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Abstract
Heliumnanodroplets irradiated by intense near-infrared laser pulses ignite and formhighly ionized
nanoplasmas even at laser intensities where helium is not directly ionized by the optical field, provided
the droplets contain a fewdopant atoms.We present a combined theoretical and experimental study
of theHe nanoplasma ignition dynamics for various dopant species.We find that the efficiency of
dopants to ignite a nanoplasma in heliumdroplets strongly varies andmostly depends on (i) the
number of free electrons each dopant donates upon ionization, (ii) the pick-up process, and (iii) the
hitherto unexplored effect of the dopant location in or on the droplet.

1. Introduction

Plasmas formed in nanoscalematter by the interactionwith intense light pulses ranging fromnear-infrared
(NIR) up to hard x-rays are a focus of current research. These studies aremotivated by a large number of
potential applications including the generation of energetic electrons and ions [1, 2] as well as intense XUV and
attosecond pulses [3]. Besides, in single-shot x-ray imaging experiments of largemolecules [4] and clusters [5],
the creation of an expanding nanoplasma generally causes severe limitations to the achievable resolution of the
initial structure. Controlling the nanoplasma dynamics for the purpose of exploiting its exceptional properties
or formitigating its detrimental effects requires in both cases a profound understanding of the dynamics of the
ionization and time evolution of such nanoscale atomic andmolecular systems in intense lightfields.

In theNIR excitation regime, the remarkable properties of nanoplasmas have been rationalized by a
resonant interaction between the external lightfield and the dipolar oscillations in the collective electronmotion
driven by this field [1, 2]. The resulting efficient light absorption induces avalanche-like charging and heating of
the nanoplasma followed by hydrodynamic expansion andCoulomb explosion.

Atomic-scale design of nanoscopic targets provides an attractive route to controlling the ionization
processes herein. Note that even randomplacement of water or carbon disulfidemolecules as dopants into
argon host clusters has resulted in significant enhancement of photon or electron emission [6, 7]. Novel resonant
dynamics driven by ultrashortNIR laser pulses have been uncovered for superfluid helium (He)nanodroplets
dopedwith a few xenon (Xe) atoms forming a dopant cluster in the droplet interior [8–17]. These reports have
triggered a search for the optimal conditions for doping in such clusters.

DopedHe nanodroplets are attractive candidates for probing the effects of dopants properties on the
ionization dynamics. Due to its high ionization energy of 24.6 eV, the highest among all elements, He shows a
high inertness toNIR radiation, requiring a threshold laser intensity of ´1.5 1015 Wcm−2 for classical barrier
suppression ionization (BSI). He droplets are therefore expected to show the largest effect upon dopingwith
elements with lower ionization energies; for instance potassium (K), calcium (Ca) andXewith theirfirst
ionization energies of 4.3, 6.1 and 12.1 eV, corresponding to a BSI threshold of ´1.4 1012, ´5.5 1012 and

´8.5 1013 Wcm−2, respectively.
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Furthermore, He droplets offer the opportunity to vary the location of dopant atomswith high selectivity by
appropriately choosing the atomic species, which is not possible for clusters of the heavier rare gases due to their
solid structures [18, 19].Whilemost dopants such as rare gases submerge into the droplet interior, alkalimetal
atoms and small clusters reside in dimple-like states at the droplet surface [20–22]. Alkaline Earthmetals
represent an intermediate case in that they generally localize within the surface layer [19, 23].

In this paperwe explore both in experiment and atomisticmolecular dynamics (MD) simulations the
capability ofmono-elemental clusters of K, Ca andXe dopants to trigger avalanche-like ionization of theHe host
droplets byNIR laser pulses far below the intensity regime atwhich pristineHe droplets formnanoplasmas. The
triggering of avalanche-like ionizationwe refer to as ignition. The goal of the simulations is to interpret the
experimental observation that for different dopant species the ignition capability conspicuously varies as a
function of the dopants physico-chemical properties. By choosing Xe, residing in the droplet interior, Ca in the
surface layer, andKon the surface, we elucidate the effects of the dopant location, the dopant electronic
properties and the dopant–He interatomic distance onHe droplet ignition.

2. Experiment

The experimental setup is composed of an amplified fs laser system for generating intenseNIR laser pulses and a
molecular beam apparatus for generating dopedHe nanodroplets. The latter has been described in detail
elsewhere [15, 24]. In short, a beamofHenanodroplets is generated by continuously expanding pressurizedHe
( =p 500 bar) of high purity (He 6.0) out of a cold nozzle ( =T 180 K)with a diameter of 5μminto vacuum. At
these expansion conditions, themean droplet size is á ñ »N 5000 He atoms per droplet [18, 22]. TheHe droplets
are dopedwith rare gas andmetal atoms by passing through a scattering cell which contains atomic vaporwith
adjustable pressure.When increasing the doping pressure of either rare gas ormetal vapor theHe droplets pick
up few atomswhich aggregate to form clusters inside (rare gases) or at the droplet surface (alkali, alkaline Earth
metals) [25]. At higher vapor pressures, theHe droplets undergomassive scattering and shrinkage due to
evaporation induced by the transfer of transversemomentum and the deposition of kinetic and binding energy
(dopant–dopant and dopant–He). This leads to a general decrease in all droplet-correlated signals. The average
number of dopants attached to the he droplets is inferred from themeasured dopant partial pressure using
detailed simulations of the pick-up process [26].

In the detector chamber, the dopedHe droplet beam crosses the focused laser beam at right angles in the
center of a standard time-of-flight ionmass spectrometer. The laser pulses (central wave length l = 800 nm,
pulse length =t 220FWHM fs) are generated by chirped pulse amplification (Legend, Coherent Inc.) at a
repetition rate of 5 kHz. The pulses are focused by a lens (focal length f=75 mm) placed inside the detector
chamber to reach amaximumpeak intensity = ´ -I 5 10 W cm15 2 in the focal volume.

3. Theory

TheMD simulationmethod for the interaction of a cluster with the electric andmagnetic field of a linearly
polarizedNIRGaussian laser pulsewas described previously [27–29]. All atoms and nanoplasma electrons are
treated classically, startingwith a cluster of neutral atoms. Electrons enter theMD simulation, when the criterion
for tunnel ionization (TI), classical BSI or electron impact ionization (EII) ismet. This is checked at each atom at
everyMD time step, using the local electric field at the atoms as the sumof the external laser electric field and the
contributions from all other ions and electrons of the cluster. Instantaneous TI probabilities are calculated by the
Ammosov–Delone–Krainov formula [30], EII cross sections by the Lotz formula [31] taking the ionization
energywith respect to the atomicCoulomb barrier in the cluster [32]. The effect of chemical bonding on the
valence shell ionization energies of K andCa dopants is disregarded.

Coulomb potentials between ions, smoothedCoulombpotentials for ion–electron and electron–electron
interactions are used. Interactions involving neutral atoms are disregarded except for a Pauli repulsive potential
between electrons and neutralHe atoms. The Pauli repulsive potential is expressed as a sumof pairwise fourth-
orderGaussian functions centered at every neutral He atom, s= -( ) ( )V r V rexp 4ij ij0

4 4 , with rij being the
He–electron distance, =V 1.1 eV0 [33], and the exponent s = 1.2 Åis chosen such that the effective range of

( )V rij is about half of the averageHe-He distance (3.6Å) in the neutralHe droplet. The binding potentials of
+He2 and of other +Hen complexes are not implemented, so that theMD simulations cannot account for the +He2

formation explicitly; we can only estimate an upper bound of the +He2 abundance from the remaining
ground-state neutralHe atoms andHe+ ions at the end of each trajectory. Neutral He atoms andHe+ ionswhich
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are formed by three-body electron–ion recombination are Rydberg state atoms and are therefore excluded from
the estimate of the +He2 production. Electron–ion pairs which are foundwithin a cutoff distance of 2Åat the
end of each trajectory (temporal length 0.7–1.8 ps) are taken to be recombined and the ion charge state
abundances are corrected accordingly.

He ion and dopant ion signals are laser-intensity averaged over the three-dimensional focus volume [34] in
the range ´ - ´8 10 5 1012 15 Wcm−2. Due to the high sensitivity of the droplet evolution to initial
conditions, the results are averaged over sets of 5–100 trajectories per doped droplet and laser intensity.
Moreover, surface-doped droplets (K andCa) are averaged over their parallel and perpendicular orientations of
the dopant–droplet axis with respect to the laser polarization axis unlessmentioned explicitly. The temporal
width of theGaussian pulse intensity envelope is =t 200FWHM fs, slightly lower than in the experiment (220 fs).

For theHe droplets we assume a fcc structure with an interatomic distance of 3.6Å [35]. The dopant clusters
are assembled according to the principle of densest packing of tetrahedra and to form, as far as possible, spherical
shapes.We use the following interatomic distances: K–K4.56Å(taken as the average interatomic distance in a
K20 cluster) [36], Ca–Ca 3.9Å(average value for Ca clusters) [37], Xe–Xe 4.33Å(bulk), He–Xe 4.15Å [38],
He–K7.13Å [39], He–Ca 5.9Å(HeCa diatomic complex) [40]. In case of surface dopingwe assume a dimple
depth of 7Å(inferred fromdensity functional calculations of a single Ca atomon the surface of aHe droplet)
[23]. According toAncilotto et al [21], a single K atom is located in a dimple of depth 2.3Å. Since such a shallow
dimple cannot be implemented in a fcc lattice of discreteHe atoms, we neglect the dimple for K dopants.

Figure 1 visualizes the starting configurations of ourMD simulations (left column) aswell as the ignition of
the dopedHe droplets induced by the interactionwith a laser pulse of peak intensity = -I 10 W cm14 2 (right
column). The dopant–He complexes contain 2171He atoms (cluster radius 26.1Å) and the indicated number of
dopant atoms. In the snapshots of the clusters at the indicated interaction timeswith respect to themaximumof
the laser pulse (right column) the neutralHe atoms are represented by blue spheres, dopant atoms are orange,
ions are red and electrons are small white dots. These snapshots are chosen to illustrate the onset of nanoplasma
formation shortly after dopant-induced ignition of theHe droplet.

Figure 1.Cross sectional views of the dopedHe droplets before (left column) and shortly after droplet ignition 60−74 fs before the
maximumof the laser pulse (right column). The blue, orange, purple andwhite bullets depict neutral He atoms, dopant atoms, ions,
and electrons, respectively.
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4. Results and discussion

4.1. Simulated ionization dynamics
To outline themicroscopic processes evolving in the course of droplet ionization, figure 2 depictsMD
simulation results for the time evolution of several characteristic quantities for selected dopant species. Shown
are the intensity envelope of the laser pulse in panel (a) and, averaged over trajectory bundles, the charge per
dopant atom (b) and perHe atom (c), and the probability of igniting aHe nanoplasma (d), forHe2171 droplets
dopedwithK8 andK16 (both on the surface), Ca8 (in a dimple on the surface) aswell as Xe8 (in the center). The
pulse peak intensity is =I 1014 Wcm−2.

Ionization of the doped droplets starts with TI or BSI of the dopant (figure 2(b)) in the rising edge of the laser
pulse. After a time delaywhichwe call ‘incubation time’, ignition of theHe droplet induced by EII occurs,
manifested by the rise of the averageHe charge (figure 2(c)). The role of the dopant is to provide the seed
electrons and to assist EII by lowering of theCoulombbarrier atHe by the field of the dopant cations. EII is also
by far the dominating ionization channel (typically> 95%) in the subsequent rapid charging up in the avalanche
ionization [1, 2].

In case of K dopants, a single ionization per K atomoccurs early in the pulse at » -t 250 fs. ForK16, the
incubation time is 100–150 fs until the averageHe charge begins to rise. During the incubation time, EII ofHe
competes with a partial drain (outer ionization [41]) of the seed electrons. This competition is not always in favor
of EII. It turns out that, depending on slight variations of the trajectories’ initial conditions but for the same pulse
parameters, eitherHe ionization does not take place at all, ceases after a fewHe atoms, or ignition occurs. The
sensitivity to the initial conditions is high for those dopant sizes and pulse parameters for which the occurrence
of ignition is on the knife’s edge.Which factors contribute to the ignition and determine the incubation time, is
subject of a detailedmechanistic study andwill be published in a subsequent paper.We define an averageHe
charge of 0.1 as an empirical criterion for the detection of ignition. The exact choice of the threshold value is
uncritical in view of the rapid charging process in theHe droplet. In those trajectories with ignition, the average
charge perHe atom jumps to almost 2within 50–70 fs, and the trajectory set-averagedHe charge jumps to 1.0
(figure 2(c))with an ignition probability of 0.52. The ignition probabilities, derived as fractions of the number of
trajectories with ignition, are shown in (figure 2(d)). The long-time ignition probabilities for K8, Ca8 andXe8
doped droplets are 0.01, 0.30 and 1, respectively.With an ignition probability of 1, the Xe8 cluster has the highest
ignition efficiency as compared to theK andCa dopants of the same size. ForXe8, the initial seed ionization
beginsmuch closer to the laser pulse peak ( » -t 100 fs) than for K andCa dopants.

TheK8 andK16 examples reveal a dopant cluster size effect: the ignition probability increases with the
number of dopant atoms as a larger dopant cluster providesmore seed electrons and a stronger electric field
created by the sumof dopant ion charges, thereby assisting EII by reducing theCoulombbarrier at the adjacent

Figure 2. Simulated ionization dynamics of aHe2171 droplet dopedwith Xe8, K8, K16 andCa8 clusters for thefixed pulse peak intensity
=I 1014 W cm−2. (a)Temporal profile of theGaussian pulse intensity envelope; (b) average charge per atomof dopants and (c) ofHe

atoms; (d) ignition probabilities.
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He atoms.Moreover, the dopant cluster size effect is nonlinear: while for K8 the average charge per K atom
remains 1 during the incubation time (figure 2(b)), for K16 it rises gradually,making via EII also up to two inner
shell electrons available for seed ionizations. Ca8 contributes by its two valence electrons per atom.

The outer ionization level in case of ignition can be derived fromfigure 2(c) as the difference of the average
He charge qav (solid line for Xe8 and dashed lines for theK16 andCa8 doped droplets) and the nanoplasma
electron population np per atom (dotted lines, obtained from the nanoplasma electronswithin six droplet radii
from the droplet center ofmass). In all the three cases, the outer ionization amounts to about 0.5 elementary
charges per atom. For the pulse parameters infigure 2 ( =I 1014 Wcm−2, =t 200FWHM fs), ion–electron
recombination and +He2 formation does not occur; recombination becomes important for

´I 2 1013 Wcm−2 and +He2 formation for I 1013 Wcm−2.
Atfirst sight it is a surprising result that both the dopant and theHe host atoms charge up to the highest

charge states when dopingwithXe8 ( =( )q Xe 9.7av and =( )q He 2av ) in contrast to dopingwith theK16 cluster
( =( )q K 3.2av and =( )q He 1av ), in spite of the higher first ionization energy of Xe (12.1 eV) than of K (4.3 eV).
For theK16 andCa8 dopants, the average dopant charge state is considerably enhanced in case of nanoplasma
formation. This becomes apparent infigure 2(b)when comparing the dopant charges averaged only over
trajectories with ignition (dashed lines)with the corresponding values averaged over the entire trajectory set
(closed lines); in these examples the difference is about two elementary charges.We observed the enhanced
dopant charging in all ourMD simulations, whenever the ionization of theHe host cluster was nearly complete
(averageHe charge close to 2), which for the pulse parameters of this example ( =I 1014 Wcm−2,

=t 200FWHM fs) is almost always the case when ignition occurs. The enhanced dopant charging is
comprehensible, since EII as the almost exclusive ionization channel critically depends on the laser-driven
nanoplasma electron cloud.With an ignition probability of 1, the effect cannot be displayed for Xe8 in
figure 2(b). An enhanced charging of Xe in dopedHe droplets inMD simulations has also been reported by Peltz
et al [10].

4.2. Comparison theory-experiment
The efficiency of igniting aHe nanoplasma ismanifested by the appearance ofHe ion signals. Figure 3 shows the
experimental yield ofHe+, He2+, and +He2 ions recorded as a function of the vapor pressure of dopants. The
latter is adjusted by controlling the temperature of the heated crucible in the case of K andCa and by leakingXe
into the doping chamber using a dosing valve. The conspicuous result is that by far the highestHe ion yields are
obtainedwhen dopingwith Xe, whereas dopingwithCa andKprovides lowerHe ion yields by about one and
two orders ofmagnitude, respectively.When increasing the doping pressure starting from zero, theHe ion yields
first rise due to enhanced efficiency of the dopant-induced ignition process. The diminishing of ion yields for
high doping pressures is a consequence ofmassive droplet beamdepletion due to the release of binding energy
when dopant atoms aggregate into clusters inside the droplets as well as scattering of the droplets away from the
beamaxis, asmentioned in section 2. Effectively both number density and size of theHe droplets in the laser
interaction region are thus reduced.

In an attempt to directly compare the experimental results with theMD simulation, the experimental data of
figure 3 are represented on different x and y scales infigures 4(a)–(c). The rescaling of dopant pressure to the
number of dopant atoms relies on the detailed simulation of the doping process [26]. Themeasured yields of
He+ andHe2+ ions as a function of the number of dopant atoms picked up on average by one droplet attains the
highest values for Xe at about 13 dopant atoms. In contrast, the highestHe+ signal observed for K-doping stays
below that for Xe-doping by factor ´ -6 10 3.When dopingwithCa atoms, theHe+ ion yield comes close to the
one obtained for Xe-doping at low doping numbers ( n 6Xe ), but continuously falls off as the doping level is

Figure 3.Experimental He ion yields as a function of the vapor pressure of K, Ca, andXe dopantsmultiplied by the length of the
doping region (1 cmvapor cell for K, Ca, 35 cm vacuumchamber for Xe).
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increased. This diminishing of ion yields is primarily a consequence ofmassive droplet beamdepletion by the
large binding energy releasedwhenCa clusters aggregate inside the droplets. Accordingly, the yield ofHe2+ ions
sharply drops upon doping only a few ( = -n 2 3Ca )Ca atoms. The significant fraction of +He2 observed for

= -n 3 6Ca points at incomplete cluster ionizationwhich is followed by dimer formation out ofHe+

surrounded by neutralHe atoms.
A completeMD simulation of the ion signals requires (i) averaging over all intensities in the focal volume

which contribute to theHe ion signal, (ii) averaging over the size distribution of doped droplets, (iii) averaging
over the dopant size distribution, and, for surface dopant states, (iv) averaging over the orientations of the
dopant–droplet axis relative to the laser polarization. For the simulatedHe ion signals, figures 4(d)–(f), we have
carried out only points (i) and (iv). Therefore, we cannot expect quantitative agreement between experiment and
theory. As a consequence of themissing dopant size averaging, the abscissa of figures 4(d)–(f) represents a fixed
number n of dopant atoms, whereas each value of the abscissa of the experimental signals,figures 4(a)–(c), is the
average number of dopant atoms in a distribution.

The simulated results qualitatively reproduce the experimentalHe ion yields for the dopant sequence
Xe>Ca>K in the regime ofweak dopingwhere the detrimental effects of droplet evaporation are nearly
negligible. By far the largestHe ion yields are obtained for Xe doping, in agreement with the experiment.
However, the difference betweenHe signal intensities for Ca andKdoping seen in the experiment is not well
captured by the simulation. For Ca andKdoping, the small simulated signal intensities stem from intensities

´I 5 1014 Wcm−2 for which theHe droplet ignites by itself because of TI ofHe.Only for n 4 for Ca and
n 5 for K, a slight signal increase occurs when the dopants are able to induce ignition at the next lower

intensity, = ´I 2 1014 Wcm−2, at which the focal volume is sampled. Themuch larger experimental signal
intensity differences are likely caused by the admixture of signal intensities of larger dopants in the dopant size
distribution, and is therefore not expected to be reproduced by the simulations. This tentative conclusion is
supported by the observed increase of the simulated signals when increasing the dopant size. As the simulations
show (figure 5), the intensity increase sets in at a smaller number of Ca thanK atoms; signals of Ca-doped
droplets are therefore expected to benefitmore from contributions of droplets with larger dopant clusters. A
further reason for the less pronounced gradation of ignition signals for K versus Ca dopingmight be the
uncertainty of the dimple depth of Ca dopants.With an unknown dimple depth for Can for >n 1, in a
conservative approachwe chose the dimple depth of 7Åof a single Ca atom [23] irrespective of the dopant
cluster size. ComparativeMD simulations for interior doping sites have shown that small Can dopants ( n 6)
induce ignition at lower intensities than Kn clusters when brought into the droplet interior (seefigure 6 and the

Figure 4. (a)–(c)Experimental and (d)–(f) simulated yields ofHe ions generated byHe nanoplasma ignition induced bymultiple
dopants of the species K, Ca, andXe. The simulatedHe ion counts in proportion to the total number ofHe atoms are averaged over the
focus volume of the laser beam. In case of surface dopingwithK andCa, the signals are also averaged over the parallel and
perpendicular orientations of the dopant–droplet axis relative to the laser polarization.
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discussion in section 4.3). For example, Ca2 in an interior doping state induces ignition already at
= ´I 2 1014 Wcm−2, unlike K2.
Likewise, the decrease of the experimental signal for larger dopant clusters because of evaporation ofHe

from the droplets cannot be accounted for in theMD simulation. The order of theHe+ andHe2+ signal
intensities compared to the experimental signal is reversedwhichwe partly attribute to the contribution of
smaller droplets in the broadHe droplet size distribution. Simulations for the smallerHe459 doped droplets
(droplet radius 15.8Å) as a sample of the droplet size distribution subjected to evaporation indeed show that the
He ion abundance considerably shifts towards singly chargedHe+, as shown infigures 5(d) and (e). An
additional reasonmight be the disregard of interactions betweenHe aswell as dopant cations with neutralHe in
theMD simulations. The presence of neutralHe atoms in partially ionized dropletsmay cause a reduction of the
high charge states of bothHe aswell as dopant cations by electron transfer. Besides, due to the formation of +Hen

complexes vibrational energy is deposited in the droplets andmight influence the dynamics of droplet
ionization. In this context we note that our current simulations underestimate the +He2 yield. The role of ion-
neutral interactions and of the formation of +Hen complexes are the subject of forthcoming simulations.

Figure 5. Simulated yields ofHe ions as a function of the dopant species for two different sizes of theHe droplets, He2171 (left column)
andHe459 (right column). The data are averaged over the intensity distribution of the laser focus volume and over orientations of the K
andCa-doped droplets with respect to the laser polarization.

Figure 6. Simulatedminimumnumbers of K, Ca orXe dopant atoms needed for ignition of aHe2171 droplet as a function of the
(non-focally averaged) pulse peak intensity. Results are given for interior and surface doping, the latter for the parallel and
perpendicular orientation of the cluster with respect to the laser polarization.
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4.3.Optimizing dopant-induced ignition ofHe droplets
SinceMD simulations are not limited by droplet beamdepletion, we can study the hypothetical situation of
attaching larger (>10)KandCa dopant clusters to theHe droplets. For these larger dopant clusters wefind
strongly enhancedHe ion yields even for dopingwithCa andK, see figure 5. The larger number of dopant atoms
supply enough seed ionizations forHe ignition at low laser intensities whichmake up the largest part of the laser
focus volume.Note that, as a consequence of focal averaging, for dopingwith11Ca or19 K atomswhich
make the low intensities in the periphery of the focus volume available for ignition, the yield of theHe ions even
exceeds themaximumyield reached for Xe doping. The largest considered dopants K30 andCa23 induce partial
ignition already below ´8 1012 Wcm−2. The contribution of these very low intensities is on the order of 10%
and is neglected here. Since TI of Xe requires ´I 5 1013 Wcm−2, lower intensities remain unaccessible even
for larger Xe dopants.

The systems considered in this work are dissimilar in various respects, given by the experimental boundary
conditions: ionization energies and locations inside or at the droplet surface are different. In the experiment,
droplet beamdepletion upon cluster aggregation is a further dopant-specific limitation.What are the crucial
factors for the observed conspicuous species-dependence of dopedHe nanodroplet ignition? In the followingwe
systematically study the ignition efficiency of dopants in terms of their specific properties.

Figure 6 depicts the simulatedminimumnumber nign of dopant atoms at which the ignition probability
exceeds 10%. The variation of nign is shown as a function of the intensity I, for interior and surface dopant states.
The latter ones are distinguished by parallel and perpendicular orientation of the dopant–droplet complexwith
respect to the linear laser polarization. The data clearly show threemain trends in dopant-induced ignition:

(i)A lower intensity can be compensated to a large extent by larger dopant clusters. This is due to the larger
number of seed electrons available for EII and by the higher sumof ion charges which assist EII by reducing the
Coulombbarrier atHe. In addition, for a given species the number of seed ionizations per dopant atom increases
with the number of dopant atoms, as shown for theK8 andK16 dopants (see figure 2).

(ii)Dopants which are easilymultiply ionized (Xe, Ca) are considerably favored, for the same reasons as
in (i).

(iii)Dopants residing in the droplet interior ignite the neighboringHe atomsmore efficiently, as the cloud of
seed electrons quivering in the driving laser field has better contact with theHe host droplet. For all three
dopants, a significantly larger number of dopants is needed for ignition of surface-bound dopant clusters at any
laser intensity, where the parallel orientation ismore favorable than the perpendicular one. Surface doping in
parallel orientation typically requires 1–3 dopant atomsmore to reach the same ignition efficiency as interior
doping; the same gradation is found for surface doping between parallel and perpendicular orientation.

Another parameter whichmay severely impact the ignition efficiency of dopants attached toHe droplets is
the dopant–He interatomic distance as it affects the dopant–droplet contact strength aswell. It is quite distinct
for the three species under study and carries someuncertaintymainly due to unknown cluster size effects.
Figure 7 displays the dependence of theHe ignition probability on the dopant–Hedistance at the interface
between the dopant cluster and theHe hostmatrix for the dopant samples offigure 2.

Shown are the ignition probabilities in the interatomic distance range between theHe–Xe (4.15Å) and the
He–Kdistance (7.13Å) for interior as well as for surface doping in parallel and perpendicular orientation of the
dopant–droplet axis relative to the laser polarization.While the general trend is, as expected, the decrease of the
ignition probability with increasingHe–dopant separation, Xe8 in its interior doping state is so efficient that its

Figure 7.Dependence of the probability of igniting aHe nanoplasma in aHe droplet dopedwith various dopants as a function of the
interatomic distance between dopant andHe atoms. The peak laser intensity is I=1014 W cm−2 and theHe droplet size is 2171He
atoms.
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ignition probability remains 1 in the entire considered distance range. In contrast, K8 does not reach the ignition
probability of Xe8, evenwhen it is brought to the droplet interior at the shorterHe–Xe distance, confirming that
geometrical effects alone cannot account for the larger ignition capability of Xe. In ourMD simulationswe
observed that at =I 1014 Wcm−2 Xe8 is able to contribute up to three seed electrons per atombyTI, BSI and EII
within the incubation time of a few fs, in contrast to only one seed electron per atom in theK8 case (figure 2(b)).
This can be rationalized by the relatively low second and third ionization energies of Xe of 21.0 and 32.1 eV,
respectively, compared to 31.6 and 45.7 eV for K, respectively. A further reason for the low ignition probability
of K8 is its long incubation time. Delaying the seed ionization of K8 artificially until = -t 100 fs (the instant
whenTI sets in for Xe), the detrimental effect of outer ionization of the seed electrons is reduced and the ignition
probability increases from0.01 to 0.6.

5. Conclusions

Our investigations, theoretical and experimental, elucidate the efficiency of smallmonoelemental (K,Ca, Xe)
dopant clusters to ignite the nanoplasma formation ofHe nanodroplets exposed to intenseNIR laser pulses. The
conspicuous result is that Xe dopants induce by far higher yields and charge states ofHe ions as compared toCa
andK. SystematicMD simulations reveal that the dopants’ efficiency in triggering ignition ofHe droplets at
moderate laser intensities is predominantly determined by the ability of the dopant cluster to provide seed
electrons. In particular, wefind that the key to efficient dopant-induced ignition is the ease ofmultiple, not just
single, ionization of dopant atoms (Xe). Surprisingly, low-lying first ionization energies of dopants (K,Ca)which
maximize the useful interaction volume in the experiment are actually detrimental to ignition since long
incubation times between ionization of dopants andHe favor outer ionization of the seed electrons.

Additional important factors we identify are the doping site—inside or at theHe droplet surface—and the
He–dopant interatomic distance, both of which determine the contact strength of the laser-driven quivering
electron cloudwith theHe droplet. As an experimental constraint, the release of dopants’ heat of cluster
formation induces partial evaporation of both dopants andHe atoms off the droplets. Accordingly, among the
considered dopant clusters, Xe has the highest ignition efficiency due to its unifying of the advantages of
providing up to three seed ionizations per atom, occupying interior doping sites inside theHe droplets, and
releasing the lowest heat of dopant cluster formation.However, the first ionization energy imposes the
limitation that seed ionization sets in only at ´I 5 1013 Wcm−2. In principle, if droplet evaporation by
dopant cluster formation did not play any role, He nanoplasma ignition could be brought down to laser
intensities ´I 8 1012 Wcm−3 by addingmore atomswith low ionization energies (K,Ca). The possibility of
optimizing the physico-chemical properties of dopant clusters bymixing various species inside the sameHe
droplet, in particular to realize low threshold intensities with a few dopant atoms, will be studied in a
forthcomingwork.
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