual state. The dashed line indicates an intermediate excited

state in Ne+.

Figure 4. Density plot of the measured recoil-ion momentum distributions for double

ionization of He at 44 eV (a) and 52 eV (b). The arrow indicates the direction of the FLASH

polarization. P|| denotes the momentum component parallel and P⊥ - perpendicular to the

polarization direction. The data are integrated over the third momentum component (parallel

to the FLASH beam propagation direction). White circles mark the maximum possible He2+

momentum after two-photon absorption. Note that in (b) the 30 µm nozzle of the supersonic

gas jet was cooled to 20 K in order to achieve optimum momentum resolution (see [104]).

Figure 5. Density plot of the calculated recoil-ion momentum distributions for double

ionization of He at 42 eV (a), 50 eV (b) and 60 eV (c). Circles in (a) and (b) mark the

maximum possible He2+ momentum after two-photon absorption. (a), (b): from [63]. (c):

from [39]. 

Figure 6. Same as Figure 4, but for Ne at 38 eV (a) and 44 eV (b). Inner and outer circles in

(a) indicate the maximum possible Ne2+ momentum after two- and three-photon absorption,

respectively.



Figure 7. (a) Coincident two-electron energy spectrum for TPDI of Ne by 44 eV FLASH

photons. Dashed line shows singly differential electron energy spectrum. (b) 2D momentum

distribution of electrons for the same reaction. The numbers in both panels mark electrons

from the first (1) and second (2,3) sequential ionization steps. (2) and (3) correspond to the

Ne2+ ion left in the 3P and 1D states, respectively.

Figure 8. (a) Measured (full circles) and fitted (solid red line) angular distribution of the

second-step electrons in TPDI of Ne at 44 eV (see text). (b) Measured and calculated angular

asymmetry parameters +2
2

)2( ß (black) and +2
4

)2( ß (blue) as a function of the photon energy.

Inset (red): +2
4

)1( ß -parameter for the electrons from the first step of TPDI. Open symbols:

present experiment [43]; full symbols: experiment [107]; solid lines: multi-configuration

Hartree-Fock calculation [43,61]; dashed lines: multi-configuration Dirac-Fock calculation

[43,61]; dashed-dotted lines: Hartree-Fock calculation [53].

Figure 9. (a) KER spectrum of non-coincident D+ fragments at 38 eV taken under an

emission angle of 90° ± 5° with respect to the light polarization axis. (b) KER spectrum

measured for coincident D+ + D+ pairs in comparison with theory (see text).

Figure 10. Sketch of the relevant potential curves of the N2 molecule. Arrows 1 and 2 denote

the states reachable with one 44 eV photon from the ground state of the neutral molecule and

the singly charged ion, respectively.

Figure 11. Photo-ion-photo-ion coincidence spectrum measured for N2 fragmentation at 44

eV. The time-of-flight of first ion is plotted versus the time-of-flight of the second. Inset: ion

yields as a function of the FEL intensity I for the same experiment. Symbols and solid lines

denote the present measurements and fits ( logY =n logI+ logσn), respectively.

Figure 12. Polar density plots of ion angular distribution differential in the KER for various

fragmentation channels. θ and the radius represent the angle with respect to the FEL

polarization axis (horizontal) and the KERs, respectively. Curves display the KER spectra



integrated over all fragment emission angles. (a) non-coincident N+ fragments. (b) N+ + N+

coincidences. (c) non-coincident N2+ ions.

Figure 13. Photo-ion – photo-ion coincidence spectrum measured for N2 fragmentation by

two identical FEL pulses in a pump-probe experiment. Both pulses have identical intensities

of ~ 1014 W/cm2 (photon energy 38 eV). The data are integrated over all delays between the

pump and the probe pulses.

Figure 14. Measured kinetic energy release of N2+ fragment ions emerging from highly

ionized N2 molecules as function of the pump-probe delay for the same experimental

conditions as in Fig. 13. The arrow indicates an autocorrelation-like trace resulting from the

delay-dependent yield of the highly-charged fragments. White lines denote the contributions

of particular final-state products identified employing the coincidence conditions of Fig. 13.

Note that this is only a schematic indication since rather broad delay dependent bands for

different channels partly overlap.

Figure 15. Measured KER spectra for the pump-probe delay of 0 (full squares) and 275 fs

(open circles). (a) all N2+ fragments; (b) N+ + N2+ coincidences; (c) N2+ + N2+ coincidences;

(d) N3+ + N2+ coincidences.
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