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Abstract: 

Multiple ionization (MI), induced by few VUV-photons at energies of 28.2 eV, 38 eV and 44 

eV from FLASH (the free-electron laser at Hamburg), has been studied for atoms (He, Ne, Ar) 

and N2 molecules utilizing our multi-hit coincident technology − the reaction microscope. At 

comparably low intensities of I ≅ 1011∼1013 W/cm2 we find the non-sequential (NS) MI mecha-

nism dominating Ar3+ and Ar4+ production. Inspecting recoil-ion and electron momentum distri-

butions evidence is provided (i) for preferential back-to-back emission of electrons for NS dou-

ble ionization of He and (ii) for angular-entanglement between two outgoing electrons in sequen-

tial ionization (SI).  In contrast to atoms, SI is observed to be most effective for MI of N2 mole-

cules at an intensity of ~1013 W/cm2 leading, among others, to N2
2+−>N++N+, N2

3+−>N2++N+, 

N2
4+−>N2++N2+ Coulomb explosion channels. Fragment-ion momentum distributions are inves-

tigated and are demonstrated to allow tracing SI pathways.  



1. Introduction 

Ultra-brilliant, accelerator based short-pulse radiation sources of the next generation, such as 

the free-electron laser (FEL) in Hamburg (FLASH) [1], the only VUV-FEL operational world-

wide, or the Spring8 Compact SASE Source (SCSS) delivering photons with energies up to 25 

eV [2] now open a new chapter for exploring light-matter interactions in so far not accessible 

regimes. Among them are resonant excitation or ionization of highly-charged ions [3], ionization 

of state prepared molecular ions [4], absorption by mesoscopic nano-particles like clusters (see 

e.g. [5] and references therein) and, last but not least, basic non-linear processes where few 

VUV-photons interact with few electrons causing double or multiple ionization of atoms and 

molecules. FLASH, delivering VUV photons with unprecedented intensities (up to 1016 W/cm2) 

and short pulse durations of 25 fs and less, in combination with the most advanced multi-particle 

detection systems – the reaction microscope [6] – now opens the door for performing differential 

experiments in this new regime. 

In particular, two-photon double ionisation (DI) of He is of fundamental interest since it 

bridges the gap between the one- and many-photon DI regimes and, thus, is of decisive impor-

tance to advance non-linear theories. Previously, one-photon induced DI of helium has been cen-

tral to atomic and molecular physics research at third generation synchrotrons due to its exem-

plary character to explore electron-electron correlation and is generally considered to be well 

understood [7] within the validity of the dipole approximation after decades of research. Many-

photon DI of helium as the other extreme, where a couple of ten photons are typically needed 

using lasers in the visible (800 nm), has until the present day resisted any comprehensive theo-

retical description due to tremendous complications to solve the non-linear problem in the non-

perturbative regime. Nevertheless, with the availability of differential data since 2000 using the 

reaction microscope, along with new theory developments at different frontiers, considerable 

advances have been achieved [8, 9].  



Beyond DI, multiple ionization (MI) of atoms by few VUV photons has attracted considerable 

attention since it represents in general the dominant pathway for the intense VUV pulses to inter-

act with matter. Its understanding is thus of paramount importance for applying FEL pulses in 

various fields, like cluster or solid-state physics, chemistry and biology. Experimentally, until 

now, intensity dependencies of ion yields have been recorded nearly exclusively revealing, on the 

basis of perturbation theory, the number of photons that had been needed for creating a certain 

charge state. This allows us, under certain conditions, to draw conclusions about the dominant 

ionization mechanisms, sequential or non-sequential (see e.g. [10]). For the photon frequencies at 

FLASH one safely expects to be in the perturbative regime, surprises have been encountered in 

these kind of experiments observing charge states as high as 26 after irradiating Xe atoms with 

93 eV photons at 1016 W/cm2 [11] pointing beyond perturbation theory and causing intense dis-

cussions in the community. 

Proceeding to molecules, not much is known up to now on multi-photon absorption pathways 

in the VUV regime.  In the past, single photon induced DI and fragmentation of simple molecule 

like N2 has been studied extensively since those are among the most relevant interactions occur-

ring in nature being of importance for the physics and chemistry of planetary upper atmospheres, 

of interstellar clouds, for the existence of life and has widespread applications in technical plas-

mas.  With the advent of the new sources, a number of novel possibilities arise. Thus, for exam-

ple, sequential multi-photon absorption enables one to study the ionization and dissociation dy-

namics of highly excited and polarized molecular ions that were created in a simple, effective 

and controlled way by the preceding photons in the same pulse. Here, the first part of the pulse 

essentially acts as an in situ, pulse-synchronized ion source providing a dense, absorption aligned 

and polarized molecular ion target challenging e.g. more complex techniques developed for 

studying VUV interaction with molecular ions like mass-selected ion-beam [4] and fragment-

detection methods.  



In this contribution we will first briefly describe the experimental set-up, a dedicated reaction 

microscope developed to explore few-photon MI of atoms and molecules at the new FEL radia-

tion facilities, and then present a series of results in the main part of this article. In detail, we re-

port differential experimental studies for non-sequential two-photon DI of He at 44 eV and of Ne 

at 38 eV, as well as for sequential DI of Ne at 44 eV. We then proceed to multiple ionization of 

argon exploring intensity dependent ionization yields for Arn+ (n=2, 3 and 4) at hv=28.2 eV ob-

taining the number of photons involved. Finally, first fragment ion momentum distributions 

(FIMD) are presented for Coulomb explosion after sequential MI of N2 molecules at 44 eV.  

2. Experimental set-up 

The general design of a reaction microscope (REMI) is shown schematically in Fig. 1. The 

FEL light, arriving with a variable number of micro-bunches within pulse-trains at 5 Hz repeti-

tion rate and typical pulse energies of a few up to some tens of µJ, is focused into the interaction 

chamber reaching peak intensities of  I ≅ 1011  ∼1014 W/cm2. Each pulse-train used in our experi-

ments consisted of 12 or 24 micro-bunches, separated by 5 or 10 µs, respectively. The photon 

beam then transversally intersects a cold atomic or molecular beam in the centre of the REMI, a 

supersonic gas jet provided by expanding gas through a nozzle (diameter 30 µm) at a pre-

pressure of a few bar and cut via two skimmers (diameters 180 µm and 400 µm, respectively). 

Four pairs of independently moveable slits are mounted further downstream allowing for addi-

tional collimation of the target beam before entering the interaction chamber after four differen-

tial pumping stages, such that a well defined (roughly 0.5×0.5 mm in width), dilute (≅1010 parti-

cles/cm3), intrinsically cold (Tjet < 1 K for atoms and < 5 K for molecular ions) supersonic jet is 

provided and crossed with the focused FEL-beam (about 30 µm in diameter) in the REMI at a 

base pressure of ~10-12 mbar. The effective target volume, defined by the overlap of the target jet 

with the photon beam, is placed in a region where an electrostatic field (normally about 0.5 V/cm 



for atoms and 30~50 V/cm for molecules) is applied for the extraction of charged target frag-

ments. Electrons and positive ions are registered on opposite sides of the spectrometer by two 

large-area position sensitive detectors after passing the acceleration regions (31.4 cm for ions and 

20.4 cm for electrons), respectively. The position sensitive detectors used are each consisting of a 

pair of multi-channel plates (plate diameter 8 cm for electrons and 12 cm for ions) equipped with 

a delay-line anode for position decoding (position resolution 0.1 mm). The two-layer delay-line 

[12], with each end read out by one of the eight channels of an Acqiris DC282x2 digitizer, al-

lowed to record the complete wave forms of the four signals [13] and, thus, to resolve in position 

and time several hits on the detector. Detailed analysis of detected coincidences for molecular 

fragments showed that the dead time between two subsequent events was about 20 ns. Accord-

ingly, hits in this regime have been neglected in the analysis. 

For few-photon induced MI of atoms in the VUV regime the recoil ions emerge with kinetic 

energies of some meV or below and extraction fields of a few V/cm are in general sufficiently 

high to achieve 4π collection efficiency with the present detector sizes. In the case of Coulomb 

explosion of molecules induced by few-photon absorption the ions can gain larger kinetic ener-

gies of even more than 10 eV such that extraction potentials of a couple of tens of eV have to be 

applied on the spectrometer to ensure a 100 % detection solid angle.   

Emitted electrons usually have considerably larger kinetic energies making it much harder to 

collect them by means of electric fields alone. Most of them simply miss the detector under con-

ditions ideally suited for the ion detection. In order to achieve a 4π acceptance together with a 

good momentum resolution in all three spatial dimensions for electrons (without loosing ideal 

imaging conditions for the ions), a weak homogeneous magnetic field (about 10 Gauss), gener-

ated by a pair of large Helmholtz coils, is additionally superimposed along the spectrometer axis 

effectively confining the electron motion transverse to the extraction direction along the electric 

field. From the measured time-of-flight (TOF) and position of impact on the detector of each 



individual particle the initial 3-dimensional momentum vectors can be reconstructed on the basis 

of five time signals, one taken from the voltage contact ring of the multi-channel plate (TOF) and 

four from the respective connections of the delay line anode (position). Typically, electron and 

ion momentum resolutions as good as 0.05 a.u. and 0.3 a.u., respectively, have been achieved so 

far at FLASH extracted by inspecting sum-momentum peak width under momentum conserva-

tion conditions for single ionization of He. 

A typical ion TOF spectrum for multi-charged Arn+ (n=1,…, 4) is presented in Fig. 2. The 

momentum component along the extraction field is contained in the width of the peaks the posi-

tions spectrum yields the remaining two momentum components. Due to our excellent back-

ground pressure the spectrum is widely free of background such that even small peaks can be 

clearly identified. On the basis of the well-known cross sections for single-photon single, double, 

and triple ionization of Ar by synchrotron radiation [14, 15], one can estimate the relative inten-

sity of different charge states as compared to singly charged ions that would result from single 

photon ionization from the FEL 3rd harmonic radiation to be at least one order of magnitude 

lower than present experimental results. This provides evidence that the observed multi-charged 

ions result mainly from few-photon ionization which was previously confirmed for MI of Ne at 

38 eV [10]. 

Pulse-to-pulse energy information was obtained by recording the current on a metal plate in-

duced by each individual FLASH pulse. Comparing the average current over several thousand 

pulses with the mean pulse energy provided by an energy profiler in the machine, the absolute 

energy of each pulse could be deduced. On the basis of this number, the approximately known 

focal spot size (30 µm diameter), and the pulse duration (~30 fs), the light-intensities were calcu-

lated with an estimated uncertainty of a factor of 5.  



3. Results 

3.1    Recoil-ion momentum distributions for direct two-photon DI of He 

Two-photon DI has become a benchmark system for exploring electron-electron correlation in 

the non-linear VUV regime. Two different pathways are usually distinguished in the calculations, 

“sequential” or “non-sequential” (direct) ionization, with one or the other dominating two-

electron ejection depending on the photon energy and intensity. Whereas non-sequential ionisa-

tion (NSI) requires that two electrons are ionized by “simultaneous” absorption of two photons 

through virtual intermediate states, sequential ionization (SI) proceeds through a stationary real 

intermediate state of the ion via “time-sequenced” absorption of two photons within the same 

light pulse from FLASH. Due to its simultaneous rather than “step-by-step” character two-photon 

NSI provides a much richer setting for the photon-electron interaction as well as for electron-

electron correlation mechanisms.  

Theoretically, as was mentioned before, the application of perturbative methods is fully justi-

fied at not too high intensities (less than 1015 W/cm2) since here, the quiver energy of a free elec-

tron in the electromagnetic field, scaling with 1/ω2 (ω: light frequency), is negligibly small com-

pared to the atomic binding potential as well as to the energy transferred by two-photon absorp-

tion. This, along with the fact that only two photons and two electrons are involved nurtures the 

hope for having rigorous theoretical calculations at hand. Instead and most surprising however, 

present state-of-the-art theories, most of them sophisticated numerical solutions of the time-

dependent Schrödinger equation, differ even in the prediction of the total cross section by up to a 

factor of ten despite enormous recent efforts with not less than eight papers having appeared 

within the last two years [16-19].  

At the experimental front, doubly charged He ions resulting from two-photon absorption using 

42 eV high-harmonic radiations were first observed by Nabekawa [20]. Subsequently, intensity 

dependent experiments [21] yielding total cross sections and pioneering differential studies (re-



coil-ion) of two-photon DI in He [22] and Ne [10] were performed at FLASH. First fully differ-

ential measurements investigated sequential two-photon DI of Ne at a photon energy of 44 eV 

[23]. Here, the emission angles of the two outgoing electrons were found to be correlated via the 

polarized Ne+ intermediate state which agrees well with theoretical predictions [24, 25], indicat-

ing that even SI might be not as simple as expected. 

In Fig. 3 we compare the recoil-ion momentum distributions for double ionization of He via 

single photon absorption at 99 eV (a) [26], two-photon ionization at 44 eV (b) and, finally, multi-

photon absorption of 1.5 eV photons from a Ti:Sa laser (c) [26]. Distinct differences are ob-

served and might be traced back to different dynamical mechanism being at work [26]. Since the 

He2+ ion momentum compensates the sum-momentum of both outgoing electrons it contains 

information about their angular and energy correlation. For single photon absorption one finds a 

clear dipolar pattern that can be explained by the fact that the photon is initially absorbed by one 

of the He electrons, causing a distinct nuclear recoil which is only little disturbed by the subse-

quent electron-electron interaction leading to double ionization. The minimum of the ion mo-

mentum distribution at Pz=0 is also a consequence of the 1Po symmetry of the two electron final 

state. This symmetry prohibits most of the electron angular configurations which lead to zero 

momentum of the ion in polarization direction.  Even though the momentum distribution looks 

quite similar for multi-photon DI in Fig. 3(c), the reasons for this pattern are significantly differ-

ent. Here, the first electron tunnels in the strong optical field, not perturbative due its the low 

frequency, is then driven by the field and occasionally re-collides with the parent ion emitting the 

second electron in an ionizing collision. Since this encounter occurs close to the minimum of the 

time-dependent electric field of the laser, the corresponding drift momentum of the He2+ ion ob-

served in the final state is large, leading to the two maxima. 

The pattern observed for two-photon DI (in Fig. 3(b)) we find an essentially unstructured dis-

tribution peaking at the origin. Since the first and second ionization potentials for He are 24.5 eV 



and 54.4 eV, respectively and, thus,  a minimum energy of 79 eV is needed to doubly ionize the 

He atoms at least 2 photons have to be simultaneously absorbed for photon energies between 

40−54 eV. Sequential ionization is only feasible for photon energies equal or beyond 54 eV and 

we can safely exclude SI at 44 eV. In principle, three-photon DI of He could occur, where the 

first step is sequential and the second one would be direct “above-threshold” two-photon absorp-

tion from the He+ ground state. However, at the present photon energy NSI is theoretically [27] 

predicted to dominate at low intensities I < 1015 W/cm2 which was confirmed experimentally on 

the basis of the He2+ yield depending quadratically on the light intensity at a photon energy of 42 

eV [20] as well at 42.8 eV [21]. Also, the possible enhancement of SI which might occur if the 

second photon exactly hits excited ionic states such as He+(2p) and He+(3p) (40.8 eV and 48.4 

eV relative to He+(1s)) can be excluded at the present photon energy of 44 eV. 

Indicated as a circle in Fig. 3(b) with a radius of 0.81 a.u. is the location of the maximum 

momentum the recoiling ion could acquire when two electrons were ejected into the same direc-

tion with equal momenta, a scenario that was predicted in early calculations. Instead, most of 

them lie well within the circle such that we can conclude that the two electrons preferentially 

emerge into opposite hemispheres with similar energies for two-photon NSDI of He in striking 

contrast to the dynamics of one-photon DI (Fig. 3(a)), where exact back-to-back emission along 

the polarization direction is forbidden by the dipole selection rules [28, 29]. The present recoil-

ion momentum distributions are in qualitative agreement with recent theoretical predictions [17, 

30]. However, we also notice that two shoulders do appear along the polarization (around Px≅ 

±0.5 a.u.) in some of the predictions, not observed in the experiment. This could be due to insuf-

ficient statistical significance of the present measurement such that further investigations are re-

quired. 

Beyond He, experimental [21] and theoretical studies [31, 32] have started to investigate more 

complicated atoms like Ne, again usually reporting total cross sections mostly not allowing one 



to draw definite conclusions concerning the physical mechanisms underlying two-electron ioni-

zation dynamics. The recoil-ion momentum distribution given in Ref. [10] presented the DI of 

Ne at 38 eV for a rather low intensity of 1012 W/cm2   where most of the events again lie well 

within the circle of radius of 1.05 a.u., equivalent to Fig. 3(b). Thus, along the same arguments as 

above, we find the two electrons primarily compensating their momentum, pointing to NSI to 

dominate.   

 

3.2   Fully differential measurements for sequential two-photon DI of Ne at 44 eV 

   At a photon energy of 44 eV, Ne2+ can be created by the sequential absorption of two pho-

tons within one light pulse, illustrated in Fig. 4 by inspecting the respective ionization potentials. 

Here, SI might proceed via one of the intermediate ionic states of Ne+ populated by absorption of 

the first photon by the Ne atom in the ground state. From the ionization potentials one would 

expect that the electron from the first ionization step is centered at an energy of about 22.5 eV. 

The second electron then either emerges with a kinetic energy of about 3 eV, or just very close to 

zero energy, indicating that the Ne2+ ion is left in the 3P state or in the 1D state, respectively. In a 

recent experiment, both electrons with distinguishable energies were detected in coincidence 

with the Ne2+ recoil-ion for the first time.  

  Momentum distributions of Ne2+ ions and of the outgoing electrons are displayed in Figs. 

5(a) and 5(b), respectively. In contrast to recoil ions for non-sequential two-photon DI of Ne at 

38 eV in Ref. [10] and He at 44 eV shown in Fig. 3(b) the emission characteristics of Ne2+ ions 

at 44 eV exhibits significant changes. Here, a dipole-like structure appears instead of an accumu-

lation of most events for NSI at the origin. This provides first and clear kinematical evidence for 

another ionization mechanism, namely SI to dominate. Moreover, the dipole-like pattern parallel 

to the polarization direction indicates positive values for the asymmetry parameter β2 for the 

“first” electron emitted at higher energies and, thus, dominating the ion recoil as indicated by the 



full line. The observed structure is quite broad, which is straight forward to be interpreted as be-

ing due to the momentum of the second electron emitted from the ion thereby just adding its 

momentum to the ion equally likely along all spatial directions, in first approximation. Two fur-

ther broken-line circles in the figure mark the maximum and minimum sum-momentum expected 

by adding or subtracting both electron momenta in one plane.   

     Fig. 5(b) depicts the momentum distribution of coincident electrons, and two circles are 

clearly visible in addition to a peak occurring at the origin. While the outer ring corresponds to 

electrons with kinetic energies of 22.5 eV (the first ionized electron) the inner one is due to the 3 

eV electrons, i.e. of the second electron leaving the remaining Ne2+ ion in the 3P state. In the cen-

ter we find electrons with almost zero kinetic energy, resembling ions being left in the 1D final 

state. Whereas the fastest electrons clearly display a dominant emission along the light polariza-

tion direction in qualitative agreement with the one of the recoiling ion in Fig. 5(a), the second 

electron, however, is found to be more isotropically distributed. This is surprising on first glance, 

since such a behavior would not be expected for photo-ionization of unpolarized Ne+ ions emerg-

ing from any kind of independent ion source. Thus, we find evidence that the two electrons are 

correlated via the intermediately populated and polarized Ne+ state as recently predicted theoreti-

cally [25]. There it was shown that even the angular emission characteristics of the first electron 

depends on the ejection angle of the second such that it “knows” whether or not the second elec-

tron is ionized questioning the simple picture of a “step-wise”, time-sequenced, sequential ioni-

zation and possibly pointing to an angular-entanglement of both electrons. This will be investi-

gated in more detail experimentally in a forthcoming paper [23]. 

 

3.3. Multiple ionization of Ar at hv = 28.2 eV 

Few experiments on VUV multi-photon ionization of Ar have been reported so far. At 98 nm 

Wabnitz et al. [33] studied MI of Ar at FLASH and recently Benis et al. [34] observed two-



photon DI of Ar by a superposition of harmonics. Again at FLASH with 38 eV photons, we have 

studied before MI of Ar [10] observing charge states up to Ar3+ created by the absorption of 3 or 

4 photons, which indicated a mixture between SI (4 photons required) and NSI where only two 

photons are needed.  

In general, since NSI proceeds through intermediate virtual states and SI is approximated as a 

“step-wise” absorption (see e.g. [10]) involving intermediate stationary levels, typically more 

photons are required for SI to reach the same final charge state as for NSI. Moreover, as the ioni-

zation yield should increase with the light intensity as Y = σn⋅In according to perturbation theory, 

where I is the intensity, σn the generalized n-photon cross-section and n the number of involved 

photons, NSI is predicted to dominate at low intensities, whereas the sequential mechanism takes 

over at higher ones [31]. Thus, proceeding to lower intensities we might expect pure non-

sequential ionization to mainly contribute to Ar multiple ionization, which can be proven in cer-

tain cases by measuring the ion yields for various channels as a function of the intensity and, 

thereby, “counting” the number of absorbed photons (see e.g. [10]). 

Along these lines we have investigated MI of Ar at low intensities and photon energy of 28.2 

eV. This implies that for NSI two, three, and six photons are required for the creation of  Ar2+, 

Ar3+, and Ar4+, respectively, whereas two, four, and seven photons are needed for SI (see the in-

set in Fig. 6). The Ar(2-4)+ yields are analyzed as a function of intensities I in Fig. 6. The fits 

nicely describe the ion-yield intensity dependencies with the slopes n = 2.0±0.1, 3.1 ± 0.4, 

5.3±1.0, respectively. This indicates that triple and quadruple ionizations of Ar are now induced 

essentially via NSI, different from our previous results [10] at 38 eV, where NSI as well as SI 

were observed to contribute to Ar3+. As mentioned above, such a behavior might be expected for 

the present pulse intensities [31] being about one order of magnitude lower than in previous 

measurement [10] demonstrating that by carefully selecting photon energies and laser intensities, 

along with a widely background-free detection of the ions allows one to unambiguously identify 



the MI ionization mechanism for special cases.  Note that the present observations are in agree-

ment with the dominant non-sequential DI of Ne found at relative low intensities of ≅1012 W/cm2 

in [10]. Certainly, however, we cannot distinguish SI and NSI for DI of Ar on the basis of ion-

yield dependences alone, since both require the absorption of two photons. Here, differential ex-

periments would be needed as shown before to discriminate between both mechanisms which 

were not feasible, however, in the present measurement since the ion-momentum resolution for 

the heavy Ar ions was not sufficient. 

 

3.4    Few-photon induced multiple ionization of N2 

     We finally proceed to discuss some aspects of MI for an even more complex target, namely 

the N2 molecule. In this paper we can only present first results and provide a qualitative interpre-

tation. A detailed analysis will be subject of a forthcoming dedicated publication [35]. The nitro-

gen molecule was chosen since it has been investigated in utmost detail before, theoretically as 

well as experimentally. A wealth of results has been reported for VUV single-photon interactions 

[36-43], intense laser impact [44, 45] including time-dependent studies [46], and high-resolution 

electron impact coincidence measurements [47]. Recently, MI of N2 induced by few VUV-

photons was studied on the level of total cross sections [48, 49] or providing time-of-flight 

(TOF) spectra of ions [50].  

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

of 44 eV is displayed in Fig. 7. Three Coulomb explosion reactions +++ +→ NNN2
2 , 

+++ +→ NNN 23
2 , and +++ +→ 224

2 NNN  are clearly identified as hyperbolic lines. On the basis 

of intensity dependent coincident N++N+ yields, we judge that those are created by sequential 

absorption of two photons via intermediate ionic states, e.g., via bound N2
+ states or the F- and 

H-bands of N2
+, populated effectively by the first photon [35].  Similarly, as much as five pho-



tons were found to be absorbed for the creation of intermediate N2
3+ ions, even though already 

two would be enough (via NSI) relying on the potential curves given by Bandrauk [51].  

In general we have found, and this is the first important conclusion for MI of molecules, that 

SI dominates at 44 eV photon energies for essentially all multiple ionization, dissociation and 

Coulomb explosion channels investigated. This result might be expected due to the fact, that a 

molecule offers a large number of intermediate stationary or quasi-stationary states such that SI 

“always” finds a suitable intermediate step to further absorb photons making this mechanism 

most effective. This suggests that SI is the dominant process at other VUV wavelengths as well. 

In our specific case it is completely unclear, however, why for certain channels the number of 

photons significantly exceeds the minimum number required. Thus, the creation of the N2
3+ in-

termediate state by five photons means an excess of three photons as compared to the NSI and 

still of two relative to the lowest-energetic SI channel. Due to the absence of photoelectron spec-

tra this question can not be clarified in the present experiment. 

In order to further elucidate MI dynamics in intense VUV-fields we present two-dimensional 

fragment ion momentum distributions for two Coulomb explosion channels, N+ + N+ and N+ + 

N2+, in Fig. 8 (a) and (b). Due to the quite short dissociation times of most of the intermediate 

and final states involved for these two channels, typically below 100 fs (with the exception of 

some meta-stable levels) as compared to the typical rotation period of ~10 ps, the direction of 

motion for the ionic fragments directly reflects the spatial alignment of the parent molecular ions 

at the instant of photoionization (axial recoil approximation [52]). Therefore, measuring three-

dimensional fragment ion momentum distributions (FIMD) allows one to investigate in detail the 

dynamics of photo absorption, the potentially preferred absorption of molecules aligned along a 

certain direction with respect to the photon polarization axes and, thus, the alignment of molecu-

lar ions produced via photo absorption from a randomly oriented ensemble of molecules.   



One first clearly observes in Fig. 8(a) for (N+ + N+)-explosion, that different channels, identi-

fied by their kinetic energy releases (KER, circles with certain radii in the two-dimensional mo-

mentum plot) show vastly different angular distributions. Thus, A1Πu  and d3Πg states, the inner 

circle with small KERs (not separated due to the integration of a large interval along Pz), frag-

ment perpendicular to the polarization direction ε̂  whereas the D1Σu states tend to emerge along 

ε̂  (note that part of the final-state fragment phase space along the polarization direction cannot 

be fully recorded due to the detector dead-time for fragments with the same charge-to-mass ratio 

exhibiting identical TOFs in this configuration). Since two photons have been absorbed in this 

channel along with the fact that the molecule cannot rotate within the ~25 fs FEL pulse this leads 

directly to the conclusion that different final (N+ + N+) states are dominantly populated through 

different N2
+ intermediate states, with different alignment and polarization properties created by 

the absorption of one photon in the first step.  

This is further elucidated by inspecting the (N2+ + N+) channel in Fig. 8(b) where the full final 

phase-space is accessible due to the different charge-to-mass ratio of the two fragments. Here, 

one finds predominant emission perpendicular to ε̂   which immediately rules out e.g. the N2
2+ 

(D1Σu
+)−>N++N+ state as intermediate sequential step along the arguments given above.  

In summary, similarly as discussed in the case of sequential ionization of Ne, we most effec-

tively produce in situ and “just in time” on a ~30 fs time scale a polarized, aligned and dense 

molecular ion target that then is investigated via photo absorption in one of the subsequent  steps 

of SI. We would like to emphasize, that the intermediate molecular ion state can be fully identi-

fied by choosing the photon energy or measuring the emerging photo-electron energies (and 

emission angles) which is straight forward in the future exploiting the full capabilities of the 

REMI.  This would not only open the door to completely trace SI pathways, only partially dem-

onstrated in the present pioneering work but, moreover, allow us to investigate highly excited 

states of molecules and, practically inaccessible up to now, for molecular ions. 



4. Conclusions 

  Multiple ionization of atoms (He, Ne, and Ar) and of the N2 molecule, induced by the absorp-

tion of few VUV photons from the FLASH has been studied on various levels of sophistication 

using a dedicated reaction microscope. Starting by simply inspecting the intensity dependent ion 

yields for Ar3+ and Ar4+ production by 28.2 eV photons the dominance of non-sequential ioniza-

tion at low intensities with up to six photons being absorbed was unambiguously revealed. Pro-

ceeding to differential cross sections, recoil-ion momentum distributions for He2+ and Ne2+ were 

investigated for non-sequential absorption of two photons. It was found that most of the events 

exhibited small momenta, with the distribution peaked at zero, pointing to the dominance of 

back-to-back emission of the two electrons preferentially sharing comparable excess energies. In 

a further step we confirmed SI leading to a dipole-like structure in the Ne2+ recoil-ion momentum 

distributions for DI of Ne at 44 eV. Here we have performed a fully differential experiment, de-

tecting the ion and two electrons in coincidence, thus finding evidence for angular correlation 

between the two electrons that are correlated or possibly even entangled through the polarized 

intermediate state, indicating, as a result, that SI might be not as simple as expected. Finally, dif-

ferential studies for MI of the N2 molecule demonstrate the effectiveness of sequential ionization 

due to the rich structure of excited and ionic molecular states involved. Coincident momentum 

distributions for the N++N+ and N++N2+ Coulomb explosion channels allowed to draw some first 

conclusions about SI pathways.  

The present results provide first information on the dynamics of MI induced by VUV-photons, 

stimulating the development of advanced theoretical methods and start to shed light on the non-

linear interaction of light with matter in this new wavelength regime. In a recent beam-time in 

December 2008, we were able to successfully commission a split-mirror delay stage and recorded 

first time-dependent data for dissociating N2
n+ molecules, pointing to the rich future potential of 

the field, especially as the investigation of highly excited molecular states is concerned.  
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Figure captions: 

 

Fig. 1: Schematic of a reaction microscope. 

 

      Fig. 2: Time-of-flight mass spectra of Ar(1-4)+ ions at I =2⋅1011–4⋅1012 W/cm2. 

 

FIG. 3: Density plot of recoil-ion momentum distributions for He2+ ions created via one-

photon absorption at 99 eV (a) (taken from [26]), two-photon absorption at 44 eV (b), and many-

photon absorption at 1.5 eV from a Ti:Sa laser (c) (taken from [26]). The solid curve in (b) indi-

cates the positions of maximum momenta for the case, in which two electrons are ejected into the 

same direction after the simultaneous absorption of two photons. The polarization of the light, 

the propagation of the light, and time-of-flight direction of fragments are marked as x, y, and z 

directions, respectively. The events in the y-direction are integrated in this plot. 

 

Fig. 4: Schematic for relevant energy levels of Ne, Ne+ and Ne2+. Vertical two lines marked 

with 1 and 2 represent possible transition processes induced by absorption of the first and second 

photon, respectively.  

 

Fig. 5: Momentum distributions of Ne2+ recoil-ions (a) and of two electrons in coincidence 

(b), which are created at a photon energy of 44 eV leading to SI ionization.  Directions are the 

same as Fig. 3. 

 

Fig. 6: Ion yield of Ar(1-4)+ and H2
+ as a function of the light intensities I in a double loga-

rithmic representation. An energy scheme relevant for multiple ionization of Ar is plotted in the 



inset. The number of arrows indicates the photon numbers absorbed from the initial state to the 

respective ionic states. The numbers in parenthesis are the first four ionization potentials of Ar.  

Solid symbols and solid lines denote the present measurements and fits (logY = n·logI + logσn), 

respectively.  

 

Fig. 7: PIPICO-TOF spectra. The time-of-flight of one ion is plotted versus the time-of-flight 

of the second.   

 

 

Fig. 8: FIMD density plots for fragmentation channels +++ +→ NNN2
2 (a) and 

+++ +→ NNN 23
2 (b). The two circles in (a) indicate dissociating A1Πu  and d3Πg states (the inner 

circle) and the D1Σu state (the outer circle). Dotted lines in (b) mark inaccessible areas due to the 

limited angular acceptance of the ion detector. The events plotted in both (a) and (b) are inte-

grated for |Pz|<30 a.u.. 
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