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Abstract 

Ultrafast dynamics in helium nanodroplets probed by XUV spectroscopy and x-ray imaging 

by 

Camila Bacellar C Silveira  

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Daniel M. Neumark, Chair 
 
 

Helium nanodroplets are the smallest known objects exhibiting superfluidity, and they 
provide a unique cryogenic matrix for high-resolution spectroscopy and ultracold chemistry 
applications. The relatively simple electronic structure of helium atoms and the homogeneity of 
the quantum fluid clusters make them excellent model systems for the study of electronic 
structures and dynamics in complex systems and the emergence of collective phenomena. 
Coupled electronic-nuclear dynamics in laser-excited helium nanodroplets are studied in the 
time-domain in two distinctly different excitation regimes following either single XUV-photon 
excitation or strong-field ionization by a near-infrared (NIR) laser pulse. Femtosecond time-
resolved XUV photoelectron spectroscopy and femtosecond time-resolved X-ray coherent 
diffractive imaging are employed to monitor electronic relaxation dynamics in neutral droplets 
and the emergence and evolution of a nanoplasma in strong-field ionized droplets, respectively.  

Electronically excited pure and doped He droplets are prepared using femtosecond XUV 
pump pulses produced by high-order harmonic generation. The excited states and subsequent 
relaxation dynamics are probed by ionization of transient species with a femtosecond UV probe-
pulse. Pump-probe time delay-dependent photoelectron kinetic energy distributions are measured 
using velocity map imaging. In pure droplets excited with 23.7 eV, three dynamic pathways are 
identified: interband relaxation from the initially excited 1s3p,1s4p manifold to the 1s2p band, 
further relaxation within the 1s2p Rydberg band and rapid atomic reconfiguration involving 
formation of Rydberg-excited (Hen)* cores within the droplet. Ongoing efforts towards 
understanding energy- and charge-transfer mechanisms between the host droplets and dopant 
atoms are discussed.  New high-harmonic generation schemes were implemented in order to 
directly access the lower 1s2p droplet resonances. Droplets doped with a small amounts of Kr 
and Ne atoms (ndopant/ndroplet < 10-4) are excited into the 1s2p Rydberg band by 21.6 eV photons. 
Evidence of excitation transfer to the dopant atoms via a Penning-like ionization process is 
reported and progress towards time-resolved experiments is described. 

The dynamics of strong-field induced nanoplasmas are studied using femtosecond time-
resolved x-ray coherent diffractive imaging at the Linac Coherent Light Source (LCLS). Intense 
800 nm laser pulses are employed to initiate nanoplasma formation in helium droplets. Plasma 
formation and evolution dynamics are probed by femtosecond x-ray pulses. Anisotropic surface 
softening is observed within tens of femtoseconds after exposure to the NIR pulse and stabilizes 
within ~300fs. The saturation of the surface width is contrasted by an increase in anisotropic 
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material loss that is twice as pronounced along the laser polarization axis compared to the 
perpendicular direction, resulting in significantly distorted shapes with aspect ratios of ≈1.5 and 
beyond on picosecond timescales. The results are interpreted within the framework of an 
anisotropic evaporation model that provides new insight into strong-field induced nanoplasma 
formation and relaxation dynamics. 
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Chapter 1  
 
Introduction 

 

1.1. Helium droplets 

1.1.1. Helium 

Helium was discovered in the late 19th century by the observation of the spectrum of the 
chromosphere of the sun. Since then, He gas has been employed in a wide range of applications, 
from its use in non-flammable barrage blimps in time of war to its application as a medium in 
very efficient laser systems such as the HeNe laser, because of its specific electronic structure. 

The He atom has interesting electronic properties. It has only two electrons in a complete 
1s2 valance shell, which grants it great stability and very low polarizability. Consequently, He 
has the highest ionization potential and is the most inert element of the periodic table. Due to its 
unique electronic configuration and light mass, it shows remarkable quantum mechanical 
properties, such as a large zero-point energy. This is the ground-state, i.e. the lowest possible 
energy a system can ever have. The large zero-point energy of He-He pair interaction relative to 
the extremely small binding energy leads to a significantly enhanced delocalization of the 
particle wavefunction compared to other noble gas atoms. As a result, He does not crystallize but 
remains liquid even at absolute zero temperature for any pressures below 25 atm. This is 
illustrated by the lack of a triple-point in the phase diagram, shown in Figure 1.1.  

 Another consequence of the unique quantum mechanical properties of the helium atom is 
that if cooled down below 2.17 K, it is capable of undergoing a second, liquid-to-liquid phase 
transition called the λ-transition. At this point, the “normal liquid”, called He I, shows an abrupt 
increase in specific heat capacity and heat conductivity. A different form of the liquid emerges, 
the He II state. Liquid He II exhibits a remarkable lack of viscosity and is referred to as a 
superfluid, which is a macroscopic quantum phenomena. In this state, particles below a critical 
velocity can travel through the liquid without feeling any drag, therefore not dissipating energy. 
Superfluidity also leads to the emergence of quantized vortices in rotating systems. The λ-
transition is possible because of spin-statistics: 4He atoms are bosons and at low enough 
temperatures they behave like Bose-Einstein condensates [1-3]. 

 Extensive work has been carried out on characterization of the hydrodynamics and 
quantum mechanics of superfluid He, as well as the behavior of solvates in the superfluid 
medium [3, 4]. There is great interest in understanding the onset of superfluidity in these systems 
as a function of size. Nanometer-sized liquid droplets are great model systems to probe the 
transition from the single atom limit to collective bulk behavior. The next section will examine 
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the formation and characterization of He nanodroplets and provide an overview of the research in 
the field. 

1.1.2. Helium droplets 

He droplets were first observed in 1908, in an attempt to produce liquid helium [6], but it 
was not until the 1960s, after the advent of molecular beams, that a free-jet expansion of He gas 
was used to produce droplets for the first time [7]. In the following decades the study of these 
systems gathered increasing attention. Helium droplets are clusters of 102 to 1010 He atoms 
weakly bound together by Van der Waals forces, with a binding energy of approximately 0.6 
meV per atom. Conventionally, droplets are formed by a continuous free-jet expansion of high-
pressures of He gas through a cold aperture. Different droplet generation regimes were identified 
based on the nozzle temperature, revealing different physical processes that give origin to the 
clusters [5, 8]. For constant stagnation pressures (P0 = 20 bar), at low nozzle temperatures (T0 < 
8 K) the isentrope by which He expands and crosses the liquid-gas phase line from the liquid 
side, producing droplets by a break-up of the liquid jet. At high temperatures (T0 > 12 K), this 
process happens from the gas side so that clustering is obtained via condensation of the 
expanding gas. Finally, for intermediate nozzle temperatures, the isentropes approach the phase-
transition near the critical point, which leads to large macroscopic density fluctuations and an 
unstable generation regime, as seen in Figure 1.1 [5]. These different generation conditions 

 

Figure 1.1: Helium phase diagram (solid lines) and expansion isentropes curves (dashed lines). Adapted 
from reference [5] 
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translate into distinct statistics of the size and velocity distributions of the droplet beam, which 
are discussed in more detail in chapter 2. 

Helium droplets behave differently from other rare gas clusters. The low binding energy 
between atoms leads to very efficient evaporative cooling of the cluster, which reaches a final 
temperature of approximately 0.37 K within milliseconds of being formed [9]. Despite the very 
low temperature, the droplets are still liquid, which attracted immense attention to the study of 
this system. An experimental hallmark in the field was the observation of superfluidity in He 
droplets, by Grebenev, Toennies and Vilesov, who measured the infrared spectrum of oxygen 
carbon sulfide (OCS) [10]. They observed sharp rotational lines from OCS embedded in 4He 
while only a broad peak was seen when the molecule was put inside 3He clusters. These 
observations provide evidence of (almost) free-rotation of the OCS molecule in 4He, which is 
evidently enabled by at least a local manifestation of superfluidity. The experiment also found 
that the onset of superfluid behavior sets in for aggregates as small as 60 helium atoms, in 
agreement with previously published theory predictions [11]. It was not until very recently, 
however, that our group, in a collaboration led by Oliver Gessner, Christoph Bostedt and Andrey 
Vilesov, unambiguously identified quantum vortices, in superfluid helium droplets for the first 
time [12]. Quantum vortices are one of the most definitive hallmarks of bulk superfluidity and 
previously observed only in bulk liquid Helium and very dilute Bose-Einstein condensates.  

The weak interaction with dopants coupled with the low temperature and large 
transparency window makes droplets an ideal cold matrix for spectroscopy. Several groups 
explore these unique properties to perform high-resolution isolation spectroscopy (HENDI) of 
species embedded in He droplets. The ultra-cold environment cools molecules of interest down 
to their vibrational ground states. Moreover, the fine control over the doping levels also allows 
for careful investigation of complex systems, providing a simple and elegant way to observe the 
onset of collective effects. Over the years, droplets have been used as a means to study a large 
variety of systems, ranging from rare-gas atom clusters to big biomolecules and including 
samples as diverse free-radicals, metal atom clusters and semiconductor complexes. Several 
excellent reviews describe specific aspects of this kind of He droplet science [13-17]. 

The considerable photon energy required to excite helium, above 20 eV, has made it very 
challenging to investigate electronic excitations of the droplets. Electron impact studies, in 
combination with photoexcitation experiments using synchrotron light in the extreme ultra-violet 
(XUV) range, were employed to investigate the excitation and ionization of pure and doped 
helium droplets starting in the 1990s. The absorption spectrum as a function of droplet size was 
first obtained from fluorescence measurements in Thomas Möller's group [18], and it is shown in 
Figure 1.2. Two main absorption bands are observed at 21.6 and 23.7 eV. The lower band 
originates from n=2 Rydberg states in atomic He, while the upper band derives from higher-lying 
Rydberg states. These bands are blue-shifted and broadened in the droplet environment. More 
recently, ab initio electronic structure calculations carried out by the Head-Gordon group 
addressed the nature of the n=2 excitations for small He clusters (up to 300 helium atoms). 
Despite the many orders of magnitude in size that separate the experiments from this current 
state of the art theory, they were able to qualitatively reproduce the broadening and energy shift 
of the electronic bands that emerges in the droplet environment as well as provide insight on the 
collective nature of the excited states [19-21]. 
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Experiments in pure and doped He droplets found that the ionization threshold for the 
droplets was lower than the atomic helium IP of 24.6 eV [22]. These studies monitored ionic 
cluster fragments and dopant ions produced after XUV excitation via ion mass spectrometry and 
determined the onset of ionization to be 23 eV. Further insight was provided by photoelectron 
spectroscopy experiments performed at the Advanced Light Source (ALS). Peterka et al.[23] saw 
that excitation between 23.0 and 24.6 eV always produced very slow electrons with low kinetic 
energies (KE < 1meV). The mechanism proposed to explain these observations invokes the 
formation of highly vibrationally excited Hen

* clusters (n=2,3...), which can autoionize, releasing 
electrons that get trapped inside the droplet. The exact pathways that lead to the production of 
the so-called ‘zero electron kinetic energy’ (ZEKE), however, are still under investigation. 

 

Figure 1.2: Fluorescence excitation spectra of dense He gas (bottom) and small (middle) and large (top) 
He droplets. Bands emerge from atomic Rydberg states, represented by dashed lines. Adapted from [18] 
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Energy domain studies were invaluable to map out the electronic excitation landscape of 
the droplets. However, many aspects of the relaxation pathways following electronic excitation 
are challenging to explore in the energy domain, motivating the time-resolved experiments 
described in this thesis. For this purpose, a setup for ultrafast experiments was built by our 
group, where femtosecond pulses produced by high-harmonic generation are used to access the 
high-energy excited states of the droplet [24]. Photoelectron kinetic energies and angular 
distributions are measured using velocity map imaging, while a 3D momentum-resolving mass 
spectrometer can be used to characterize mass-specific ion kinetic energy and angular 
distributions.  

Excitation of the upper droplet band, at 23.7 eV, followed by ionization from a 1.6 eV 
probe pulse, provided a new perspective on previously revealed relaxation channels, such as the 
ejection of Rydberg atoms from electronically excited droplets. Photoelectrons with kinetic 
energies corresponding to ionization of unperturbed 1s4p and 1s3d Rydberg states emerge on 
different timescales [26]. Complementary ion-imaging experiments monitored the kinetic energy 
of He+ ions produced from ionization of ejected He* states [27]. The results revealed a 

 

Figure 1.3: Radius dependent Rydberg state energy shift. At the surface, different states can be accessed 
as a function of excitation depth. Reproduced from [25] 
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contribution of two components to the ion kinetic energy, emerging on distinct time scales that 
matched those observed in the photoelectron measurements. The proposed model involves the 
depth-dependent excitation of perturbed Rydberg states on the surface of the droplet. In this 
picture, the excitation energy of localized states increases with increasing droplet density, as 
shown in Figure 1.3. Within the energy bandwidth of the pump pulse, 1s4p Rydberg states are 
excited closer to the outer surface and are ejected more promptly than the 1s3d states, which are 
energetically only accessible further inside the droplet due to the increased blueshift. However, 
once the excited 3d atoms emerge from the droplet, they do so with higher kinetic energies, 
acquired during the travel along the potential energy gradient as they escape the droplet. 

Photoelectron signal originating from the broad, initially excited, upper band was also 
detected. This transient state decayed on a timescale of 220 fs. Indications of a possible inter-
band relaxation were observed indirectly by monitoring the time-dependent ZEKE signal. The 
pump pulse energy alone (23.7 eV) is sufficient to create an excited state population that 
undergoes autoionization leading to ZEKE production. Upon ionization there was a reduction of 
the neutral population, resulting in a depletion of ZEKE signal at short-time pump-probe time 
delays (<300 fs). However, at longer time delays, a recovery of this signal was observed. A 
likely explanation for the results consists of initial relaxation from the upper (N=3,4) to the lower 
electronic band (N=2) followed by repopulation of the upper band by the probe pulse. [26]. 
Despite indirect evidence, however, no signal from a relaxation product could be detected, since 
the probe energy was not sufficient to ionize population in the lower, N=2 band. In order to 
directly observe the interband relaxation channel, femtosecond photoelectron imaging 
experiments using higher probe energies were performed, and the results are discussed in detail 
in chapter 3. An overview of the time-resolved experiments can be found in a recent review 
article by Ziemkiewicz et al.[25]. 

 The relaxation dynamics observed in pure droplets can change dramatically in the 
presence of embedded species. This aspect has been widely studied in the energy domain, where 
both energy and charge transfer processes between the droplet environment and embedded 
dopants have been detected [22, 28-34]. Excitation transfer and a Penning-like dopant ionization 
process are observed for excitation below the ionization potential of the droplet, while a direct 
charge transfer ionization channel becomes prominent at higher excitation energies. The current 
efforts to perform time-resolved studies of the dynamics of electronically excited droplets doped 
with rare gas atoms are discussed in chapter 4. 

 Helium droplets have also been used to probe the interaction of intense light with matter. 
With the development of ultrashort high-energy light sources, there has been a lot of interest in 
understanding the mechanisms of electronic and nuclear dynamics of systems exposed to intense 
laser fields, in a wide range of the electromagnetic spectrum [35-37]. This interaction can lead to 
the formation of a nanoplasma in atomic clusters, a process that has been intensely investigated 
in the energy domain by ion and photoelectron spectroscopies [38-43] and, more recently, in 
time-resolved experiments [44-46]. Helium droplets require a higher field intensity to be ionized 
than other rare gas clusters. Exploring this difference, theory [47] and experiments [48] have 
been performed in which an intense NIR laser pulse (~7x1014 W/cm2)  was used to strong-field 
ionize dopant atoms (Ar, Kr, Xe) inside of the droplet, but it was not intense enough to ionize He 
atoms. Surprisingly, ionization of as few as 10 embedded rare gas atoms led to complete 
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ionization of the entire droplet containing 104 He atoms [48]. The proposed model suggests an 
ionization avalanche is induced in the droplet by resonant absorption of light from the originally 
field-ionized dopants, upon ultrafast plasma expansion. In contrast, the interaction of droplets 
with even more intense laser fields (>1015 W/cm2) leads to direct strong-field ionization of 
helium atoms. The nanoplasma formation and evolution under these conditions was monitored 
with femtosecond-nanometer sensitivity, revealing highly anisotropic dynamics, as discussed in 
chapter 5. 

 

1.2. Light sources 

In this work, a combination of photon energies spanning the entire range from the NIR to 
soft x-rays was used to investigate laser-induced dynamics in helium droplets. However, the 
innovative and exciting science that is presented in this thesis was only possible due to the 
advent of new and powerful ultrafast high-photon energy light sources, such as high-harmonic 
generation (HHG) and x-ray Free Electron Lasers (XFELs). Commercial femtosecond laser 
systems are restricted to low photon energies, while XUV/x-rays generated by synchrotrons 

 

Figure 1.4: Photon energy and pulse duration range covered by important light sources. Adapted from 
[49]. 
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sources have long temporal pulse duration. Therefore, HHG and XFELs opened up great new 
scientific opportunities that were previously inaccessible, as illustrated in Figure 1.4. 

1.2.1. High-harmonic generation (HHG) 

High-harmonic generation (HHG) was first reported in the late 1980’s [50, 51]. It is a 
technique used to up-convert photons into integer multiples of the fundamental light by a non-
linear process. Table-top commercial femtosecond laser systems, in the NIR range (λ≈780 nm) 
are used to generate ultrashort light pulses in the extreme ultraviolet (XUV) range, by focusing 
the NIR driver into a conversion medium, such as noble gases. In the perturbative (weak field) 
harmonic generation regime, the intensity of the harmonics decreases exponentially with 
increasing harmonic orders. However, that is not the case in the strong-field regime of HHG, 
which exhibits an extended “plateau” region of equally intense harmonics, up to a “cut-off” 
energy. 

One of the most frequently employed descriptions of HHG is a semi-classical three-step 
model proposed by Corkum [52]. Within this model, the interaction of the driving laser field 
with the electrons of the conversion medium can be described in three steps: ionization, 
propagation and recombination, as shown in Figure 1.5. In the first step, the strong field of the 
driving pulse bends the binding potential of electron in an atom, such that it can tunnel-ionize. 
This happens near the peak of the electric field of the light. Next, the newly freed electron 
propagates in the electric field of the pulse, first moving away from the ion core and then turning 
around as the amplitude of the electric field of the laser changes sign. It then accelerates towards 
the parent ion, gaining kinetic energy on the way, and it may eventually recombine with the core. 
The third step involves the return of the electron to the ion and the release of the accumulated 
kinetic energy as photon energy, which gives rise to the high-harmonics. Only odd harmonics of 
the fundamental frequency are produced due to the recurrence of this process every half-cycle 
(T/2) of the laser pulse. The Fourier transform is then discrete, resulting in a separation of twice 

 

Figure 1.5: Schematic of the three-step model for high-harmonic generation. Adapted from [49]. 
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the laser frequency (2*f) in the energy domain[49].  

The maximum photon energy produced by this process, the “cut-off” energy, is 
determined by a combination of the ionization potential of the atom (Ip) and maximum kinetic 
energy gained during the propagation of the electron in the laser field (KEmax). This is obtained 
when the electron tunnel ionizes at a phase of 18º and leads to a maximum kinetic energy of 
approximately 3.17 times the ponderomotive energy (Up). Therefore 

 𝐸!"#$%% = 𝐼! + 𝐾𝐸!"# = 𝐼! + 3.17.𝑈! (1) 

The ponderomotive energy is given by 

 𝑈! =
𝑒!𝐸!!

4𝑚!𝜔!!
 (2) 

where e is the electron charge, E0 is the amplitude of the laser electric field, me is the electron 
mass and ω0 is the laser frequency. 

Since HHG in macroscopic amounts of gas is not a single-atom process, propagation 
effects need to be considered. Phase-matching between the driving NIR pulse and the produced 
XUV plays a very important role on the overall efficiency of the HHG process.  The wave vector 
mismatch can be written as 

 Δ𝑘 = 𝑛𝑘 𝜔!
!"#$%&'#(%)

− 𝑘(𝑛𝜔!)
!!!! !!"#$%&'

 (3) 

where the wave vector at a given frequency, 𝑘 𝜔 , is determined by various physical effects, 
such as dispersion of the neutral medium, plasma dispersion and dispersion due to the focusing 
geometry (Guoy phase shift) [49, 53]. In practice, all of these contributions add up coherently, 
and as a result, only harmonics within a certain energy window are phase-matched for any given 
experimental condition. Parameters such as the driving laser intensity, the focusing geometry and 
the gas pressure used to generate harmonics are varied to adjust the different dispersion 
contributions and select the desired phase-matching energy window. 

The advent of HHG opened up many exciting new avenues for time-resolved studies of 
atomic and molecular dynamics. Femtosecond light in the XUV range allowed access to core-
level transitions as an ultrafast probe of laser induced dynamics [54-57]. Recent efforts extended 
the cut-off energies above the carbon K-edge (284 eV), by driving the HHG with longer 
wavelengths (1.8 µm), greatly expanding this technique to a multitude of interesting molecular 
systems [58-60]. The entire field of attosecond science has also been enabled by HHG. High-
harmonics are produced as an attosecond pulse train and gating techniques may be used to isolate 
single attosecond pulses, which allowed the investigation of electronic dynamic processes on 
entirely new and unexplored time-scales [61-63]. 
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1.2.2. X-ray free electron laser (XFEL) 

Much like table-top HHG, free electron lasers (FELs) can produce femtosecond pulses of 
electromagnetic radiation. However, the peak brightness of these light sources surpasses HHG by 
many orders of magnitude and they can reach much higher photon energies, up to the hard x-ray 
regime. The biggest downside of this technique comes from the magnitude and complexity of the 
facilities needed to accommodate the accelerators and undulators necessary for the lasing 
process. For this reason, there is only a handful of XFELs in operation or construction around the 
world, and currently only one of them is in the United States, the Linac Coherent Light Source 
(LCLS). 

The concept of free-electron laser radiation was proposed in the early 1970s [64] and first 
observed in 1976 [65, 66]. Since then, many facilities were built, but they all operated in the 
infrared to near ultraviolet range. It was not until well into the 2000s when the first VUV FEL 
was built and later upgraded to achieve radiation in the soft x-ray range in Hamburg (FLASH) 
and the first FEL able to reach hard x-rays was built at SLAC National Accelerator Laboratory 
(LCLS) [67]. 

The fundamental working principle of free electron lasers is similar to that of synchrotron 
radiation light sources. An electron beam is accelerated to relativistic velocities in a linear 
accelerator (up to 15 GeV) and passes through an undulator. Undulators consists of an array of 
dipole magnets that creates an alternating static magnetic field, with a characteristic spatial 
period λu that represents the spacing between two magnets of the same polarization, as shown in 
Figure 1.6. The traveling electron beam feels a Lorentz force that is perpendicular to the 
propagation direction and the magnetic field B0, given by 

 𝐹 = 𝑞𝑣×𝐵! (4) 

 

 

Figure 1.6: Schematic of the working principle of an FEL. An electron beam is accelerated to relativistic 
speeds and injected into an undulator. The undulator, consisting of alternating magnetic fields, induces an 
oscillation of the electron beam, leading to emission of light. Reproduced from [67]. 
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This leads to a modulation of the electron beam trajectory, which behaves as an 
oscillating dipole and emits radiation. Due to the relativistic velocities the electrons “perceive” a 
much smaller undulator wavelength [68], and the wavelength of the emitted light is given by  

 

 𝜆 =
𝜆!
2𝛾!

1 +
𝐾!

2
+ 𝛾!𝜃!  (5) 

where θ is the radiation angle with respect to the propagation axis and γ is the Lorentz 
contraction factor, dependent on the relativistic electron velocity v and the speed of light, c, 
given by: 

 
𝛾 =

1

1 − 𝑣
!

𝑐!
 

 

(6) 

K is the undulator parameter, given by 

 𝐾 =
𝑒𝐵!𝜆!
2𝜋𝑚!𝑐

 (7) 

It becomes clear that to achieve short wavelength radiation it is necessary to have very 
high electron velocities (v) combined with small undulator wavelengths (λu) and/or high 
magnetic field amplitudes (B0). 

The emitted x-rays are initially incoherent, since they are produced along the whole 
extent of the electron bunch, which is much larger than the light wavelength. As the electrons 
and radiation co-propagate within the undulator, their interaction leads to an effect called 
microbunching [68]. This means the initially uniform electron density is redistributed into much 
smaller “packets”, so-called microbunches, which extend over a fraction of the emitted 
wavelength size and are separated by the laser period. Given this phase relationship, the emitted 
light interferes constructively, which increases the electric field leading to even stronger electron 
microbunching, in a self-amplified process. This also leads to an exponential growth in radiated 
power leading to saturation, as shown in Figure 1.7. The microbunching can start spontaneously 
from statistical density fluctuations in the original electron beam, in this case it is called self-
amplified spontaneous emission (SASE), which is the working principle of the LCLS. 
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SASE based XFELs can deliver high flux, up to few-mJ pulses of coherent x-ray light 
with pulse durations in the 10-100 fs range, which is unachievable by any other light source. 
However, due to the statistical nature of the amplification, microbunching can have slightly 
different wavelengths and phases, which leads to an intrinsic energy spread in the pulse (ΔE/E ≈ 
10-3) and an irregular and spiky spectrum, with shot-to-shot intensity fluctuations in the order of 
10% [69]. To circumvent these issues, the use of a seed pulse to induce microbunching is being 
implemented in the latest FEL generation. The seed can be generated from an upstream 
undulator (self-seeding) or, in the case of lower energies, produced from HHG, leading to 
significantly sharper x-ray emission [67]. Superconducting linear accelerator technology will 
enable operation at much higher repetition rates, in the MHz range, while maintaining or 
possibly even improving the energy per pulse, an immense improvement over the current 120 Hz 
capabilities [69]. 

 

Figure 1.7: Spontaneous microbunching of the electron beam as it propagates through the undulator 
(SASE), leading to coherent the emission of coherent light. Adapted from [68] 
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 The unique properties of XFEL light significantly extends the possibilities for science in 
many fields, including biology, chemistry, physics, material science, etc. A nice overview of 
such advancements can be found in a review of the first five years of activity at the LCLS [69]. 
Of particular interest to the results presented in this thesis is the unprecedented peak brightness 
available at XFELs, which provided a path to the development of single-shot coherent diffractive 
imaging (CDI) of nanometer-sized objects [70, 71]. With this technique it is possible to obtain 
structural information of a wide range of samples while circumventing many of the constraints of 
traditional x-ray crystallography. The short duration of the pulses also means that imaging 
happens mostly prior to sample damage, however the detailed physics of the short ultra-bright x-
ray interactions with matter is also a subject of large interest in the community. Since the very 
beginning of XFEL operations, this technique was put to the test and yielded remarkable results 
such as imaging of single mimivirus particles with a resolution of ~ 32 nm [72], protein 
nanocrystallography in a liquid jet [73], morphology studies of single aerosol particles in flight 
[74] and macromolecular imaging of imperfect crystals with a resolution of 3.5Å [75], among 
many other examples. Our group has also made use of single-shot CDI, to unambiguously 
demonstrate, for the first time, the presence of quantum vortices inside superfluid helium 
droplets [76]. This work paved the way for subsequent studies of increasing complexity, 
implementing a time-resolved CDI scheme to investigate laser-induced plasma dynamics in He 
droplets, as will be discussed in chapter 5.   
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Chapter 2  
 
Experimental Setup and Data Analysis 

 

 In this chapter, all experimental apparatus used to perform the work presented in this 
thesis are described in detail. Important data processing and analysis steps that are essential to 
the understanding of results presented in the following chapters are also discussed. Beyond 
listing every component of the experiments, this section is meant to provide practical knowledge 
gathered through experience that might prove useful for others in the future.  

 The first part of the chapter is dedicated to the tabletop high-harmonic generation 
experiments, which have taken place at Lawrence Berkeley National Laboratory. In the second 
part, the setup for our latest time-resolved x-ray free electron laser experiment, performed at the 
Linac Coherent Light Source, is discussed. 

 

2.1. Laboratory based experiments 

2.1.1. Experiment overview 

 A simplified scheme of the experimental layout is shown in Figure 2.1 and detailed 
below, while particular aspects specific to each experiment are discussed in their respective 
chapters.  

A commercial KMLabs Red Dragon Ti:Sapphire  laser system generates 30-35 fs 
duration pulses (FWHM) centered at 780-785 nm at a repetition rate of 3 kHz and pulse energies 
of 3.5-4 mJ (average power 10-12 W). An 85% transmission:15% reflection beam splitter is used 
to separate the pump and probe beams, respectively. High-harmonics in the extreme ultraviolet 
range (XUV) between 15-28 eV are generated either with the fundamental 780 nm, the second 
harmonic (390 nm) or a combination of both. The driving beam is loosely focused with an f=2 m 
focusing mirror  (Lattice Electro Optics DRX-400/800-B-MCP-2038-4000) into a 4 cm long gas 
cell filled with 2.5 – 4 Torr of krypton gas. A second cell, placed after the HHG cell, can be 
filled with gases of different ionization potentials to be used as a filter and aid in harmonic 
selectivity. The harmonic and co-propagating driving pulses are reflected by two parallel, 
superpolished silicon substrates, oriented at Brewster's angle for near infrared (NIR). Most of the 
driver IR/UV light is transmitted through the substrates and dumped into a copper heat sink, 
while ~70% of the harmonic intensity is reflected and passes through a thin (100 – 200 nm) 
metal filter (Sn, Al –Lebow Company) that provides energy selection and blocks any remaining 
driving pulse. A compact XUV spectrometer and beam profiler [77], mounted on a translation 
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stage, can be moved into the beam path for daily high-harmonics characterization, optimization 
and diagnostics.  

The probe beam is routed through a 3:1 telescope and a delay stage (Newport GTS-150) 
that controls the relative arrival times of the pump and probe pulses. For certain experiments, the 
780 nm probe beam might be frequency-doubled by passing through a half-wave plate (Eksma 
467-4210) and a 200 µm thick type 1 BBO (Eksma BBO-1002H). The pump- and probe-beams 
are combined by reflecting the probe beam by a 45º drilled-through mirror, while the XUV beam 
passes through the center hole. Both beams propagate collinearly and are focused into the 
interaction region by a multilayer mirror (f=50 cm, Center for X-ray Optics (CXRO)) at a 4° 
incidence angle. 

In the interaction region, the pulses intercept a beam of helium droplets generated by 
expansion of high pressures of helium gas through a cryogenically cooled nozzle. The droplet 
beam passes through an intermediate chamber containing a pickup cell, which can be filled with 
controlled pressures of a desired dopant. The neat or doped droplets are excited with XUV light 

 

Figure 2.1: Schematic of the laboratory based experimental layout. The upper path  (85% of the laser 
output) shows the pump beam routing and high-harmonic generation geometry. The lower path represents 
the probe pulse, reflected by a beam splitter, which is either 1.6 or frequency doubled 3.2 eV. The beams 
recombine inside the vacuum system by a holed mirror and are focused by a multilayer mirror into the 
interaction region, where they intercept the He droplet beam. Electrons are accelerated towards the 
detector by plates held at high-voltage in a velocity-map imaging configuration. 
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from the pump beam and ionized with the NIR/UV probe pulses at varying pump-probe time-
delays. Photoelectrons are accelerated towards the imaging detector by a set of high-voltage 
plates in a velocity-map imaging (VMI) configuration[78]. The electrons impede on a double 
stack of microchannel plates (MCPs, PHOTONIS – APD 2PS75/12/10/8) creating an electron 
cascade that reaches a phosphor screen and produces a visible image that can be viewed from 
outside the vacuum chamber. The image is captured by a 2.2 megapixel complementary metal–
oxide–semiconductor (CMOS) camera (IDS-UI-3370CP-M-GL) and processed by a LABVIEW 
data acquisition program. Further image analysis is performed in MatLab and will be discussed 
later in this chapter. 

2.1.2. Helium droplet generation  

The helium droplet machine used in our laboratory (shown in Figure 2.2 has a long and 
interesting story. It was inherited from the synchrotron droplet project at the Advanced Light 
Source (ALS). However, Darcy Peterka, the graduate student who built the ALS instrument, had 
already repurposed the main chamber (a cube with roughly 18 inch long edges) from an old setup 
of the Y. T. Lee group on campus. The whole assembly was then moved to its current home in 
building 2 and adapted for time-resolved experiments. This story as well as details of the 
machine construction are very well documented in Darcy Peterka’s [79] and Chia Wang’s [80] 
theses, the previous graduate students to work with helium droplets at the ALS. 

The droplet machine works by expanding high pressure of high-purity He gas (6.0 
research grade) through a 5 µm diameter nozzle (SPI Supplies P2005). It is extremely important 
to use 99.9999% pure helium and flow it through a 0.5 µm sintered stainless steel filter 
(Swagelok – SS-4F-05) to guarantee that no impurities are present. The smallest spec of dust or 
significant contamination from other gases that will freeze at the low operating temperatures and 
can permanently damage or clog the nozzle. The helium gas is pre-cooled to 77 K by circulating 
it along a liquid nitrogen filled copper tube. It gets further cooled as it passes though the nozzle, 
which is kept at temperatures between 10 and 15 K. Those temperatures are achieved by using a 
closed-loop liquid helium compressor (ADP HC-2D) coupled to a cryostat (Air Products – 
DE202). The gas reservoir and nozzle sit at the end of the cryostat and their temperature is 
maintained constant by a resistive heater in a feedback loop monitored by a temperature 
controller (Lakeshore – model 331).  Under standard operating conditions (80 bar, 10-15 K), 
droplets are formed by fragmentation of liquid He expanding through the nozzle [5]. Due to the 
high He stagnation pressures, the source chamber is pumped by a 3200 l/s turbo-molecular pump 
(Osaka TG3213M) and the pressure is normally in the range of ~10-4 Torr. 
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Figure 2.2: Droplet machine and vacuum chamber assembly. Adapted from Darcy Peterka’s thesis [79] 
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To avoid destroying the droplets by excessive collisions with background He gas, the 
droplet beam passes through a 2 mm skimmer (Beam Dynamics – Model 2(Ni)-2.0) placed 1.5 
cm away from the nozzle, and into the pickup chamber, differentially pumped to ~10-7 Torr. This 
chamber houses the pickup cell, which is ~5 cm long and has 2.5 mm apertures. The flow of 
dopant atoms and molecules into that cell is controlled by a leak valve and the cell pressure is 
monitored by a Granville-Phillips micro-ion gauge (Series 355). After exiting the pickup cell, the 
droplet beam passes through a second 2 mm skimmer to collimate the beam and to reduce the 
amount of background gas leaking into the next chamber. The main chamber has a cylindrical 
copper shield that wraps around the interaction region, cooled by liquid nitrogen lines to cryo-
trap any residual gas resulting in operating pressures under 3x10-7 Torr. The droplet beam then 
passes through the laser foci in the interaction region, and it finally enters the residual gas 
analyzer (SRS - RGA 200), which is a great diagnostic to verify the alignment of the droplet 
beam trough all described apertures.  

2.1.3. Helium droplet size distribution and doping statistics 

The size distribution of the helium droplets depends on the generation regime, which is 
defined by the He stagnation pressure (p0), the nozzle temperature and the nozzle orifice 

 

Figure 2.3: Droplet size as a function of pressure and temperature. Adapted from [13] 
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diameter. For a 5µm nozzle, the droplet size as a function of pressure and temperature is 
illustrated in Figure 2.3. Subcritical expansion is known to produce a broad log-normal 
distribution of droplet sizes, with a full-width-at-half maximum (FWHM) that is almost as large 
as the mean droplet size <N> [81].  Supercritical expansion produces larger average droplet sizes 
and leads to bi-modal [82, 83] or linear exponential size distributions [84]. The average droplet 
size used in our lab varies for specific experiments, but it is usually in the range of 5 - 50 nm 
radius. These values can be obtained from the literature, but it is also possible (and 
recommended) to verify them in-situ by a simple titration experiment developed in Andrey 
Vilesov’s group [85].  

The principle of the titration experiment is to measure the attenuation of the droplet beam 
by the pickup of foreign species (such as He or Ar). Since the binding energy of He atoms in the 
droplet is so small (~0.6 meV), picking up a room temperature (298 K) atom leads to the 
evaporation of approximately 60 He atoms from the droplet [85]. By measuring the yield of 
droplet-associated fragments such as He2

+ (m/z 8) and He4
+ (m/z 16) in a RGA as a function of 

dopant gas pressure, the original droplet size is obtained from a linear fit of the pressure 
dependent yield in a lin-log representation (the attenuation factor). The ratio of the fragment 
intensities (I(He2

+)/ I(He4
+)) is also dependent on the droplet size and can be used as a quick 

confirmation that the droplet sizes are as expected for the generation conditions [85]. In our 
setup, we perform the titration measurements by filling the pickup cell with room temperature 
He gas and monitoring the fragment ion yield with the RGA mounted on the main chamber. 

The titration measurements, as well as the doped droplet experiments discussed in 
chapter 4 are controlled by the droplet pickup statistics. The droplets pick up dopants through 
collisions and it has been shown that the distribution of particles captured by the droplet follows 
a Poissonian distribution [86]. The distribution depends on the geometric cross section of the 
cluster as well as the path length and pressure of the dopant gas, as follows: 

 𝑃! =
𝜎!"𝑛𝐿 !

𝑘!
𝑒!!!"!" (8) 

Here, k is the number of captured dopants, n is the number density of particles in the 
pickup cell, L is the cell length and 𝜎!" can be approximated by the geometric cross section of 
the droplet. Since the radius of the droplet is given by 𝑅 𝑛𝑚 = 0.22 𝑁!"

!
!, the geometric 

cross section is 

 𝜎!" = 𝜋 0.22 𝑁!" !/! !
 (9) 

Where 𝑁!" is the number of helium atoms in the droplet. Keeping the droplet size and the 
pickup cell length constant, the distribution is determined by the gas pressure on the pickup cell. 
Figure 2.4 shows the calculated probabilities as a function of cell pressure. 
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2.1.4. Laser system 

A detailed explanation of the laser components and alignment procedures can be found in 
the KMLabs manual. Ming-Fu Lin’s thesis [87] also expands on the alignment procedures that 
are specific to our particular laser system. The goal of this section is to give an overview of the 
system and to document changes that have been made, in particular, with respect to the crystal 
re-mounting and the 2nd amplifier stage modifications. A simplified layout of the laser is 
presented in Figure 2.5. 

A Ti:Sapphire crystal in the oscillator cavity is pumped by 4.8 W of 532 nm light 
provided by a Coherent Verdi Nd:YVO4 laser. This generates a mode-locked beam of low power 
(~500 mW), short pulse duration (~15 fs) and high repetition rate (93 MHz), centered at 780-785 
nm and with a spectral bandwidth of 50-60 nm (FWHM). It is important to note that even small 
fluctuations in temperature and humidity inside the oscillator cavity are sufficient to perturb the 
system, which leads to many undesired consequences such as loss of mode-locking, CW break-
through, bandwidth narrowing, etc. To mitigate these fluctuations, the oscillator breadboard is 
heated to 27 ºC and a small air filter unit is continuously running inside the oscillator housing. 
An unusual problem we have encountered after years of uninterrupted use was outgassing of the 
adhesive material used to attach the heater pads to the bottom of the breadboard. This led to the 
need for constant cleaning and shifting of the oscillator crystal and was only resolved after the 
replacement of the breadboard/heater pad assembly, which took place in 2013.  

 

Figure 2.4: Pickup probability P(k) as a function of cell pressure for different number of captured 
dopants, k. The cell length was fixed at l=5 cm and the droplet radius at R=20 nm, representative of our 
experimental parameters. 
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The seed beam output from the oscillator needs to be amplified to provide the required 
power for our experiments. For this purpose, the laser has two multi-pass amplification stages 
based on chirped pulse amplification (CPA). In the first stage, before any amplification can take 
place, the seed beam goes through a Faraday isolator in order to prevent any feedback into the 
oscillator. This is a crucial component of the laser system that was not originally installed, which 
led to massive interference in the oscillator pulse structure and eventually, to repeated burning of 
the second stage crystal. Next, the pulses are stretched in time to about 150 ps using a 4-pass 
stretcher setup that spreads out the different frequency components in time. The seed beam then 
goes through a Pockels cell that selects pulses out of the 93 MHz pulse-train with a 3 kHz 
repetition rate. The Pockels cell works by rotating the polarization of light upon application of an 
electric field, such that a polarizer rejects the majority of the pulses, except those that have their 
polarization flipped. The transmitted beam now enters a Ti:Sapphire crystal that is cryogenically 
cooled to about 57 K. The crystal is pumped by about 33 W of 85 ns, 532 nm light produced by a 
Nd:YAG Laser (Lee Laser LDP-200MQG). The NIR beam passes through the crystal 13 times 
in a multi-pass configuration to maximize amplification. After the last pass, the beam is picked 
off by a mirror that routes it into a second Pockels cell. Its purpose is to clean off any low 
intensity pulses that could have leaked in from the first Pockels cell and been amplified in the 
crystal, to ensure a clean 3 kHz repetition rate pulse train going into the second stage. It is critical 
at this point to synchronize the timing of the pump pulse and the second Pockels cell window 
relative to the seed pulse, to maximize amplification and pulse transmission. The first stage 
generates about 4.5 W of chirped light. 

 

Figure 2.5: Layout of the Red Dragon laser system and corresponding pump lasers. The system consists 
of an oscillator and two amplification stages (shown in red) pumped by a total of 4 lasers (shown in 
green). The output power of each laser/stage is also shown. Under standard operating conditions, the laser 
delivers 12 W (4 mJ) of 30-35 fs NIR pulses, centered at 780-785 nm, at a repetition rate of 3 kHz. 
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The second amplification stage is a simpler version of the first. The amplified light is 
focused into another cryo-cooled Ti:Sapphire crystal, but only passes it twice in this stage. Two 
Nd:YLF lasers (Photonics Industries - DM-30) pump the second stage crystal with 33 W of 220 
ns, 527 nm light each. About 20-22 W of amplified, diverging light is routed through a 
collimating telescope and a two-grating compressor system, recompressing the pulses down to 
30-35 fs. At best, the gratings have a combined reflectivity of 65% when clean. Under these 
operating conditions, the final laser output is approximately 12 W, corresponding to pulse 
energies of 4 mJ. 

A series of issues with the laser performance were addressed in the first semester of 2016. 
Most notably, the addition of the Faraday isolator mentioned previously, the remounting of both 
Ti:Sapphire crystals and the reconfiguration of the second stage layout and optics. The last two 
procedures are described below. 

A metal frame houses the amplifier crystals, thermal contact is made by an In foil that is 
squeezed between the crystal and the metal surface. Figure 2.6a shows a picture of this assembly. 

 

Figure 2.6: a) Ti:Sapphire crystal mounted in the cryostat. The relevant parts are indicated in the figure. 
b) Spectrum of the amplified laser output before re-mounting the crystal. c) Laser spectrum taken under 
the same conditions after the crystal repositioning. 
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Over time the crystal moved positions slightly, mostly due to the repeated cooling/heating cycles 
leading to compression/expansion of the crystal housing, which caused the laser polarization to 
be off relative to the crystal axis. As a consequence, the laser spectrum developed an interference 
peak structure, as shown in Figure 2.6b. To solve this problem, the crystal was replaced (due to 
burn spots) and had to be remounted in the correct configuration. Figure 2.6c shows the laser 
spectrum after the conclusion of the procedure.  

A re-design of the beam path and focusing conditions in the second stage was performed 
in an effort to minimize the chances of burning the second stage crystal and to improve the laser 
performance. The original design and the new configuration are illustrated in Figure 2.7a and 
Figure 2.7b, respectively. Note that only the mirrors, lenses and gratings are shown so that 
changes are more easily noticeable. For a detailed description of every component please refer to 
the laser manual. Briefly, 4.5 W of 780 nm light originating from the first stage passes through a 
lens (L1) that focuses the first pass into the crystal. The diverging exit beam is then re-collimated 
by L2 and refocused by L3 into the crystal for the second pass. In the old design, lens L1 had a 
focal length of f=50 cm while L2 and L3 had focal lengths of f=25 cm. Originally, L1 was 
placed approximately 55-60 cm away from the center of the crystal, while L3 was only 20 cm 
away. This meant that the focus of the first pass was positioned in front of the crystal and the 
focus of the second pass was positioned behind it. The problem with this configuration is that 
small changes to the mode and divergence of the beam going into the second stage may lead to 
the foci shifting towards the crystal, resulting in a considerably smaller beam diameter and 
corresponding higher intensity, which contributed to repeated burning of the crystal. The solution 
to this problem was to change lenses L1, L2 and L3 and focus the light exactly at the center of 
the crystal (L1 f=100 cm; L2 f=50 cm). However, for the beam size at the crystal to be 
comparable with the original design, longer focal lengths were needed, which required a 
reconfiguration of the second stage beam path. 

As shown in Figure 2.7b, two new mirrors had to be added to increase the path length for 
the new lenses (M1 and M4). Also, instead of using a collimating lens and a focusing lens on the 
second pass (L2 and L3), due to spatial constraints, the beam goes through the same lens twice, 
getting collimated on the way out of the crystal and refocused on the way back into the crystal. 
The position of the lenses (G-L1 and G-L2) was also reset such that the mode of both green 
lasers was matched to the 780 nm beam. Finally, the original 1:3 expanding telescope (T1 and 
T2) had to be replaced with a 1:4 telescope to achieve a similar beam size at the output of the 
laser, given the smaller divergence promoted by the longer focal length of L2. After the redesign, 
the laser output improved from an average of 9-10 W to 12-13 W at the same pump laser power, 
which is ascribed predominantly to better matching beam modes and focusing conditions.   



 

 24 

2.1.5. High harmonic generation setup 

Electronic excitation of He droplets requires light with photon energies in the 20-25 eV 
range. This is accomplished via high-harmonic generation (HHG). The underlying physics of this 
process was explained in the last chapter, and in this section, the details of our HHG setup will 
be discussed. 

 

Figure 2.7: Second stage layout before (a) and after (b) the redesign made in 2016. Only mirrors, lenses 
and grating are represented. The main changes made were the replacement of lenses L1, L2 and L3, the 
addition of two new mirrors (M1, M4) to increase the beam path, and the replacement of the telescope. 
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Currently, we have three different HHG configurations, yielding harmonics in the same 
energy range but with different characteristic spectra. The simplest setup, shown in Figure 2.8a, 
consists of generating odd harmonics (11th through 17th) of the NIR driver. This is accomplished 
by focusing approximately 2.5 mJ of 780 nm light into a 4 cm cell filled with 2.5-3.5 Torr of Kr 
gas. An f=2 m mirror (f/#≈200) is used to focus the beam loosely (2𝜔! ≈200µm), such that the 
peak laser intensity at the focus reaches 6.5x1013 W/cm2 for a 30 fs pulse. The gas cell is sealed 
by 0.002” thick Ni foils and the light propagates through small laser-drilled holes (<1 mm). A 
motorized stage allows for optimization of the cell position, which, for 780 nm driven 
harmonics, is always before the laser focus. The XUV flux obtained in this configuration, after 
being transmitted through a 100 µm Al filter (~60% transmission) can be as high as 7x107 

photons/pulse, and it drops to approximately 6x106 photons/pulse after being reflected from the 
multilayer (ML) mirror. This flux is distributed amongst all generated harmonics, and it is 
generally most intense at the 13th harmonic order. A typical spectrum is shown in Figure 2.8d.  

Alternatively, a small amount of frequency-doubled, 390 nm light can be mixed in with 
the fundamental NIR pulse at a 20:1 NIR/UV power ratio (Figure 2.8b). This breaks the 
symmetry of the electric field and enhances harmonic generation every full-cycle of the laser 
pulse, which leads to the production of even and odd harmonics of the 780 nm fundamental. To 
make the 390 nm light, 10% of the initial laser output is transmitted by a beam splitter. 
Approximately 1-1.2 W are sent into a 3:1 telescope followed by a half-wave plate and finally a 
500 µm thick α-BBO. 300-350 mW of 390 nm light are produced and separated from the 
fundamental light by a pair of dichroic mirrors that reflect 390 nm and transmit 780 nm. This 
beam is then recombined with the NIR in a dichroic beam splitter after which both colors co-
propagate downstream into the high-harmonic generation chamber. All mirrors after the beam 
splitter are high-reflectivity dielectrics for both 390 nm and 780 nm. A translation stage controls 
the time delay between the NIR and UV pulses. It is crucial that the two pulses overlap perfectly 
in space and time at the high-harmonic generation cell. Twice as many harmonics are produced 
by this method (from 10th to 17th harmonic) and the overall flux is, on average, 2.5 times higher 
than the 780 nm driven HHG (up to 1.5x107 photons/pulse after the ML mirror). The peak 
fluence is generated in the same energy range as for pure 780 nm HHG, as shown in Figure 2.8d. 

Finally, harmonics can also be generated directly by using only 390 nm light for HHG, as 
shown in Figure 2.8c. In this configuration, all the fundamental light passes, unfocused, through 
a half-wave plate and a 500 µm α-BBO to produce approximately 2.9-3.0 W of frequency-
doubled light (~1 mJ). Two dichroic mirrors transmit the co-propagating NIR while the UV light 
is routed to the same f=2 m spherical mirror used in the previous setup to focus the driver into 
the HHG cell. Despite the much lower pulse energies used, the scaling of HHG with the driving 
frequency,  λ-(5-6) [88] makes the generation of 390 nm harmonics very favorable. It produces an 
overall flux approximately two orders of magnitude higher than 780 nm HHG. The maximum 
intensity is shifted towards lower order harmonics, however, with the 5th harmonic being the 
most intense by at least a factor of 2, as illustrated on the spectrum in Figure 2.8d. The true 
intensity ratio is even larger since the 5th harmonic of the 390 nm light extends beyond the 
working range of our spectrometer. Efforts to shift this distribution with conventional phase 
matching parameters, such as gas pressure and cell position have not been successful and a new 
configuration with a shorter focusing length (f=1 m), to increase the intensity at the focus, is 
underway. 
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Figure 2.8: Beam path layout for high-harmonic generation in three different configurations. a) 780 nm 
driver pulse, b) 780 nm plus 5% of 390 nm drivers, and c) 390 nm driven HHG. High-harmonics spectra 
for each of the generation conditions are shown in d). 
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2.1.6. Harmonic flux measurements 

The absolute high-harmonic photon flux is an important parameter that can be easily 
measured in our setup using a Silicon p-n junction photodiode (AXUV, International Radiation 
Detectors / Opto Diode) that is mounted behind the interaction volume of the helium droplet 
apparatus. Upon incidence of photons with energy greater than the band gap of Si (1.12 eV), 
electron-hole pairs are created, and a current proportional to the number of carriers flows through 
an external circuit. More energetic photons, in the UV to x-ray range create more than one 
electron-hole pair and, therefore, lead to internal photon-to-carrier quantum efficiencies (QE) 
higher than 1. A calibrated QE curve is used to correlate the number of incident photons with the 
detected photodiode signal. 

The photodiode signal is enhanced by a fast amplifier (IRD - PA100) with adjustable gain 
(1-5000), and the output signal is evaluated using an oscilloscope. The area under the time-
voltage curve (after subtraction of background signals), is proportional to the photogenerated 
charge (Q) as follows: 

 𝑄 =
1
𝑅

𝑉𝑑𝑡

!"#! (!.!)

 (10) 

Where R is the shunting resistance and can be obtained as a function of the amplifier gain 
from a manufacturer chart. For our measurements, the resistance, in Ohms, is always 𝑅 =
1000 ∗ 𝑔𝑎𝑖𝑛. The number of photon per pulse (N) is given by: 

 𝑁 (𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑝𝑢𝑙𝑠𝑒) =
𝑄

𝑄𝐸 ∗ 1.6𝑥10!!"
 (11) 

Where is QE the quantum efficiency and can be obtained from a calibration curve. For 
multiple harmonic detection, as is our case, the average photon energy value is used in the flux 
determinations. It follows: 

 
𝑁 (𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑝𝑢𝑙𝑠𝑒) =

𝐴𝑟𝑒𝑎 (𝑉. 𝑠)
1000 ∗ 𝑔𝑎𝑖𝑛 ∗ 𝑄𝐸 ∗ 1.6𝑥10!!"

 (12) 

The energy per pulse, in Joules, can also be calculated 

 𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑢𝑙𝑠𝑒 = 𝑁 ∗ ℎ𝑣 𝑒𝑉 ∗ 1.6𝑥10!!"  (13) 

Where hv is the photon energy, therefore: 

 
𝐸𝑛𝑒𝑟𝑔𝑦/𝑝𝑢𝑙𝑠𝑒 =

𝐴𝑟𝑒𝑎 (𝑉. 𝑠) ∗ ℎ𝑣(𝑒𝑉)
1000 ∗ 𝑔𝑎𝑖𝑛 ∗ 𝑄𝐸

 (14) 
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This allows for absolute photon flux measurements and high-harmonic efficiency 
calculations.  

2.1.7. Velocity map imaging detection and image reconstruction  

In our experiment, we are interested in collecting electrons produced by ionization of the 
He droplets and measuring their kinetic energies and angular distributions. Electrostatic lenses 
are used to image the 3-dimensional electron cloud onto a 2-dimensional detector. In a specific 
electrode configuration, implemented by Eppink and Parker [78], the electrons can be “velocity-
mapped’, such that electrons with the same velocity get focused to the same position on a 2-
dimensional detector, regardless of where they originated. This is accomplished by the use of 
three plates, the repeller (R), accelerator (A) and ground (G), with a specific voltage ratio 
between the accelerator and the repeller of approximately 0.7. The electrons are accelerated 
towards a 70 mm chevron-stacked pair of MCPs coupled to a phosphor screen (PHOTONIS – 
APD 2PS75/12/10/). The images produced are recorded by a CMOS camera (IDS-UI-3370CP-
M-GL). A schematic of our VMI setup is shown in Figure 2.9. 

Our VMI setup consists of 3” plates with 0.5” apertures for the accelerator (A) and 
ground (G) electrodes. While in the original VMI setup, the high-resolution focusing is derived 

 

Figure 2.9: VMI plates and MCP/Phosphor screen detector setup. HV1 and HV2 represent the high-
voltages applied to the repeller  (R) and accelerator (A) respectively. G marks the grounded electrode at 
the entrance to the field-free drift region. 
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from using gridless lenses, our repeller plate is a 3” plate with a high-transmission grid that was 
installed in order to be compatible with ion-detection experiments. For pure He droplet 
experiments the repeller voltage is held at -3000 V and the accelerator is held at -2090 V, 
reaching a maximum detectable electron kinetic energy of approximately 8 eV. In order to detect 
higher kinetic energy electrons for doped droplet experiments, the voltages used are -5000V and 
-3400 V for the repeller and accelerator, respectively, increasing the detection range to 14 eV. 

To extract meaningful information from the images, the full 3D information is retrieved 
and a 2D slice through the center of this distribution is used for analysis. Deriving a 3D electron 
emission distribution from 2D images is possible due to the cylindrical symmetry of the electron 
angular distributions with respect to the laser polarization. Many image reconstruction methods 
exist for this purpose [89-91], and in our experiments we use the Basis Set Expansion (BASEX) 
transformation [92]. Briefly, the relationship between the 3D angular distribution, 𝐼(𝑟, 𝑧), and the 
2D projection into the x-z detector plane, 𝑃(𝑥, 𝑧), is given by the Abel integral [93]: 

 
𝑃 𝑥, 𝑧 = 2

𝑟𝐼 𝑟, 𝑧
𝑟! − 𝑥!

𝑑𝑟
!

!

 (15) 

And the desired 3D distribution can, in theory, be obtained by evaluating the inverse Abel 
transform: 

 
𝐼 𝑟, 𝑧 = −

1
𝜋

𝑑𝑃(𝑥, 𝑧)/𝑑𝑥
𝑥! − 𝑟!

𝑑𝑥
!

!

 (16) 

However, using this equation for reconstructing real data is usually not reliable, due to 
noise and discontinuities caused by the discrete nature of pixilated images. To circumvent this 
problem, BASEX uses an expansion within a basis set of functions to describe the detected 2D 
projection. The basis set functions are 2D projections of well-behaved 3D functions, which are 
used to reconstruct the original 3D distribution. This works for basis functions that are uniform 
and can be analytically integrated, reducing the problem of the reconstruction to matrix algebra. 
BASEX uses a Gaussian basis-set, the details of the implementation can be found in the original 
paper by Dribinski et al [92]. 

 

2.2. Free electron laser based experiments 

2.2.1. Experiment overview 

Figure 2.10 shows a scheme of the experimental setup used during a beam time at the 
Atomic, Molecular and Optical Science (AMO) instrument of the Linac Coherent Light Source 
(LCLS) at SLAC National Accelerator Laboratory in October of 2015.  
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Helium droplets with diameters in the hundreds of nanometers range are generated by 
expansion of high pressures (20 bar) of He gas through a cold (4.7 K) 5 µm nozzle. The break-up 
of a liquid He jet leads to the formation of the droplets, which undergo evaporative cooling until 
they reach a final temperature of approximately 0.37 K. The details of the droplet generation 
process have been examined for the laboratory-based experiments and will be left out of the 
subsequent discussion. The droplet beam passes through a 0.5 mm diameter skimmer entering a 
flight region of low pressure (~1-5×10-9 Torr) that extends into the main chamber, and passes 
another 2 mm aperture to enter the interaction region, located approximately 560 mm away from 
the nozzle.  

At the interaction region, an intense (~3-5x1015 W/cm2) 800 nm, 40-50 fs NIR pulse, 
focused down to about 75 µm, intercepts the droplet beam initiating nanoplasma formation and 

 

Figure 2.10: LCLS setup: Droplets generated by expansion He gas through a cold (4.7 K) nozzle . An 
intense NIR pulse intercepts the droplet beam initiating the nanoplasma dynamics. An x-ray pulse probes 
the system by single-shot coherent diffractive imaging at variable time-delays. X-ray diffraction patterns 
are recorded by a pnCCD detector and ions are detected by a time-of-flight mass spectrometer. 
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subsequent dynamics, since at this intensity the NIR field is sufficiently high to strong field 
ionize He atoms [94]. The NIR is linearly polarized, and the polarization angle with respect to 
the detector is controlled using a half-wave plate. A second ~100 fs long pulse, consisting of 600 
eV linearly polarized x-rays, focused down to 2-5 µm is used to probe the system by single-
particle coherent diffractive imaging. 

When an x-ray pulse intercepts a He droplet, a diffraction pattern is generated from each 
individual He cluster. The small angle x-ray scattering pattern is detected by a pnCCD x-ray 
camera, made up of two individual panels [95] that are positioned perpendicular to the x-
rays/NIR beams at a distance of 360 mm from the interaction region. To suppress background 
signals due to scattered IR light, baffles are used at the laser entrance and exit apertures and the 
pnCCD panels are protected by 220 nm of Al foil. A small time-of-flight mass spectrometer 
(TOF-MS) is located at the interaction region and detects a complete mass-spectrum for each 
recorded diffraction image.  

The time delay between the x-ray and IR pulses is set by an electronically controlled 
phase angle between the 800 nm oscillator and the reference RF signal from the accelerator. 
There is an intrinsic jitter on the relative NIR/x-ray timing of 280 fs (FWHM), and a NIR/x-ray 
cross-correlator (time-tool) is used to tag the time delay at short times around time zero with a 
precision of approximately 10 fs [96]. To extract the images related to physical events from the 
120 Hz stream of recorded images, a hit-finding algorithm is used such that only images 
containing actual x-ray scattered photons are analyzed. 

2.2.2. The atomic, molecular and optical science (AMO) beamline 

The AMO instrument is located in the near experimental hall (NEH), about 140 m 
downstream from the LCLS undulator. Table 2.1 shows several experimental parameters 
achievable at this beamline. The values were obtained from references [97, 98] 

The x-ray beam is directed into the beamline by three soft-x-ray (SXR) offset mirrors 

Table 2.1 – AMO experimental parameters 

X-ray energy 250-2000 eV 
Pulse energy  1-2 mJ 
Pulse length  5-200 fs 
Bandwidth (ΔE/E) 0.1% 
Repetition rate  120 Hz 
Transmission 15-30% 
Focus spot 1.5-25 µm2 
Photon flux 1012-1013 photons/pulse 
Optical laser wavelength  800 nm 
Optical laser energy 20 mJ 
Optical laser pulse width 10-150 fs 
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(SOMs), which are made of 250 mm long silicon substrates with 50 µm thick B4C coating. Next, 
a set of two grazing incidence Kirkpatrick-Baez (KB) mirrors is used to focus the light. These 
mirrors are also rectangular silicon substrates (400 mm long) coated with B4C (50 nm) that are 
originally flat, but can be dynamically bent into an elliptical geometry to control the focusing 
position. The first mirror sets the vertical focus and the second defines the horizontal. An 
overview of the beamline and the focusing geometry is shown in Figure 2.11. For the purpose of 
our experiments, the beam is focused into the LAMP chamber [99], approximately 1.1 m 
downstream from the center of the last KB mirror [44]. Under optimal conditions, the smallest 
measured focus spot size was 0.7 µm [97] however, in our experiment the best estimate for the x-
ray focus is in the order of 2-5 µm. 

The subsequent chambers contain two pnCCD detectors. The front detector can be moved 
from 121 to 371 mm away from the interaction region, while the back pnCCD is located 737 mm 

downstream of that point. This configuration allows for the detection of different ranges of 
scattering angles with each detector, which our group has utilized in the past. In the experiment 
described in this thesis, however, only the front pnCCD was utilized. In addition to the imaging 
detectors we used a small time-of-flight spectrometer (labeled “mini-TOF” [101]) to record ion 
spectra. It was mounted on a motorized stage such that it could be moved out of the interaction 
region to allow for a diagnostic paddle to be used. The paddle contains various substrates (clear 
and frosted YAG, Si3N4) as well as a photodiode to perform many crucial diagnostics and 
alignment tasks, such as finding the x-ray focus position and overlapping the NIR pulse with the 
x-rays in space and time. 

Finally, after passing through the interaction region and the gap between the pnCCD 
panels, the x-ray beam exits through a second light baffle and some of the remaining x-ray beam 
light sent into the time-tool. 

 

Figure 2.11: LCLS AMO beamline schematic, adapted from [100]. The X-ray beam enters the 
beamline, passes through a slit (S) and is focused down by a pair of KB mirrors. An incopuling mirrior 
with a drilled hole is used to couple the NIR light. Both beams enter the LAMP chamber through light 
baffles and overlap at the interaction region (IR). Diffracted light is dected by a pair of pnCCD cameras. 
Diagnostic tools are represented by D. 

LAMP Chamber

x-rays

NIR

Beam propagation



 

 33 

2.2.3. Laser system and time-tool 

A commercial Ti:Sapphire oscillator is used to seed a chirped-pulse regenerative 
amplifier, producing 3 mJ, 800 nm pulses synchronized to the FEL accelerator RF signal. The 
laser power can be further increased by sending the beam into a multi-pass amplifier to produce 
≥20 mJ pulses at a repetition rate of 120 Hz. After amplification, the pulse is recompressed to 35 
fs. A half-wave plate on a motorized mount, combined with a polarizer is used to control the 
laser intensity in the interaction region during experiment, when access to the hutch is restricted. 
A second motorized half-wave plate is used to control the NIR laser polarization. Finally, the 
beam passes through a focusing lens (f=1 m) and is sent into the vacuum chamber where it is 
reflected off a drilled-through mirror and propagates collinearly with the incoming x-ray beam 
that passes through the mirror's center hole. At the focus, the NIR beam has a beam waist of 
approximately 75 µm and reaches an intensity of 5x1015 W/cm2, calibrated by analyzing the 
charge state ratios of strong-field ionized atomic argon. 

In order to overcome the intrinsic jitter between the pump and probe pulses, a single-shot 
x-ray/NIR cross-correlator (labeled “time-tool”) is used to measure the shot-to-shot time delay 
with approximately 10 fs resolution [96]. Briefly, the timing-tool works by analyzing the 
changes in the complex index of refraction of an optically thin silicon nitride (Si3N4) membrane 
induced by the interaction of the membrane with the x-ray pulse. A portion of the NIR laser 
beam is split off the pump pulse and used to create a broadband super-continuum, which is 
chirped such that different frequency components arrive at different times. This chirped beam is 
focused into the Si3N4 substrate and a spectrometer measures the transmitted spectrum. When the 
x-ray beam interacts with the membrane, it induces changes in the reflectivity/transmission of the 
substrate, which leads to an apparent edge in the super-continuum spectrum. Since the pulse is 
chirped, the position of the spectral edge can be translated into a relative time delay between the 
NIR and x-ray pulses. The measurement window is set by the amount of chirp in the super-
continuum, and it was set to approximately 1 ps in our experiment. The calibration of the time-
tool is done by performing a simultaneous experiment at the interaction region, where N2 is 
ionized by the x-rays and single-shot TOF traces are recorded. Strong NIR pulses can dissociate 
metastable N2

++ ions produced by the x-rays, leading to a depletion of the N2
++ peak and a 

corresponding increase of the N+ peak in the TOF spectrum. The time-tool sorted ion yields for 
different nominal time-delays give a calibration for the measured edge position as a function of 
time [102]. Every recorded single-shot event is then tagged with a corresponding NIR/x-ray time 
delay. 

2.2.4. pnCCD detector 

A pn-junction charge-coupled device (pnCCD) is used in order to record single-shot 
coherent diffraction images. The detector is based on high-resistivity n-type silicon and is 
manufactured on doubled sided, polished 150 nm Si wafers [95]. The detector geometry consists 
of two panels of 512 x 1024 pixels each, for a total of 1 Megapixel. Each pixel is 75 x 75 µm2 in 
size, such that each panel is a rectangle of 76.8 x 38.4 mm. Each half is independently controlled 
by an XYZ manipulator.  
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The pnCCD is cooled to -50º C by liquid nitrogen to suppress noise. The pixels are read-
out horizontally, moving from the center to the edges, as shown in Figure 2.12a, such that every 
x-ray shot is recorded. The quantum efficiency at 600 eV is approximately 90%, and close to 
100% for hard x-rays. The dynamic range spans the single-photon detecting regime up to 5x105 
photons per pixel, making it ideal for single-shot imaging applications. 

The gap between the two detector halves can be controlled to optimize the desired 
diffraction angle collection. In our experiment, we were interested in small angle scattering, 
however the minimum gap size was determined by the divergence of the NIR beam, since direct 
exposure to high power 800 nm light not only produces a very high background signal, but can 
also damage the detector. To protect the pnCCD and decrease scattered NIR signal, 110 nm thick 
Al foils are mounted on each side of a LUXfilm polyimide layer and supported by an aluminum 
frame in front of the detector panels, as shown in Figure 2.12b. 

2.2.5. Data acquisition and analysis 

The data acquisition system records one event every 0.0083 seconds (120 Hz). For each 
event, a number of experimental parameters, the NIR-x-ray time delay, the pnCCD image, and 
the TOF spectra are saved. However, not every x-ray pulse produces a diffraction image (a 
“hit”). In fact, at best, the hit rate for this experiment was 6 hits/minute, meaning only 1 every 
1200 saved events contains meaningful data. In order to be able to find and analyze such events, 
a “hit-finding” algorithm was implemented. It works by looking at a region of interest (ROI) on 
the CCD images and counting the number of pixels with intensities above a certain threshold in 
that ROI. By comparing the number of intense pixels in each shot with a moving histogram of all 

 

Figure 2.12: a) Schematic of the two pnCCD panels from [21] b) Picture of the front pnCCD protected 
by Al foil and mounted on a XYZ manipulator. 

a) b)
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events, it is possible to identify real hits. The pixel intensity threshold prevents NIR scattering 
signals to interfere with the hit-finding process, since lower energy light that hits the detector 
produces lower intensity signals (in the single-photon regime). Alternatively, we have also used 
the TOF signal to identify real hits, by integrating the intensity of the He+ and He++ peaks and 
comparing the result with a moving average of all events. The problem with this method is that 
most of the ions detected by the TOF spectrometer originate from the interaction of the NIR 
pulses with the droplets. The NIR beam, however, has a much larger diameter than the x-ray 
beam, such that droplets may interact with the NIR beam but not with the x-rays. Thus, it is 
possible to produce a very strong TOF signal that does not correspond to a detectable diffraction 
image, leading to many “false” positive hits. Once the hits have been identified, the parameters, 
images and TOF spectra are saved to an .h5 file and stored locally. 

The diffraction images contain information about the droplet size and shape. In order to 
extract quantitative information, the images are fit to an analytical equation describing the 
scattering off spheroids within the Rayleigh-Gans-Debye approximation for small angle 
scattering [103, 104]. Briefly, the amplitude of scattered light as a function of scattering angle, 
𝑆 𝜃 , for light polarized perpendicular to the scattering plane is given by the superposition of 
scattering waves from multiple infinitesimal volumes: 

 𝑑𝑆 𝜃 =
3
4𝜋 𝑘

! 𝑛! − 1
𝑛! − 2 𝑒!(𝒒.𝒅)𝑑𝑉 (17) 

Where k is the wave number, n is the complex index of refraction, 𝑞 = 2𝑘𝑠𝑖𝑛(𝜃 2), 𝜃 
is the scattering angle and 𝑑 is the real space coordinate of the different scattering volumes. It 
follows:  

 
𝑆 𝜃 =

3
4𝜋 𝑘

! 𝑛! − 1
𝑛! − 2 𝑒! 𝒒.𝒅

!

𝑑𝑉 (18) 

This approximation is valid for when the phase-shift corresponding to any point in the 
particle is small (ref), such that: 

 2𝑘𝑎 𝑛 − 1 ≪ 1 (19) 

 

Where a is the longest dimension through the particle. Rearranging this condition to 
emphasize the particle size in the case of spherical and spheroidal droplets, 𝑎 = 2𝑅, and the 
incident x-ray wavelength, 𝜆  gives: 

 2.𝑅 𝑛 − 1
𝜆 ≪ 1 (20) 

Specifically for scattering off He droplets with 𝑅 ≈ 300 𝑛𝑚, 𝜆 = 2.06 𝑛𝑚 (600 eV), 
𝑛 = 1− 1.36𝑥10!! + 1.7𝑥10!!𝑖 ≈ 1 we have: 
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 2𝑥300𝑥10!! −1.36𝑥10!!

2.06𝑥10!! ≈ 3.9𝑥10!! ≪ 1 (21) 

Thus, the Rayleigh-Gans-Debye approximation is expected to provide a good description 
of the detected images. The intensity of scattered light can be obtained from 

 𝐼 𝜃 =
𝑆 𝜃
𝑘!𝑟!

𝐼0 =
𝑘!𝑉!

4𝜋!𝑟!
𝑛 − 1 !𝑃 𝜃 𝐼0 (22) 

Here V is the droplet volume, r is the distance between the scattering object and the 
detector and P(θ) is the form factor, given by: 

 𝑃 𝜃 =
1
𝑉!

𝑒!(𝒒.𝒅)

!

𝑑𝑉

!

 (23) 

For a spheroid the form factor is given by a Bessel function of order 3/2, 𝐽!
!

 [31]. 

 𝑃!"!!"#$% 𝜃 =
9𝜋
2

𝐽!
!
𝑢

!

𝑢 !  
(24) 

Where 𝑢 = 𝑞.𝑅!"" and 

 𝑅!"" = 𝑏 cos! Θ +
𝑎!

𝑏!
sin! Θ cos!Φ + sin!Φ (25) 

Where a is the symmetry half-axis, b are the two equal half-axis of the spheroid. The 
angle between the symmetry axis and the x-ray beam is Θ and Φ is the azimuthal angle. For 
details see supplemental material in [32]. Only information about the angle Φ, half-axis b and a 
projection of half-axis a can be obtained from the diffraction images, which are fit 2-
dimensionally to equation (22). 
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Chapter 3  
 
Femtosecond Time-Resolved XUV + UV 
Photoelectron Imaging of Pure Helium 
Nanodroplets 

 

The content and figures of this chapter are reprinted or adapted with permission from M.P. 
Ziemkiewicz, C. Bacellar, K. Siefermann, S.R. Leone, D.M. Neumark, and O. Gessner, 

“Femtosecond time-resolved XUV+ UV photoelectron imaging of pure helium nanodroplets”  J. 
Chem. Phys, 141, 174306 (2014) 

 

3.1. Abstract 

Liquid helium nanodroplets, consisting of on average 2 x 106 atoms, are examined using 
femtosecond time-resolved photoelectron imaging. The droplets are excited by an extreme 
ultraviolet (XUV) light pulse centered at 23.7 eV photon energy, leading to states within a band 
that are associated with the 1s3p and 1s4p Rydberg levels of free helium atoms. The initially 
excited states and subsequent relaxation dynamics are probed by photoionizing transient species 
with a 3.2 eV pulse and using velocity map imaging (VMI) to measure time-dependent 
photoelectron kinetic energy distributions. Significant differences are seen compared to previous 
studies with a lower energy (1.6 eV) probe pulse.  Three distinct time-dependent signals are 
analyzed by global fitting.  A broad intense signal, centered at an electron kinetic energy (eKE) 
of 2.3 eV, grows in faster than the experimental resolution and decays in ~ 100 fs.  This feature 
is attributed to the initially excited droplet state.  A second broad transient feature, with eKE 
ranging from 0.5 to 4 eV, appears at a rate similar to the decay of the initially excited state and is 
attributed to rapid atomic reconfiguration resulting in Franck-Condon overlap with a broader 
range of cation geometries, possibly involving formation of a Rydberg-excited (Hen)* core 
within the droplet. An additional relaxation pathway leads to another short-lived feature with 
vertical binding energies ≳ 2.4 eV, which is identified as a transient population within the 1s2p 
Rydberg band.  

  

3.2. Introduction 

Helium nanodroplets provide a fascinating opportunity for studying spectroscopy and 
chemistry in an ultracold environment. These superfluid nanostructures consist of ~ 103 to 109 
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atoms and evaporatively cool to very low temperatures (~ 0.37 K) due to the extremely small 
He-He binding energy in the liquid phase (~ 0.6 meV). [10, 13, 105-107] Their ability to trap 
molecules at low temperature opens a new regime for studies in spectroscopy, cluster formation, 
and chemical bonding. [14, 15, 33, 107-112] The size and shape of He droplets have been 
characterized by x-ray and electron diffraction, [12, 113] while large rotating He droplets doped 
with Xe atoms have recently been shown to support lattices of quantum vortices. [12]  

The dynamics of electronically excited He droplet states are of considerable interest since 
they provide benchmarks for our understanding of complex electronic structures that emerge 
from the superposition of atomic Rydberg manifolds in nanometer- to micron-scale systems. [19, 
20, 114] Experiments on Rydberg-excited bands probe fundamental processes involving the 
coupling of electronic and nuclear degrees of freedom. For example, droplet electronic excitation 
leads to various relaxation channels including Penning ionization of embedded species, ejection 
of Rydberg atoms into the vacuum, autoionization, and interband electronic relaxation [22, 23, 
26, 27, 115-117], as discussed in detail in chapter 1. This chapter described the use of time-
resolved photoelectron spectroscopy [118, 119] to observe relaxation dynamics in pure helium 
nanodroplets following XUV excitation, but with a higher probe photon energy than in our 
previously reported experiments. [26, 27, 120, 121]  It reveals dynamics attributed to the 
formation of a molecular Hen* Rydberg core within the droplet and interband decay from the 
initially excited 1s3p,4p Rydberg band to the lower-lying 1s2p band.    

The electronically excited states of pure He droplets, which can only be accessed by 
photon energies in excess of 20.8 eV, are well beyond the spectral range of conventional 
lasers.[122] Therefore, the electronic structure and dynamics of these species have been studied 
using electron impact, synchrotron light sources, high harmonic generation (HHG), and free 
electron lasers (FEL’s). [17, 22, 23, 79, 116, 120, 123-127] Joppien et al. [122] performed a 
synchrotron XUV fluorescence yield study and identified two strong electronic excitation 
features below the atomic ionization threshold. The lower lying band is centered at 21.6 eV and 
appears to be derived from the nearby 1s2p (1P) level of free atomic helium. There is also a 
higher energy band centered at 23.9 eV, which is blue-shifted by 0.8 eV relative to the 1s3p (1P) 
atomic level and is associated with Rydberg excitations predominantly comprising perturbed 
1s3p and 1s4p atomic states. [122, 128] Photoionization and photoelectron spectroscopy 
experiments carried out using synchrotron radiation showed that the ionization potential (IP) of 
He droplets is ~ 23.0 eV, substantially lower than the IP of isolated helium atoms (24.59 eV). 
[22, 23, 129] These experiments also found that excitation of the higher-lying droplet band 
resulted in the production of electrons with near-zero kinetic energy, a process attributed to 
autoionization within the droplet. Synchrotron experiments on pure droplets at photon energies 
well above the IP of helium yielded a vertical IP of 24.5 eV, slightly lower than that of atomic 
He. [124]  

In order to understand the relaxation dynamics that take place in these excited states, our 
group has carried out a series of experiments based on time-resolved photoelectron and photoion 
imaging. [26, 27, 120, 121] In these studies, pure droplets were excited with a femtosecond XUV 
pulse at 23.7 eV and the subsequent dynamics were probed by near-IR ionization at 1.60 eV 
photon energy (775 nm). The photoelectron experiments revealed complex dynamics, notably 
the existence of a rapidly (~ 200-300 fs) decaying initially excited state, the ejection of 
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electronically excited single helium atoms from the droplet within ~ 200 fs or less, and the 
depletion, recovery, and overshoot of the near-zero kinetic energy electron signal. 
Complementary cation detection techniques were used to examine the ejection dynamics of 
helium atoms in both the n=3 and the n=4 atomic states as well as He2* and He3* electronically 
excited fragments. [121] Owing to the probe photon energy, these experiments were insensitive 
to electron dynamics occurring in levels bound by more than 1.6 eV with respect to ionization. 
For this reason, we have chosen to perform a new set of pump-probe photoelectron imaging 
experiments using a 3.2 eV (388 nm) probe pulse, which allows access to deeper levels of 
electronically excited droplets.   

In the new studies presented in this chapter, photoelectrons generated at short time delays 
are emitted with kinetic energies characteristic of the same initially excited droplet state seen in 
the 1.6 eV probe pulse experiments. As this population decays, a broad photoelectron feature 
appears, notably extending to higher eKE. This feature is consistent with relaxation channels that 
produce molecular Rydberg-excited Hen* cores within the droplet, which exhibit improved 
Franck-Condon overlap with covalently-bound Hen

+ cationic cluster geometries. Photoionization 
of Hen* is thus governed by the adiabatic IP (~ 1.5 eV below the vertical IP), resulting in more 
energetic photoelectrons than are seen from the initially excited state. A second decay channel is 
also observed, resulting in a new feature at considerably lower kinetic energies. This channel is 
attributed to interband relaxation to the 1s2p Rydberg manifold, which was out of range in 
previous 1.6 eV studies. All three of these features experience distinct dynamics observed as a 
function of pump-probe delay, which are discussed in terms of electronic and atomic motion 
within the droplet environment. In particular, the interactions between electronically excited He* 
atoms and neighboring neutrals is likely to be a significant driving force for both relaxation 
channels. Comparison of results with the two probe colors shows more contributions from 
photoionization of the electronically excited droplets and less signal from ejected Rydberg atoms 
at 3.2 eV, suggesting a more pronounced bulk sensitivity compared to the 1.6 eV probe 
measurements. 

 

3.3. Experimental setup 

 The experimental setup is shown in Figure 3.1. Helium nanodroplets are formed using a 
cryogenically-cooled continuous free jet. Electronic dynamics are initiated by an XUV pump 
pulse at a photon energy of 23.7 eV followed by a 3.2 eV (or 1.6 eV) probe pulse. Photoelectrons 
are detected using a velocity map imaging (VMI) spectrometer. The basic setup has been 
discussed in detail in chapter 2.1 and previous publications, [26, 79, 120] so only a brief 
overview will be given here, with special emphasis on changes made to the probe beam path in 
order to use ultraviolet (UV) light.  

 In the droplet source, [79] 99.9999% pure He at 80 bar is expanded into a 7x10-2 Pa 
vacuum through a 5 mm nozzle cooled to 13 K. Droplet size titration, using the method of 
Gomez et al., [85] gives an average diameter of ~ 56 nm (2 x 106 atoms/droplet) as expected for 
an expansion at this temperature and backing pressure. [13] Pump and probe beams are produced 
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by the same amplified titanium sapphire laser supplying 1.6 eV, 25 fs, 3 mJ pulses at a repetition 
rate of 3 kHz. Initial electronic excitation is accomplished using a 23.7 eV photon, produced by 
high harmonic generation (HHG) in a 3.3 cm long gas cell filled with 670 Pa of krypton. Infrared 
light is removed from the co-propagating HH beam using a pair of silicon Brewster mirrors and a 
200 nm thick tin foil; the foil also strongly suppresses any XUV light beyond 24 eV. The total 
pump pulse energy is measured using an XUV photodiode, which gives 5(1) x 105 photons/pulse 
in the 15th harmonic. The pump photon energy distribution is measured at its focus by 
photoelectron spectroscopy of an argon beam, giving an XUV peak at 23.7 eV with a full width 
at half maximum (FWHM) of 0.5 eV. The probe pulse is produced by splitting off 15% of the 
1.6 eV beam prior to HHG. This beam passes through a 3:1 telescope that is used to optimize the 
1.6 eV to 3.2 eV conversion efficiency in a 500 mm thick BBO crystal immediately downstream 
and to adjust the overlap between the pump and probe beam foci along the propagation direction. 
The 3.2 eV beam is filtered by two mirrors coated to reflect the doubled light and to transmit the 
IR fundamental. It then passes through a BG 40 (Schott) color filter, which rejects the remaining 
IR.  

 

Figure 3.1: Experimental setup:  Nanodroplets are formed by expanding 80 bar of 99.9999% purity 
He through a 5 mm hole at 13 Kelvin. They are electronically excited at 23.7 eV before being 
photoionized at 3.2 eV. Both pulses originate from a ~ 25 fs, 3.3 mJ, 775 nm pulse produced by a 
titanium sapphire laser. The 23.7 eV photons are created by high harmonic generation in a krypton 
filled gas cell. The 3.2 eV photons are produced by doubling the 1.6 eV IR beam in a BBO crystal. 
Photoelectron momentum distributions are measured by velocity map imaging. 
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Upon entering the vacuum chamber, the outer annular portion of the probe beam is 
reflected by a beam-combining mirror containing a 5 mm channel, drilled at 45°, through which 
the XUV passes. Then, the pump and probe pulses reflect from the same multilayer mirror, 
which focuses them onto the helium droplet beam. At the interaction region, the peak probe 
intensity is roughly estimated to be ~ 8 x 1011 W/cm2, a number that places these measurements 
in a regime that is expected to be free of multiphoton effects. Photoelectron momentum 
distributions are measured using a three-plate velocity map imaging (VMI) spectrometer as 
described previously. [78, 120]  Electrons are accelerated in a 1 kV/cm field and travel 50 cm 
while being focused onto a 75 mm diameter multichannel plate (MCP) coupled to a phosphor 
screen whose image is then recorded using a digital camera. The instrument response function 
(IRF) of this apparatus was measured by pump-probe ionization of gas phase atomic helium 
excited to the 1s4p state by the pump laser, yielding a cross-correlation of 120(16) fs (FWHM). 

 

3.4. Results 

 
Figure 3.2: Photoelectron velocity map images (after BASEX transformation) using (a) a 3.2 eV 
ultraviolet (UV) probe and (b) a 1.6 eV infrared (IR) probe. The IR results show a more anisotropic 
character, indicating a higher relative sensitivity to isolated Rydberg atoms ejected from the droplet. The 
UV probe produces two main rings, a higher energy one that grows in quickly and decays on the 
timescale of hundreds of femtoseconds and a lower energy one that arrives more slowly before also 
decaying away. The blue line indicates the radius corresponding to an electron kinetic energy of 2.3 eV. 
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Figure 3.2 shows characteristic electron momentum images taken over a range of pump-
probe time delays using 3.2 eV (top row) and 1.6 eV probe pulses. The latter are similar to 
previously published work. [26] The originally recorded photoelectron velocity-map images 
have been transformed to the displayed 2-dimensional momentum images using a BASEX 
algorithm. [118] Delays are labeled as positive when the XUV pump pulse precedes the near-
IR/UV probe. At negative delays, the results at both wavelengths are identical to those obtained 
with the pump pulse only. At 3.2 eV, starting at time zero (when pump and probe are overlapped 
in time), an isotropic ring appears, broadens, and then decreases nearly back to the background 
level within several hundred fs. At 1.6 eV, an isotropic ring is also observed at short delays and 
is smaller than at 3.2 eV, consistent with the lower probe photon energy. At the same time, a 
highly anisotropic channel appears within the instrument response time and then retains constant 
intensity for the remainder of the 8 ps delay range spanned by this experiment. [26, 120]  While 
this feature dominates the 1.6 eV spectra by 300 fs, it is largely absent from the images at 3.2 eV.  

 

Figure 3.3: Photoelectron signal versus electron kinetic energy (eKE) and pump-probe time delay. 
Positive delay values correspond to the XUV pulse coming first. The initial feature “A” quickly 
transitions to a broader feature “B”, which extends both to higher and lower eKE. As these populations 
decay, a more deeply bound level “C” grows in. This feature is likely due to interband relaxation from the 
1s3p,4p droplet band down to the 1s2p band. 
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Additionally, for each probe frequency, a narrow but intense feature is seen at the center 
of the distribution. [23] It arises from near-zero kinetic energy (ZEKE) electrons that can be 
produced by the pump laser alone as evidenced by their existence at negative time delays. This 
well-known indirect ionization channel occurs for XUV photon energies above 23 eV and its 
electron kinetic energy (eKE) distribution, ranging from about 0-10 meV, is independent of the 
pump energy. [23] The ZEKE signal in this experiment is largely insensitive to pump-probe 
delay at 3.2 eV. As a result, it is mostly removed when the pump-only background is subtracted, 
as is done for all further analysis below. [116] Note that the ZEKE signal exhibits a more 
noticeable time-dependence when probing at 1.6 eV, [26] a result discussed in Section V. 

Figure 3.3 shows the evolution of background-subtracted photoelectron kinetic energy 
(eKE) spectra as a function of pump-probe time delay. Three main channels are observed and 
labeled A, B, and C in order of temporal arrival. Channel A appears first and is the most intense. 
At its peak (Δt = 100 fs), it spans from 1.7 eV to 3.2 eV half-maximum to half-maximum. As A 
decays, a new feature (C) appears at lower energies (0.01 to 0.8 eV) before it too decays. Note 
that the lower limit of this energy range is chosen in order to suppress contributions from the 
ZEKE channel in the subsequent analysis. A third transient (feature B) is characterized by 
energies that spread above and below those associated with the initially excited state A. In fact, 
some electron kinetic energies in this channel exceed hνprobe (3.2 eV), a sub-population we refer 
to as superenergetic.  

 

Figure 3.4: Kinetic energy distributions at several pump-probe time delays. At early times, the 
distribution is characterized by a broad feature (A) centered at 2.3 eV, which corresponds to ionization 
from the initially excited electronic manifold. As this feature decays away, two new ones appear, one 
containing photoelectrons with larger eKE than in the initially excited state (feature B), and one with a 
maximum at 0 eV (feature C). Note that the initially excited state reaches its maximum intensity at a time 
delay of approximately 70 fs, at which point its peak signal is twice as high as in the 10 fs trace shown 
here. 
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Figure 3.4 shows photoelectron kinetic energy distributions at three time delays. The 
black line, taken at Δt = 10 fs, shows the eKE spectrum of feature A. It peaks at 2.3 eV and has 
an asymmetric lineshape characterized by half-widths of 0.2 eV and 0.5 eV towards the high and 
low energy sides, respectively (measured at half maximum relative to 2.3 eV). The blue line 
shows the eKE distribution at Δt = 360 fs, well after the peak of feature A. Note that the overall 
intensities of the three traces in Figure 3.4 are not scaled with respect to each other and instead 
represent the actual absolute intensity distributions at different delays. Therefore, the blue curve 
clearly shows the delayed growth of both the superenergetic component of feature B and the low 
energy feature C at the expense of feature A. The red curve shows the eKE distribution at Δt = 3 
ps, where feature C has effectively disappeared but a significant population remains in the range 
spanned by the overlapping features A and B.  

 

3.5. Analysis 

Our data consist of three transient dynamical features, all of which overlap to some extent in 
the energy domain but exhibit significantly different behavior in the time domain. For this 
reason, the data are analyzed using a global fitting procedure [121, 130, 131] where spectral 
distributions are extracted based on the assumption of separable dynamics in energy and time. 
More specifically, one assumes that at any pump-probe time delay Δt, the eKE distribution 
consists of a weighted sum of sub-distributions, 𝑃! 𝐸 , whose individual spectral shapes do not 
change in time. The amount that each Pi(E) contributes to the total eKE distribution at a given Δt 
is described by a function Ti(Δt). The number of photoelectrons 𝑁! with kinetic energy 𝐸 within 
an energy interval 𝛿𝐸 is then given by: 

𝑁! 𝐸, 𝛿𝐸,∆𝑡 = Τ! ∆𝑡 𝑃! 𝐸
!

!!!

𝛿𝐸 (26) 

where 𝑖 = 𝐴,𝐵,𝐶 refer to the three transient states introduced above and 𝑖 = 𝐷 refers to the 
small residual signal that decays on a much longer timescale than the dynamic range of this 
experiment and whose energetic form, 𝑃! 𝐸  is shown as the red curve at Δt = 3 ps in Figure 3.4.  

Relaxation of the initially excited state A is described by simple exponential decay with 
time constant t1. 

Τ! ∆𝑡 = 𝑒!
!!
!! ∗ θ ∆𝑡    (27) 

where θ(∆𝑡) is the Heaviside function which is zero when the probe pulse precedes the pump 
and is equal to one otherwise. 
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The overlapping feature B is taken to be populated on the timescale 𝜏! and drained with a 
second time constant 𝜏! according to 

𝑆!
!! 𝑆!

!! 𝑆! (28) 

where 𝑆! represents an additional state of the system. This leads to time development according 
to: 

Τ! Δ𝑡 =
𝑒!

!!
!! − 𝑒!

!!
!!

1 − 𝜏!𝜏!
 ∗ θ(∆𝑡) (29) 

The low energy feature C has a form that we have not been able to fit to any simple 
kinetic models. Instead it is best reproduced as a Lorentzian in the time domain with a peak at 
𝑡!= 363(8) fs and a FWHM of Γ = 220(30) fs. 

Τ! Δ𝑡 =   
Γ
2𝜋

Δ𝑡 − 𝑡! ! + Γ
2

! ∗ θ(∆𝑡) (30) 

At long times, a small residual signal remains, a result of channels that decay on a slow 
timescale compared to the dynamic range of the experiment. This is treated as a Heaviside 
function. 

Τ! Δ𝑡 =  θ(∆𝑡) (31) 

 Each of these functions is then convoluted with the 𝛿𝑡!"#$ = 120 fs instrument response 
function which is expressed as a Gaussian:  

𝑔 𝑡 =
2 ln (2)
𝛿𝑡!"#$ 𝜋

𝑒!!!" (!) !
!"!"#$

!

 (32) 

Each spectral component distribution, 𝑃! 𝐸 , is divided into 𝛿𝐸 =  100 meV bins 
spanning the range eKE = 0.01-5.01 eV. The magnitude of each distribution integrated over each 
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bin, 𝑃! 𝐸 ∗ δ𝐸, is then treated as a floating parameter in the global fit in order to return the set 
of spectral functions 𝑃! 𝐸 , 𝑃! 𝐸 , and 𝑃! 𝐸 . In addition, 𝜏! and 𝜏! are allowed to float. Γ and 
𝑡! , on the other hand, are fixed at the values given above, which were obtained by separately 
fitting the more isolated feature C over a reduced energy range. 

Figure 3.5b shows the results of a global nonlinear least squares fitting procedure 
compared to the data shown in Figure 3.5a. The resulting three spectral components, 𝑃! 𝐸  are 
shown in Figure 3.5c. The intermediate feature B covers a range of energies extending both 
above and below that for feature A. Feature C is strongly peaked at eKE = 0 eV. Figure 3.5d 
shows the underlying temporal functions by which the distributions in Figure 3.5c must be 
multiplied in order to obtain the overall eKE distribution at a given value of ∆𝑡. The best fit 

 

Figure 3.5: Global fitting of the photoelectron kinetic energy distribution as a function of time. 
Dynamics are modelled as a set of three features with variable eKE spectra each with different behavior 
in the time domain. The intense initially-excited feature A decays on a timescale of 99(8) fs to a broader 
feature B which then decays in 450(100) fs. Feature C, likely associated with interband relaxation to the 
1s2p band, cannot be modelled with simple kinetics and instead agrees best with a Lorentzian distribution 
of arrival times centered at 360 fs. a) shows photoionization spectra binned at 100 meV. b) shows the best 
fit model, c) shows the extracted spectrum for each component, and d) shows the model time dynamics 
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values for 𝜏! and 𝜏! are 99(8) fs and 450(100) fs respectively. The reported uncertainties are 1σ 
variations obtained by fitting on multiple datasets generated by randomizing within the error bars 
of the measurement.  

In Figure 3.6, the data and model are integrated over three different energy regions to 
evaluate the agreement with each of the dynamical features. For reference, the relative 
contribution of each feature is shown for each energy range. Error bars show 3s deviations 
obtained from multiple measurements. Figure 3.6a shows an integration from 1.7 to 3.2 eV, 
which emphasizes the contribution from feature A. In Figure 3.6b, the range 3.2 to 4.2 eV is 
dominated by feature B, while in Figure 3.6c the range 0.01 to 0.6 eV is most strongly affected 
by feature C. Figure 3.6d displays all three integration regions scaled to the same maximum, 
emphasizing the very different dynamics associated with each feature. 

Note that in addition to the global fit presented above, this dataset can alternatively be 
analyzed by independently fitting on the energy ranges shown in Figure 3.6 and again treating 
long-time residual signal by adding a small Heaviside function, as explained previously for the 
1.6 eV probe. [120] This analysis treats time development in the central energy region (Figure 
3.6a) as simple exponential decays of two features, both populated within the IRF and decaying 

 

Figure 3.6:  Fit results from Figure 3.5 integrated over several energy regions chosen to emphasize each 
of the three major features observed in this measurement. In each case, the contribution of the modeled 
feature is shown as well as the overall fit. a) shows the central region, covering the peaks of features A 
and B. b) shows the high energy shoulder of the intermediate feature B. c) shows the low energy region 
where the 1s2p feature dominates. d) shows all three regions scaled to the same maximum, highlighting 
the different dynamics observed in each case. 
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on timescales of 𝜏! = 192(10) fs and 𝜏!! = 1.67(9) ps. The initial decay, 𝜏!, is in good agreement 
with the value of 220 fs obtained previously for 1.6 eV excitation using the same pump photon 
energies. [26] The reason for the difference between this timescale and the 99(8) fs value 
obtained from the global fit is apparent in Fig. 6a where one can see that both features A and B 
contribute to the dynamics for electrons in this kinetic energy range. Feature B, on the other 
hand, can be seen in isolation in Fig. 6b, and it can be fit using equation (4) to return a rise time 
of 150(30) fs and a decay of 310 (60) fs, in good agreement with the values found from the 
global fit. 

 

3.6. Discussion 

This section presents a deeper examination of the three dynamical features identified here. 
For purposes of discussion, Figure 3.7 serves as a useful reference as it summarizes the relevant 
droplet ionization energies, band positions, and energy ranges associated with the three features. 
We then consider the origin of the surprising differences between ionization at 3.2 eV versus 1.6 
eV.   

3.6.1. Ionization from the initially excited state of the system (feature A) 

Figure 3.4 shows that at Δt=10 fs, the electron energy distribution has 𝑒𝐾𝐸!"#$ = 2.3(1) eV, 
in good agreement with the value expected for vertical ionization [124] of a helium droplet 

ℎ𝜈!"#!
!"#$ + ℎ𝜈!"#$%

!"#$ − 𝐼𝑃!"!
!"#$%&'( = 2.4 𝑒𝑉 (33) 

where ℎ𝜈!"#$ refers to the most probable photon energy for each laser pulse and 𝐼𝑃!"!
!"#$%&'( = 

24.5 eV. This suggests, as shown in Figure 3.7 that feature A originates from direct ionization of 
droplet states that are initially excited within the 1s3p/1s4p band by the pump pulse and are then 
photoionized by the probe. With a FWHM energy span of about 23.6 eV to 24.1 eV, this band is 
well positioned for excitation by the pump laser, for which the FWHM photon energy 
distribution ranges from 23.4 to 23.9 eV. [122] A similar feature was observed in previous 
studies using a 1.6 eV probe. [26, 122] 

The energy distribution for feature A extracted from the global fit, shown in Figure 3.5c, 
represents the eKE distribution due to ionization of the initially excited state. This can be 
compared with the eKE distribution obtained by adding pump and probe photon energies and 
subtracting the droplet vertical IP. The sharp edge at high energy is a direct result of the 
truncation of the pump photon energy distribution by the tin filter through which it passes. This 
further confirms that feature A represents the initially excited distribution of states in the system 
before relaxation has occurred. The low energy side of the photoelectron distribution, on the 
other hand, extends beyond what can be accounted for by uncertainty in high harmonic photon 
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energy. This may be the result of Franck-Condon effects in direct ionization and/or electron 
energy loss by inelastic scattering while exiting the droplet. [26]  

The nature of the initially excited droplet state is of considerable interest. Ab initio 
calculations show that electronic excitation of the lower energy 1s2s and 1s2p transitions in He25 
droplets results in states localized on single He atoms as well as more delocalized electronic 
wavefunctions, depending on the positions of the He atoms at the moment of excitation. [19] 
One may expect a similar scenario for the 1s3p/4p band excited in these experiments, but the 
extent to which the initial excitation in the much larger clusters studied here is localized on 
single atoms as opposed to delocalized across multiple atoms remains an open question. 

3.6.2. Cluster relaxation (feature B) 

As shown in Figures 3.3-3.5, feature B overlaps feature A, but is broader, weaker, and 
considerably longer-lived. Significantly, the high eKE range covered by feature B extends 

 

Figure 3.7: Observed relaxation channels in electronically excited states of helium droplets.  Feature 
“A” is likely due to direct ionization out of the initially excited Rydberg manifold in the 1s3,4p band. 
Feature “B” grows in as feature “A” decays. This may be due to intraband relaxation to Rydberg core 
species (Hen*) where improved Franck-Condon overlap with bound cationic clusters (Hen

+) allows 
spectroscopic access to the adiabatic IP. Feature “C”, on the other hand, is the result of, possibly 
collision-mediated, electronic interband relaxation. 
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beyond the probe photon energy of 3.2 eV. These characteristics of feature B suggest that it 
results from intraband relaxation dynamics within the electronic state manifold initially prepared 
by the XUV pulse, namely the response of the He atoms to the creation of a Rydberg excitation 
within the droplet. [114] This excitation will lead to both attractive and repulsive interactions 
between neighboring helium atoms. One thus expects substantial nuclear dynamics to occur in 
response to electronic excitation even if the character of the initially excited state is preserved. 
The greater breadth of feature B most likely reflects these dynamics.   

Recent calculations by Closser et al. provide more detailed insights into these dynamics. 
[19, 20] Simulations on electronically excited He7 show that most clusters dissociate into He* 
and ground state atoms, but a small fraction of trajectories leads to the production of bound He2* 
and He3* configurations, species which have been directly observed in experiments on much 
larger clusters. [121] In our experiments, we excite the higher energy 1s3p/4p band and are 
looking at much larger droplets, in the size range of ∼ 2x106 atoms. Nonetheless, the calculations 
raise the intriguing notion that nuclear relaxation dynamics subsequent to electronic excitation 
can produce He2* and possibly larger Hen* species within the droplet. Probe ionization of these 
molecular Rydberg sub-units can then access strongly bound Hen

+ cations; the He2
+ cation, for 

example, is bound by over 2 eV. [132] Indeed, the formation of molecular Rydberg states after 
electronic excitation of large droplets has been confirmed experimentally by synchrotron-based 
fluorescence measurements in the Möller group [133] and femtosecond time-resolved ion 
imaging experiments in our group. [27, 121]  

The formation and probe-induced photoionization of these molecular Rydberg species can 
contribute to the overall shape of feature B, particularly the superenergetic electrons. [22, 124]  
The presence of He2* and larger Hen* clusters within the droplet will lead to improved Franck-
Condon overlap with a wider variety of droplet cation states including the cationic ground state, 
so that the probe pulse creates photoelectrons with higher kinetic energies than in the absence of 
such species. As an example, both the attractive He2* and He2

+ diatomic potential energy curves 
have well depths up to ~ 2 eV, exceeding the energy difference between the atomic n = 3,4 
Rydberg manifolds and the atomic Helium IP. [131, 133, 134] Moreover, while Rydberg 
excitations inside the droplet are generally expected to be blue-shifted with respect to the atomic 
limit due to the interaction between neighboring atoms, the ionic states may be blue- or red-
shifted. As a result, ionic potential energy surfaces at small internuclear distances dip to energies 
below those of the initial Rydberg excitations, These effects, taken together, enable the release of 
photoelectrons with kinetic energies exceeding the probe photon energy. From another 
perspective, while ionization leading to feature A is largely vertical, relaxation subsequent to 
electronic excitation leads to more adiabatic ionization as observed in feature B. As indicated in 
Figure 3.7, this leads to higher energy photoelectrons. 

In the same picture, the decay of feature B on a sub-picosecond time scale is consistent with 
the fact that most Rydberg excitations in a droplet do not lead to stable Rydberg molecules or 
clusters.[121] Instead, even neighboring atoms that do approach each other after droplet 
excitation mostly undergo collisions that do not result in bound configurations.[20] This results 
in a limited time window for the production of high-energy photoelectrons while two or more 
atoms within a Rydberg configuration are in close proximity. 
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We note that previous experiments using synchrotrons have detected He2* species ejected 
from the droplet subsequent to electronic excitation below the vertical IP, and autoionization of 
He2* within the droplet has been proposed as one of the mechanisms by which ZEKE electrons 
are produced. To the extent that these species are responsible for the electrons in feature B, this 
study suggests a timescale of about 100-200 fs for their formation. 

3.6.3. Interband electronic relaxation (feature C) 

As seen in Figures 3.3-3.6, a new feature appears and decays on a 300-400 fs timescale 
whose eKE distribution is peaked at 0 eV and extends to about 0.8 eV. Assuming direct 
ionization with the 3.2 eV probe pulse, this signal represents a band characterized by vertical 
binding energies ≳ 2.4 eV. This interpretation is consistent with the fact that it was not seen in 
previous studies using a 1.6 eV probe pulse. The observed binding energies are likely due to 
ionization from the high energy side of the 1s2p droplet band, suggesting that feature C is 
associated with probe ionization from the same 1s2p states that could otherwise be reached in the 
absorption band centered at hν pump = 21.6 eV. 

The delayed appearance of this population suggests that some time is required for the 
droplet to relax from the initially excited 1s3p/1s4p band to the lower lying 1s2p levels. This 
may be because, like feature B, the rise of feature C is closely related to nuclear motion that sets 
in as soon as the droplet is electronically excited. In fact, the 360 fs average relaxation time from 
the n = 3,4 band to 1s2p is about four orders of magnitude shorter than the radiative lifetimes 
[135] of the 1s3p and 1s4p states in isolated He atoms (~ 2-4 ns). The rapid interband relaxation 
presumably occurs because at short internuclear distances, curve crossings between the n = 2 and 
n = 3,4 manifolds provide routes for He + He* collisions within the droplet to efficiently transfer 
population from the upper to the lower droplet band. [134] 

However, as shown in Figure 3.6d, the dynamics of the transition 1s3,4p → 1s2p are 
considerably more complicated than the relaxation to produce feature B, as evidenced by the 
Lorentzian shape of the 1s2p population in the time domain. The reason for this temporal 
behavior is not immediately apparent. It is possible that its delayed arrival could be the result of a 
sequential process whereby population is first transferred to state B before relaxation can occur 
to state C. However, the time domain dynamics seen in Figure 3.6c cannot be fit to a simple 
kinetic model consisting of one timescale for A to relax to B and a second for B to relax to C. 
Therefore, the actual mechanism must be more complex than this, meaning that a more 
complicated kinetic/dynamical scheme may be at work. For this reason, the production of feature 
C is simply presented in Figure 3.7 as another relaxation channel in addition to the one 
responsible for feature B. As shown in Figure 3.6c, feature C disappears very quickly compared 
to the rates of decay of features A and B. This may be due to cooling to the lower half of the 
1s2p band and/or interband relaxation to the 1s2s band, all levels that are not accessible with the 
3.2 eV probe photon. In fact, preliminary results from a recent FEL based experiment support the 
existence of effective intra- and inter-band relaxation within the n = 2 droplet state manifold on a 
similar timescale. [136] 
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3.6.4. Comparison with results at 1.6 eV probe energy  

 The most notable difference between the current results probing at 3.2 eV and those at 
1.6 eV is the greatly reduced fraction of anisotropic signals associated with ionization of ejected 
Rydberg atoms, compared to the isotropic angular distributions associated with direct ionization 
of electronically excited droplets. [26, 120]  The long-lived atomic photoelectron population, 
which makes up about 1/3 of the peak signal in the case of 1.6 eV probing, accounts for less than 
6% of photoelectrons when using a 3.2 eV photon. Since the XUV-induced dynamics are the 
same in both experiments, this discrepancy points to dramatically different scaling of ionization 
efficiencies versus wavelength for electronically excited atomic states versus droplet states. In 
gas phase atoms, the excited state photoionization cross section for 1s3p decreases by a factor of 
2.7 when the probe wavelength is decreased from 800 nm to 400 nm. [137] However, the 
persistence of the isotropic signals at 3.2 eV compared to 1.6 eV suggests that an additional 
effect is at play, yielding different photoionization dynamics at the two probe energies. One 
possible explanation is that the 1.6 eV probe is only capable of ionizing states at the droplet 
surface while the 3.2 eV probe provides access to the droplet interior, which contains the vast 
majority of atoms for the large droplets studied here. The question then is whether one can 
explain enhanced bulk sensitivity for ionization at 3.2 eV vs. 1.6 eV. 

Bulk liquid helium is characterized by a well-established barrier [119, 138] of ~ 1.1 eV 
for electron injection, a result indicating that the conduction band in liquid He is actually above 
the vacuum level. [32] This barrier exists because the repulsive interaction27 between a free 
electron and neutral He forces conduction band electrons to exist in interstitial spaces within the 
liquid. Quantum confinement of the electrons then raises their zero point energy to 1.1 eV in 
reasonable agreement with simple wave mechanics calculations. [139] This repulsive force will 
also result in an exit barrier for an electron leaving the droplet. This effect has been inferred from 
previous experiments on Penning ionization in large (NHe = 2.5x105) droplets [32] where 
photoelectron distributions were truncated at eKE < 1 eV. Such a barrier could immediately 
explain the differences between the current experiment and the previous results. For states below 
24 eV pump excitation energy, a 3.2 eV probe photon is capable of surmounting the exit barrier 
but the a 1.6 eV photon is not and is therefore constrained to ionize only near the surface where 
such a barrier does not exist for electron emission away from the center of the droplet. Therefore, 
the current study may be able to observe bulk excited states, which were not accessible 
previously. This picture is further supported by theoretical modeling showing that the 1.6 eV 
results could be reproduced by considering near-surface excitations only. [26]  

The interband relaxation that is directly observed in feature C was previously predicted 
[120] based on indirect evidence from studies using the same experimental apparatus and a 1.6 
eV probe pulse. In that case, it induced a significant enhancement in ZEKE electrons, [23] a 
feature that is present after 23.7 eV excitation and that grows larger at longer pump-probe delays 
when using 1.6 eV probe pulses. It was suggested that this enhancement was from probe-induced 
promotion of relaxed electrons from the then otherwise unobservable n = 2 bands back up to the 
n = 3,4 band, from which an additional fraction would be ejected in the ZEKE channel. The 
results presented here provide a direct confirmation that interband electronic relaxation occurs 
within the droplet environment. However, the new data also show that this relaxation proceeds 
much faster than previously suggested. Observation of ZEKE repumping in the time domain in 
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the previous experiments yielded two separate timescales, 140-200 fs and 1.5-2.5 ps, and it was 
believed that the slower timescale was associated with interband relaxation.[120] In contrast, the 
current results clearly demonstrate that the droplet relaxes from the n = 3,4 state manifold to the 
n = 2 manifold within ~ 360 fs. At 3.2 eV, we see little or no time-dependent enhancement of the 
ZEKE signal on the 1.5-2.5 ps time scale. This could be because the probe photon energy here is 
large compared to the ~ 2.3 eV gap between the peaks of the two relevant electronic bands and is 
therefore not able to resonantly re-excite the droplets. At very long pump-probe delays (~ 10 ps), 
a ZEKE regrowth does finally begin to appear, possibly indicating that intraband relaxation 
within the n = 2 manifold has finally resulted in states that can be excited back to n = 3,4 by a 3.2 
eV photon. 

 

3.7. Summary and conclusions 

We have performed a femtosecond time-resolved photoelectron imaging study of pure 
helium nanodroplets consisting of, on average, 2x106 atoms each. Pumping with XUV light 
centered at 23.7 eV accesses the n = 3,4 Rydberg band below the vertical droplet IP and above 
the adiabatic IP. Transiently populated states are probed by photoionization with 3.2 eV photons. 
Photoelectron velocity map imaging (VMI) as a function of pump-probe delay reveals several 
transient electronic states in the cluster. Initially excited droplet states in the n = 3,4 Rydberg 
manifold are found to relax within ~ 100 fs.  

 Within this time interval, we observe the appearance of a strong feature that overlaps 
with the photoelectron distribution of the initially excited states but extends to both higher and 
lower electron kinetic energy. Interestingly, it extends up to 0.6 eV beyond hνprobe. This feature 
decays on a timescale of ~ 450 fs and is interpreted as the result of nuclear motion induced by 
electronic excitation within the droplet, possibly leading  to the transient formation of Hen

* 
Rydberg cores and enhancing Franck-Condon overlap with a broad range of droplet cation 
geometries. As a result, the adiabatic ionization potential of the droplet becomes more relevant to 
the ionization dynamics, leading to higher energy photoelectrons. 

 A new photoelectron feature with binding energies ≳ 2.4 eV, which was not accessible in 
previous studies, appears on a ~ 360 fs time scale. This result is interpreted as an electronic 
relaxation from the initially excited n = 3,4 Rydberg band to the lower-lying 1s2p band. 
Subsequent rapid decay of this signal may be associated with continued intraband relaxation 
within the 1s2p band and/or interband relaxation to the 1s2s band, which is out of range of our 
probe energy. Rough agreement between the timescale to populate the broad feature at high 
kinetic energies and the delay in the appearance of 1s2p levels suggests that both features may be 
associated with nuclear motion. The relaxation to 1s2p in particular is likely the result of 
interatomic collisions, which provide access to crossings between the initially excited 1s3p/4p 
surface and the lower 1s2p surface. 

 Electron kinetic energy distributions measured with a probe photon energy of 1.6 eV are 
dominated by ionization of ejected Rydberg atoms. Conversely, those taken with a 3.2 eV probe 
are dominated by ionization of electronically excited droplets with little or no observable 



 

 54 

contribution from ejected atoms. This effect is attributed to enhanced probe ionization of bulk 
electronic excitations by a 3.2 eV photon, which is capable of overcoming the exit barrier 
associated with the above-vacuum-level conduction band edge in liquid helium. 
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Chapter 4   
 
Toward Femtosecond Time-Resolved 
Photoelectron Imaging Studies of Solvent-
Solute Energy Transfer in Doped Helium 
Nanodroplets 
 
 

4.1. Introduction 

Helium nanodroplets are well-known for their use as a cryogenic high-resolution 
spectroscopy matrix for embedded atoms and molecules. The droplets are marked by extremely 
low temperatures (0.38 K), a wide transparency window in the regions of interest for virtually all 
rotational, vibrational and valence electronic spectroscopies, and a very weak interaction with the 
dopant species. These properties, coupled with the ease of doping the droplets with a controlled 
number of particles, have led to the emergence of an entire community dedicated specifically to 
spectroscopy of doped species [13, 17, 140-144]  

Additionally, very interesting phenomena arise when the droplets themselves are excited 
(as discussed in detail in the previous chapter). Briefly, helium droplets start absorbing light at 
approximately 21 eV. The electronic structure is comprised of two main absorption bands, 
centered at 21.6 eV and 23.8 eV, roughly corresponding to broadened and blue shifted n=2 and 
n=3,4 Rydberg states in He atoms, respectively. Excitation above 23 eV, despite being lower 
than the ionization potential (IP) of atomic He, leads to an auto-ionization channel resulting in 
the creation of near zero kinetic energy (ZEKE) electrons. Many other complex relaxation 
channels have also been observed following electronic excitation, including the formation of He 
dimers (and larger clusters), inter- and intra-band relaxation and the ejection of Rydberg atoms 
from the droplets [26, 27, 145]. 

The incorporation of dopant species allows the study of energy- and charge-transfer 
processes between the droplet environment and the embedded particles, as well as the 
investigation of how these additional solvent-dopant interactions complement and compete with 
relaxation channels present in pure droplets. Several energy-resolved experiments focusing on 
electron impact [28-30] and XUV photon excitation using synchrotrons sources [22, 32, 146], 
have addressed aspects of dopant-droplet interactions, outlining two main processes: Excitation 
transfer (via Penning ionization) and direct charge transfer. These processes take place when the 
droplet is either excited below the ionization threshold, or directly ionized, respectively. The 
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efficiency of each channel, however, depends on the droplet size and the dopant nature, and there 
are still many open questions regarding the detailed mechanism and timescales of such 
processes. The results of some recent studies are illustrated in Figure 4.1.  

Photoionization studies of droplets doped with rare gas atoms (Rg=Ne, Ar, Kr, Xe), 
utilizing synchrotron radiation from the Advanced Light Source (ALS) tracked the ion yield of 
certain doped species (Rg+, Rg2

+, HenRgm
+) as a function of excitation energy [146]. The overall 

trend points to increased Rg ionization after resonant droplet excitation (hν ≈21.6 eV) but show a 
significantly stronger effect following droplet ionization (hν >23 eV), for all gases except neon. 
This observation points toward more efficient charge transfer channels compared to excitation 
transfer via Penning ionization for most rare gas atoms [146]. A second series of photoelectron 
imaging experiments at the ALS focused on the Penning ionization process in Kr- and Xe-doped 
droplets after resonant excitation into the n=2 band of the droplet (Figure 4.1a). On- and off-
resonance photoelectron spectra showed remarkable differences, evidencing strong ionization 
enhancement due to energy transfer from the droplet. Additionally, it was observed that Penning 
ionization may precede either directly from the initially excited band, or involve intermediate 
relaxation steps, presumably involving different timescales. Immediately after excitation of the 
droplet, energy transfer leads to maximum electron kinetic energies of the ionized dopant species 
as expected from energy conservation (KE= hν-IPRg). Alternatively, the host-dopant excitation 
transfer may be preceded by inter-band relaxation (1s2p to 1s2s), leading to the emission of 
lower kinetic energy photoelectrons. Significant signal intensity originating from inelastically 
scattered photoelectrons was also observed, suggesting the electrons undergo many collisions 
before leaving the droplet. The photoelectron angular distributions (PADs) showed that the 
photoelectrons produced by (indirect) dopant ionization in the droplet environment were more 
isotropic than those originating from direct ionization of atomic Kr/Xe, corroborating the 
concept of an indirect dopant ionization process and/or elastic photoelectron scattering inside the 
droplet. 

More recently, in experiments performed at Elettra, XUV ranging from 20 to 26 eV, was 
used to excite/ionize droplets doped with a rare gas (Ar) and alkali metals (Li, Na, K) [33]. 
Embedded rare gases are generally believed to be located more toward the center of the droplet, 
while the weakly-bound electrons in alkali atoms lead to repulsion forces from the helium 
environment resulting in surface-bound atoms [33, 147-149]. By tracking the ion yield of certain 
species (Ar2

+, Li+, Na+, K+) as a function of excitation energy, it was observed that Penning 
ionization was favored over charge transfer for doped species located at the surface of the 
droplet, while charge transfer was much more efficient at ionizing dopants embedded further 
inside the droplet (Figure 4.1b). The preferential Penning ionization of surface dopants is 
explained based on evidence that excitation created in the droplet should migrate to the surface 
driven by repulsive forces between He*, He-He*, and the bulk helium environment as well as 
possible alkali-He* attractive forces. Alternatively, positive charges can be contained in the bulk 
of the droplet and charge hopping following droplet ionization is attributed as the main 
mechanism for charge transfer to dopants located inside the cluster.  

 Our experimental setup is well suited to elucidate some of the open questions about the 
mechanisms and intermediate steps involved in solute-solvent interactions in the droplets, as well 
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as to understand how such processes compete with and modify relaxation channels previously 
observed in pure droplets. Proposed experiments are discussed in the following section.  

 

4.2. Proposed work  

The fundamental idea behind the proposed experiments is to resonantly excite doped 
droplets into the 2p band (i.e. below the droplet IP) and then either further excite or ionize them 
with a second pulse of 785, 390, or 260 nm light. Different relaxation channels, such as 
excitation- or charge-transfer induced dopant ionization, are expected to lead to different 
photoelectron signals with distinctly different dynamic trends [32, 33]. A Schematic of proposed 
experiments is shown in Figure 4.2.  

Starting with rare gases as dopants, such as Ar, Kr, and Xe, the competition between 
cluster relaxation and Penning ionization can be probed by exciting the droplets at ~21.6 eV and 
ionizing them at varying time-delays. The probe pulse can deplete the population of Hen* 
available to Penning-ionize the dopant and, therefore, suppress the excitation transfer signal 

 

Figure 4.1: Summary of the main results presented in the literature a) Penning ionization of Kr and Xe 
doped droplets with resonant (21,6 eV)  vs. non-resonant (20.6 eV) excitation, adapted from [16] b) 
Charge transfer vs. Penning ionization processes as a function of excitation energy and dopant location, 
adapted from [17]. Details of these studies are discussed in the text. 
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whenever the droplet ionization occurs before the Penning ionization. Monitoring the recovery 
time of the Penning ionization signal as a function of pump-probe delay provides information 
about the time the excitation evolves inside the droplet before it is transferred to the dopant. 
Droplet relaxation prior to Penning ionization was also observed in energy-resolved experiments 
[32]. It is also possible to monitor that energy transfer channel, since photoelectrons generated 
after droplet relaxation are expected to have a lower kinetic energy than those created by direct 
ionization of the initially prepared excitation. Additionally, all droplet relaxation channels 
observed in pure droplets [26, 27, 145] are also accessible in this experiment and can be 
measured to investigate potential differences caused by the presence of dopant species. 

A similar experiment can be performed by using neon atoms as the dopant species and 
restricting the excitation to energies below 21.56 eV (Ne IP). In this case, the droplet excitation 
is not enough to ionize the dopant, but rather, it can promote Ne atoms to a Rydberg state. This 

 

Figure 4.2: Schematic of the proposed experiments. The purple arrow represents the XUV pump pulse, 
the shaded gray band overlapping droplet absorption spectrum illustrates the excitation range and the blue 
arrow shows the probe pulse. Ionization potentials (IPs) are represented by dotted lines a) Droplets doped 
with rare gas atoms with IPs lower than the n=2 band (Kr as an example). In this case, the probe pulse 
should deplete the Penning ionization processes, and the recovery time contains information about the 
timescales for this process, as shown by the plot on the bottom right corner. b) Droplets doped with Ne, 
excited below 21.6 eV. In this experiment, the excitation transfer creates an excited Rydberg Ne that is 
ionized by the probe, as shown in the bottom right corner plot. 
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scheme allows the direct measurement of the excitation transfer timescale by monitoring the 
pump-probe delay dependent signal from ionization of Ne* by the probe pulse. It also opens up 
an unexplored droplet-dopant interaction regime of direct excitation transfer rather then Penning 
ionization. By simply increasing the excitation to energies above the Ne IP and promoting 
Penning ionization, however, one can gain insight on the differences between the two distinct 
energy transfer processes. 

The overall efficiency of dopant Penning ionization is known to depend on the droplet 
size [32, 146]. In an excitation diffusion-like picture of excitation transfer, the timescales of this 
process should be dependent on the time it takes for the excitation to reach the dopant inside the 
droplet and, therefore, also be affected by the cluster size. This idea can be tested by performing 
the above-described experiments at different droplet generation conditions that lead to different 
droplet size distributions.  

To be able to perform the proposed experiments, however, some significant changes need 
to be implemented in our current setup. The current progress and remaining experimental 
challenges are discussed in the next session. 

 

4.3. Experimental challenges 

4.3.1. Pump photon generation and selectivity  

Our current experimental setup is very well suited to study excitations in the higher lying 
droplet band n=3,4 (at 23.8 eV). The lower energy n=2 band (at 21.6 eV), however, has a 
significantly higher absorption cross section that lies below the threshold for droplet auto-
ionization, which makes excitation created at this energy much more efficient for Penning-
ionizing dopants. In fact, most of the Penning ionization signal recorded as a function of energy 
originated exclusively from excitations in the lower droplet absorption band.  

Unfortunately, 785 nm driven HHG does not provide any light in the desired energy 
range. Harmonics are generated every half-cycle of the laser pulse. Therefore, only odd 
harmonics are produced. In the past, we have used the 15th harmonic (at 23.7 eV) to excite the 
n=3,4 band of the droplet and the next lower energy 13th harmonic (at 20.5 eV) is not resonant 
with the n=2 band either. The even harmonic (14th) at 22.1 eV, however, is much closer in 
energy to the center of the n=2 band and a great candidate to be used as a pump pulse. 

Two different experimental approaches can be used to produce light at 22.1 eV: Even and 
odd high-harmonic generation and 390 nm driven HHG. Even harmonics can be generated in 
addition to odd harmonics by breaking the electric field symmetry of the light, such that 
harmonics only get emitted every full cycle. This can be done by adding a small amount (5% in 
intensity) of second harmonic light to the fundamental driving pulse, as discussed in chapter 2. 
This was the first solution implemented in our setup, and the resulting harmonic spectrum is 
shown in Figure 4.3a. Despite being work-intensive to set up, once the 780 nm driving pulse is 
well overlapped in time and space with the weak doubled light, the 14th harmonic flux is as 
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intense as the original 15th harmonic used for previous experiments. This method’s downside is 
the lack of harmonic selectivity. Even propagating the XUV beam through a metal filter with a 
narrow transmission window, such as 200 nm Sn filter, five different harmonics can interact with 
the target. Since most of these harmonics are energetic enough to ionize the proposed dopant 
species, they result in a congested spectrum and can also lead to more complex dynamics in the 
droplets.  

Due to the drawbacks of even harmonic generation, we implemented a 390 nm driven 
HHG scheme. In this case, only the odd harmonics of 390 nm are produced due to the field 
symmetry. Therefore, the 7th harmonic corresponds, in energy, to the 14th harmonic of 785 nm at 
22.1 eV. In this scheme, the challenge is to produce enough doubled light from the 785 nm laser 
output to generate sufficient harmonic flux. Using a 500 µm BBO crystal, a conversion 
efficiency of up to 30% is obtained. Fortunately, the scaling of HHG with the driving frequency 

[88] makes the generation of 390 nm harmonics very favorable, despite the much lower pulse 
energy (about 1 mJ vs. 3 mJ used in 785 HHG). Surprisingly, the overall harmonics flux is much 
higher than that of the 785 nm harmonics, as well as much cleaner, since the spacing between the 
390 nm harmonics is doubled compared to those for 780 nm, as shown in Figure 4.3b. The major 
problem with this configuration, however, is the relative distribution of harmonic intensity. A 
vast majority of the flux is concentrated in the 5th harmonic instead of the desired 7th harmonic. 
Efforts are underway to shift the HHG production towards light at 22.1 eV. Once successful, we 
will be able to efficiently and selectively utilize that harmonic as the pump pulse for the 
proposed Penning ionization experiments.  

 

Figure 4.3: a) Spectra of 785 nm driven HHG, producing exclusively odd harmonics (black) and 785 + 
390 nm driven HHG, that generates even and odd harmonics of the 785 nm driver (red). b) Harmonics 
spectrum of 390 nm driven HHG. Note that the 5th harmonic intensity is cut off because its low energy 
tail exceeds the detection range of the spectrometer. 
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4.3.2. Harmonic tunability 

On top of generating the correct harmonic to use as the pump pulse, we also need to be 
able to shift its energy such that it better matches the n=2 band, centered at 21.6 eV. Currently, 
the 14th/7th harmonic of 785/390 nm, respectively, is centered at 22.1 eV, 0.5 eV away from the 
center of the resonance. It is relatively easy to shift the generated harmonic energy under certain 
conditions, such as super broad-band driver pulses or much higher harmonic orders, by simply 
changing the phase-matching conditions [49]. Given our HHG geometry and low harmonic 
order, however, their energies are mostly invariable and set by the laser frequency. Therefore, the 
only effective alternative is to shift the center frequency of the laser output. For all previous 
experiments, the laser oscillator and amplifier were operated at 780-785 nm, their optimal 
configuration. In order to shift the 14th/7th harmonic by 0.5 eV, the target laser frequency is 803 
nm. Despite some output power loss (about 10%) due to frequency mismatch of optics inside the 
laser, we have been able successfully shift the amplifier output to approximately 800 nm while 
still preserving the short temporal pulse width. The shifted driving pulse can be used to generate 
red-shifted harmonics. Figure 4.4 shows photoelectron spectra of Ne ionized with the 7th 
harmonic of 390 and 400 nm light. The harmonics are visibly shifted towards lower energies but 
the shift is somewhat smaller than expected, to ca. 21.8 eV. This could be due to the use of 
downstream optics optimized for 775 nm rather than 800 nm which can cause the laser frequency 
to be blue-shifted back by a small amount. Despite not being centered exactly at 21.6 eV, 
harmonics produced with 400, nm, as opposed to 390 nm are much more suited to excite the n=2 
band. 

 

Figure 4.4: Photoelectron spectra of Ne gas ionized by the 7th harmonic of a frequency-doubled driver. 
The blue and red curves correspond to signals recorded with 392 nm and 400 nm driven HHG, 
respectively.  

Red shifted harmonics



 

 62 

4.3.3. Droplet sizes and dopant levels 

In our previous experiments, we have used relatively large droplets with average radii of 
~28 nm, corresponding to a total number of He atoms of approximately <NHe>=2x106. Most 
previous studies of doped He droplets used between two and three orders of magnitude fewer 
helium atoms per droplet, with radii varying between 1 nm and 6 nm. The implications of using 
smaller droplets are threefold: First, it is easier to control doping levels in the single/few atoms 
doping regime. Since the geometric droplet cross section, which factors into the dopant pick-up 
probability, scales with r2, higher dopant gas pressures can be used in the pickup cell for smaller 
droplets. Secondly, the increased ratio of dopants to He atoms results in a better contrast for 
signals originating from dopant ionization. Finally, for Penning ionization and charge transfer 
processes, a smaller droplet size may translate into higher energy transfer efficiency as a result of 
decreased competition with pure droplet relaxation channels such as helium dimer formation and 
inter/intra-band relaxation. In our setup, we have managed to successfully produce droplets as 
small as 5 nm, but the overall photoelectron intensity decreases considerably. Therefore, it may 
be challenging to probe dynamics in smaller sized droplets given our current XUV flux (about 3-
4 orders of magnitude lower than that used in synchrotron experiments).  

The doping level is also an important parameter. Singly doped droplets are interesting 
given the simplicity of their energy transfer processes as only one dopant can be involved. 
Photoelectron studies of Penning ionization showed, however, that the energetics of the 
processes are not significantly affected by doping levels up to tens of dopants per droplet, where 
the intensity of the dopant signal increases significantly [32]. At higher doping levels, embedded 
atoms form clusters inside the droplet. These clusters have a lower IP than their atomic 
counterparts and can induce different relaxation dynamics. While the study of clusters inside 
helium droplets has also attracted considerable interest [141, 150] and is a viable alternative 
given our experimental setup, pushing the droplet size limit towards smaller droplets and keeping 
the doping level moderately low seems the best course of action to achieve results comparable 
with the existing literature. 

 

4.4. Preliminary results 

Before it is possible to execute the proposed time-resolved experiments, key findings 
from energy-resolved experiments need to be reproduced with our HHG setup. After the 
implementation of the even and odd HHG setup and subsequent red-shifting of the laser 
frequency, large droplets (<NHe>=106) were doped with high concentrations of Kr atoms 
(NKr>102) and excited with a combination of the 14th and 15th harmonics of an 800 nm driver. 
Lower energy harmonics (10th through 13th) were also present and capable of directly ionizing 
background Kr atoms. Figure 4.5 shows the photoelectron spectrum of an effusive beam of Kr 
atoms (PKr=7x10-7 torr) ionized by all available harmonics, providing a reference for the relative 
intensity of each harmonic. The double-peak structure observed in each ionization peak, 
separated by 0.67 eV, is the result of spin-orbit splitting in Kr+. 



 

 63 

 
In order to isolate the role of the Penning ionization induced by excitation at the n=2 

droplet band, we performed the following measurements: excitation of Kr doped droplets by 
even and odd harmonics; excitation of Kr doped droplets by odd harmonics only; and finally 
excitation of supersonic expanded He gas beam (at 30 K, just above the onset of droplet 
formation) plus the background Kr effusive beam originated from the pickup cell, by even and 
odd harmonics, at the same conditions used for doped droplets. The results are summarized in 
Figure 4.6. 

The peak between 5 and 7 eV, prominent in all three traces, originates from direct 
ionization of Kr atoms by the 13th harmonic, the highest intensity harmonic produced, as 
evidenced in Figure 4.5. The difference in overall ionization intensity between background Kr 
gas (blue curve) and Kr-doped He droplets (red and black curves) might be due to direct 
ionization of Kr atoms inside the droplet in addition to ionization of background gas, given that, 
on average, hundreds of additional Kr atoms are present in each droplet, which can also be 

 

Figure 4.5: Photoelectron spectra of atomic Kr (PKr=7x10-7 torr) by even and odd harmonics. The double 
peak structure is the result of spin-orbit splitting in Kr+. 
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ionized. The peak between 7 and 8 eV, however, is expected to, at least partially, originate from 
Penning ionization induced by excitation of the droplet with the 14th harmonic. This conclusion 
is supported by the fact that while the overall intensity of all Kr-associated signals goes up if 
doped droplets are present in the interaction volume, the increase in signal is significantly more 
pronounced in the expected energy region of the Kr Penning ionization signal. This is more 
clearly illustrated in Figure 4.7, in which the doped droplet signal and the atomic Kr signal are 
compared after subtracting background signals from odd harmonics. 

By normalizing the intensities to the residual of  13th harmonic induced ionization, the 
enhancement of dopant ionization by the 14th harmonic becomes very clear. This is a strong 
indication that excitation transfer processes observed previously in the energy domain may be 
accessed in the time-domain by our HHG based setup. However, it is obvious that the spectra are 
very convoluted due to the presence of many harmonics. In the time domain, the dynamics 
become too complex to be easily attributed to a single process, given the simultaneous excitation 

 

Figure 4.6: Photoelectron spectra of droplets doped with Kr atoms and excited by even and odd 
harmonics (black) and odd harmonics only (red). The blue curve shows the signal from background Kr 
gas at the same pressures used for doping plus a He gas beam generated by heating up the nozzle to 30K, 
just above the onset of droplet generation. 
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of the lower and upper droplet bands (n=2 and n=3,4 respectively) by even and odd harmonics, 
respectively, as well as overlapping kinetic energy features.  

 To overcome these issues, we shifted to the 400 nm driven high-harmonic generation 
setup, discussed above and in chapter 2. The cleaner harmonic spectrum, as well as increased 
harmonic flux, should lead to less convoluted spectra that allows for observation of energy shifts 
and unambiguous assignments of different features. The implementation of the time-domain 
experiments within this scheme is ongoing.  

 

4.5. Summary and outlook 

 Significant redesign of our experimental setup had to be performed for the proposed 
experiments to be viable, and work is still ongoing. However, considerable progress has already 

 

Figure 4.7: Photoelectron signal from droplets doped with Kr atoms excited with even and odd 
harmonics after subtracting signals recorded with odd harmonics only (black). The dotted line shows the 
same signal for atomic Kr gas. The intensity was normalized to the peak generated by the 13th harmonic. 
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been reported. Access to the required excitation energy, HH flux and optimized droplet 
conditions bring time-resolved experiments within reach. An enhanced understanding of the 
excitation transfer dynamics in rare gas-doped droplets will become available, but this is only the 
first step towards a wide range of possible experiments. In the future, modifying the pick-up cell 
capabilities can support doping with alkali metal species, allowing an in-depth investigation of 
the energy-transfer dynamics as a function of dopant nature and location within the droplet. 
Alternatively, embedding bigger and more complex species inside the droplets is also an exciting 
future direction.  
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Chapter 5  
 
Evaporation of an Anisotropic Nanoplasma 

 

The content and figures of this chapter are reprinted or adapted with permission from C. 
Bacellar, D.M. Neumark, C. Bostedt, A.F. Vilesov, and O. Gessner”, manuscript being prepared 

for publication 

 

5.1. Abstract 

Intense laser induced plasma dynamics in sub-micron scale helium droplets (HeN, 
N ≈ 2.5x109, diameter D ≈ 0.6 µm) are monitored by femtosecond time-resolved x-ray coherent 
diffractive imaging. A radially thinning surface layer with characteristic widths of 15 nm and 
10 nm along and perpendicular to the laser polarization, respectively, is established within tens 
of femtoseconds and continues to expand anisotropically over the following ≈300 fs. 
Simultaneously, the initially spherical droplet core acquires a notable anisotropy that exceeds 
possible effects from the anisotropic surface softening by nearly one order of magnitude. At 
longer timescales, a saturation of the surface width at approximately 20 nm is contrasted by a 
rapid, strongly anisotropic evolution of the core diameter, which continues to decay at average 
rates of ≈140 nm/ps along and ≈70 nm/ps perpendicular to the laser polarization across 
timescales exceeding the laser pulse duration by almost 3 orders of magnitude. The findings are 
beyond the reach of existing models for nanoplasma dynamics in smaller systems, which are 
usually marked either by uniform expansion or by continuous surface softening. An anisotropic 
evaporation model is developed that predicts the emergence of a dynamic equilibrium between 
surface softening and material loss for large clusters after a few 100 fs. The model reproduces 
the key experimental observations and connects the results of previous studies on small 
nanoscale systems with the dynamics of self-contained plasmas approaching micron scales. 
Within this model, the observed anisotropies result from different effective plasma temperatures 
for different directions relative to the laser polarization, in agreement with previously observed, 
anisotropic nanoplasma decay dynamics. 

 

5.2. Introduction 

The dynamics of self-contained plasmas are at the heart of many natural and technical 
phenomena from the life cycle of stars to 3D printing technologies. Extensive efforts have been 
invested in understanding intense laser induced plasmas in near-solid density, nanoscale atomic 
clusters, which serve as finite, replenishing model systems to study the complex correlated 
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electronic and nuclear dynamics of highly ionized systems [35, 36, 151, 152]. The temporal 
evolution of clusters exposed to intense ionizing radiation is generally described within a 
simplified picture of three partially overlapping stages. Within this description, strong-field 
ionization (SFI) of atoms during the leading edge of a laser pulse is followed by the formation of 
a nanoplasma due to the trapping of electrons in the collective Coulomb potential of the positive 
nuclei. Eventually, the clusters expand via Coulomb explosion, hydrodynamic expansion, or a 
combination of both depending on the average charge and mass of the target clusters [35, 153]. 
Each of the stages and, in particular, the interaction of the nanoplasma with the ionizing laser 
field entails complex mechanisms and dynamic pathways, the intricacies of which depend 
strongly on the particular system and experimental parameters [38, 154, 155].  

Time-resolved spectroscopy experiments have made significant contributions to elucidate 
transient cluster states after SFI [156, 157]. With the advent of ultrabright femtosecond x-ray 
light sources, a new class of ultrafast experiments is emerging that employs single-shot x-ray 
coherent diffractive imaging (CDI) to gain previously unattainable information on transient 
cluster shapes and density distributions [45, 76, 158]. Using this technique, Gorkhover et al. 
recently demonstrated that ~15-30 nm sized XeN clusters undergo an isotropic surface softening 
[158], rather than a uniform cluster expansion [35, 36] after being exposed to a strong 
(≈2x1015 W/cm2) near-infrared (NIR) laser field. The surface melting process results in the 
complete disintegration of the target clusters within less than 2 ps [158]. Microscopic particle-in-
cell (Mic-PIC) simulations of strong-field induced nanoplasmas in similarly sized hydrogen 
clusters predict a similar surface softening process. However, for a NIR intensity of 
1x1015 W/cm2, the calculation also predicts a small anisotropy effect that leads to a slightly 
enhanced surface melting along the laser polarization axis compared to the perpendicular 
directions and to a continued anisotropic, self-similar hydrodynamic expansion [159]. 
Anisotropies have long been recognized as particularly sensitive probes of subtle details in the 
temporal evolution of nanoplasmas during and after their interaction with the ionizing laser field 
[41, 47, 160-166]. To the best of our knowledge, however, the emergence of an anisotropic 
cluster response to a strong laser field and its impact on the cluster’s subsequent evolution has 
never been traced in real-time. 

In the work presented in this chapter, we monitor the entire evolution of helium droplets 
(HeN, N ≈ 2.5x109, diameter D ≈ 600 nm) exposed to a strong (≈3-5x1015 W/cm2) NIR laser field 
from the onset of anisotropic surface softening within 10s of femtoseconds to the strongly 
anisotropic droplet disintegration on 10s of picosecond timescales. Within the first ≈300 fs after 
illumination, the evolution of the droplet surface qualitatively mimics some of the trends 
predicted by the self-similar hydrodynamic expansion model for hydrogen clusters [159]. The 
droplet core anisotropy, however, changes more rapidly than what could be accounted for by 
surface softening alone. On picosecond timescales, surface softening entirely saturates at ≈20 nm 
surface widths, while the core diameter continues to shrink at average rates of ≈100 nm/ps and 
acquires an increasingly anisotropic shape. An anisotropic evaporation model is proposed that 
provides a consistent description of the seemingly incommensurate experimental findings and 
that extends the range of existing microscopic nanoplasma dynamics simulations toward cluster 
sizes and dynamic timescales on the micron and picosecond scales, respectively. The model 
predicts the emergence of a dynamic equilibrium between surface softening and material 
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ejection. Numerical simulations based on the evaporation model reproduce the observations of a 
fast saturating surface profile and continued material loss remarkably well. 

 

5.3. Experimental setup 

A schematic of the experimental setup using the LAMP chamber of the Linac Coherent 
Light Source (LCLS) AMO instrument [100] is shown in Figure 5.1a and discussed in detail in 
chapter 2. Helium droplets with average diameters of ≈600 nm are generated by expansion of 
high pressures (20 bar) of He gas through a cold (4.7 K) 5 µm wide nozzle [5]. In the interaction 
region, the droplet beam is intercepted by a femtosecond NIR laser beam (wavelength 
λ= 800 nm, pulse width τ ≈ 40 fs, focal size 2ω≈75 µm) at intensities of ≈3-5x1015 W/cm2, 
leading to SFI of He atoms [94] and subsequent nanoplasma formation and cluster disintegration. 
The dynamics are monitored by recording single-particle x-ray diffraction patterns, each 

 

Figure 5.1: (a) Droplets generated by expansion of 20 bar of He gas through a cold (4.7 K) nozzle are 
intercepted by intense NIR pulses (800 nm, 40 fs, ~3-5x1015 W/cm2), initiating the nanoplasma dynamics. 
An x-ray pulse (600 eV, 100 fs, ~1015 W/cm2) is used to probe the system by single-shot coherent 
diffractive imaging. X-ray diffraction patterns are recorded by a pnCCD detector as a function of NIR/x-
ray pump-probe delay. (b) Representative CDI images for increasing pump-probe time delays that most 
closely match the mean values of the droplet properties (radius, aspect ratio and orientation angle) at each 
delay. 
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generated by the interaction of a single LCLS x-ray pulse (λ= 2.07 nm, τ ≈ 100 fs, 2ω ≈ 5-10 µm) 
with a single ionized droplet at NIR-pump/x-ray-probe delays between 0 and 100 ps. A single-
shot NIR/x-ray cross-correlator is used to measure the relative pump-probe delay with a 
precision of ≈24 fs (FWHM) [96]. Zero pump-probe delay is calibrated using the NIR-induced 
fragmentation of x-ray generated N2

++ ions [167]. Small angle (37-140 mrad) x-ray scattering 
patterns are detected using a two-panel pnCCD x-ray camera [95] positioned perpendicular to the 
x-ray/NIR beams 360 mm downstream of the interaction region. Signals from scattered NIR light 
are suppressed by leaving large (21 mm) vertical gaps between the detector panels and the laser 
beam axis and by mounting 220 nm thick Al foils to the front of the panels. The polarization 
angle of the linearly polarized NIR light is controlled using a λ/2 waveplate. 

 

5.4. Results and discussion 

Representative single-shot diffraction patterns corresponding to a variety of time delays 
between the NIR pump pulse and the x-ray probe pulse are shown in Figure 5.1b. The NIR pump 
pulse arrives before (after) the x-ray probe pulse for positive (negative) delays. The displayed 
images have been chosen such that they most closely match the mean values of the droplet 
properties (radius, aspect ratio and orientation angle) detected at each delay. A considerable 
change in the shape and ring spacing of the images as a function of time delay and, in particular, 
a strong correlation between the laser polarization axis and the pattern orientations are readily 
apparent. A histogram of orientation angle as a function of laser polarization, as well as 
representative images are shown in Figure 5.2. 

Images up to 2.1 ps pump-probe delay are analyzed in a two-step process. In the first 
step, the droplet radii, aspect ratios, and orientation angles are derived by modeling the droplet 
shapes as sharp-edged ellipsoids and fitting their scattering patterns to the corresponding two-
dimensional Bessel function, as described in chapter 2.2.5. In the second step, the intensity 
dependence of the scattering pattern on the scattering angle θ is used to model the radial density 
profile at the droplet surface beyond the sharp-edge (step function) approximation. For small 
scattering angles and short wavelengths (compared to the droplet size), the radial signal intensity 
dependence may be described by Porod’s law: 𝐼 ∝ 𝜃!!. The Porod exponent α is equal to 4 for 
sharp-edged spheres, spheroids and ellipsoids, which are the expected droplet shapes for negative 
delays, i.e. before interacting with the NIR pulse (Figure 5.3a) [12, 168] A softening of the 
surface, however, results in values α > 4, which are observed for positive delays (Figure 5.3b) 
[45, 158]. The measured Porod exponents can be translated into corresponding surface 
thicknesses, ε, across which the density drops from 90% to 10% of the droplet bulk value, 
assuming that the surface density profile may be approximated by a modified Fermi function [45, 
159]. Figure 5.3c shows the results of separate Porod fits for 90º wide slices parallel (red) and 
perpendicular (blue) to the NIR polarization axis, for a time delay range -300 fs < Δt < +300 fs; 
the inset shows the difference between the two curves (green). 
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The results clearly demonstrate two contributions to the surface softening process that are 
marked by two distinctly different timescales. A monotonic increase of the surface width ε over 
several hundred femtoseconds is observed in both directions. This general trend reproduces the 
findings of a recent experiment on strong-field ionized Xe clusters [158]. However, the results in 
Figure 5.3b additionally show a sharp onset of anisotropic expansion dynamics around time zero. 
At the peak of the NIR pulse, a difference of approximately 5 nm (~50%) in surface width is 
established within only a few 10 fs, and is retained throughout the continued surface expansion. 

 

Figure 5.2: (a) Representative images obtained at different NIR polarizations (-45º left, 45º right, as 
indicated by the arrows) at a time delay of 2 ps. The right side of the images on the left panel and the left 
side of the images on the right panel are the results of the 2-D Bessel fits from which all values were 
extracted. (b) Histogram of the distribution of orientation angles for all 2 ps images at -45º (blue) and 45º 
(red) NIR polarizations for images with AR > 1.2, with respect to the vertical axis of the detector.  
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Toward 300 fs delay, both surface widths are saturating at values of ≈21 nm at the poles (i.e., 
along the laser polarization) and ≈17 nm at the equator. 

 

Figure 5.3: (a),(b) Porod-law fits (red) of azimuthally integrated scattering patterns (gray), indicating 
Porod exponents α of 4 and 5.5 for two sample images recorded at (a) negative and (b) positive time 
delays. Note that the signal intensities are scaled by q4 for improved clarity. (c) Temporal evolution of the 
90 % – 10 % surface width ε (left) derived from Porod exponents (right) for 90º wide angular ranges 
parallel (red) and perpendicular (blue) to the NIR polarization axis (see pictogram). Crosses and circles 
mark individual data points obtained from single helium droplets, while lines represent moving averages 
integrated over ten data points. The shaded areas represent one standard deviation of the mean. The inset 
shows the difference between parallel and perpendicular surface thicknesses for the same images. 
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The saturation of the surface width at ≈20 nm and its anisotropy at ≈4 nm after a few 
hundred femtoseconds is contrasted by a much more pronounced, continuous shape change of 
the droplet core. Figure 5.4a shows the temporal evolution of the droplet core radii parallel 
(Rpara, red) and perpendicular (Rperp, blue) to the light polarization axis (left ordinate) as well as 
their aspect ratio AR = Rpara / Rperp (green, right ordinate). As already noted by several groups [45, 
158, 159], the droplet core does not expand, as suggested by earlier works[35, 36], but instead 
shrinks with increasing time delay. In contrast to previous theoretical or experimental work, 
however, the rate at which the core contracts and deforms, is well beyond what could be 
accounted for by surface softening effects.  

During the first 300 fs, it is challenging to identify a common trend in the absolute 
differences of Rpara and Rperp since these differences are small relative to the extent of the 
inherent droplet size distribution in the beam [13]. However, the aspect ratio of each single 
droplet in the laser polarization frame is much less affected by the droplet size distribution and 

 

Figure 5.4: (a) Parallel (red) and perpendicular (blue) core radii as a function of pump-probe delay (left 
axis). The aspect ratio, defined as the ratio between the perpendicular and parallel core radius is shown in 
green (right axis). Data up to 300 fs delay are moving averages over 10 points (delays), while at 2.1 ps all 
data are measured at this particular delay and averaged (open circles). Shaded areas and error bars 
represent one standard deviation of the mean values. Smooth solid lines are the results of a numerical 
simulation based on an anisotropic evaporation model. Dashed lines indicate corresponding trends 
derived from a D2 scaling law that is frequently used to describe evaporation dynamics of microscopic 
liquid droplets. The dotted line marks the expected aspect ratio from surface softening alone. (b) 
Magnified view of aspect ratio dynamics during first 300 fs compared to different models. 
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can be determined very precisely from the single-shot diffraction patterns. Therefore, 
polarization effects in AR can be extracted with excellent sensitivity. As can be seen in Figure 
5.4a and the magnified view in Figure 5.4b, there is a clear upward trend in AR from the initial 
anisotropic value AR=1.0 to approximately AR=1.05 after 300 fs, i.e. a 5% anisotropy is 
established by this time. If surface softening alone were responsible for the droplet shape change, 
the observed surface evolution illustrated in Figure 5.3 would lead to an aspect ratio of 
AR≈1.007, i.e. about an order of magnitude below the observed shape change. The 
corresponding trend is as indicated by the dotted lines in Figure 5.4. 

The apparent disconnect between surface and core dynamics becomes even more 
pronounced across longer timescales. During the first 2 ps, the core radii drop at average rates of 
dRpara / dt ≈ -71 nm/ps and dRperp / dt ≈ -33 nm/ps, reducing the droplet diameter from pole to 
pole to about 2/3 of the equatorial diameter (AR≈1.5). The overall droplet size is reduced by 
≈50 % during this time while the droplet surface profile is essentially unchanged. Images 
recorded at an even longer pump-probe time delay of 20 ps (Figure 5.1b) cannot be modeled by 
x-ray diffraction by ellipsoidal shapes and a real-space reconstruction based on iterative phase-
retrieval algorithms is hindered by the large gap between the detector plates that removes a 
significant fraction of the small angle scattering pattern. Nevertheless, the patterns are consistent 
with a continued flattening of the droplet shapes along the NIR polarization on 10s of picosecond 
timescales. At a pump-probe delay of 100 ps, no diffraction patterns were detected, indicating 
that all droplets have disintegrated before this point in time. 

At first glance, many of the results illustrated in Figures 5.3 and 5.4 seem to contradict 
any prevailing model for the evolution of strong-field induced nanoplasmas, such as uniform 
expansion dynamics [35, 36], continued surface melting [158, 159], or suspended expansion 
mechanisms in which initial surface peeling is followed by very slow (~ns) dynamics within a 
residual, neutral core [39, 45, 169]. The nanoplasmas monitored here neither expand uniformly, 
nor do their size- or shape-evolutions indicate a simple correlation between core- and surface 
softening dynamics, nor is there any indication of a suspended expansion. Evidently, a modified 
description of nanoplasma dynamics in large systems is required to capture the experimental 
findings presented here. 

The key to finding a consistent physical picture lies in the challenge to unify the rapid 
saturation of the surface profile with the continued, disproportionally fast and anisotropic 
shrinking of the droplet core. Such an evolution has not yet been discussed in connection with 
ultrafast nanoplasma dynamics. Phenomenologically, however, it is rather reminiscent of the 
lifecycle of liquid droplets undergoing evaporation. Evaporation dynamics of self-contained, 
microscopic liquid drops have been extensively studied both theoretically and experimentally 
[170-172]. Depending on a droplet's size, temperature, and environment, the size evolution can 
often be approximated by either a linear decrease of the droplet diameter D with time (dD/dt=-
k1) or a linear decrease of the square of the diameter (dD2/dt=-k2, “D2 law”), where k1,2 are 
evaporation constants [171]. Unfortunately, neither these scaling laws nor more elaborate kinetic 
models [172] give any detailed information on the droplet surface profile that is established 
during the evaporation process. These profiles are generally not accessible experimentally and 
have, to the best of our knowledge, not been described theoretically. In the absence of an atomic-
scale theory for evaporation in systems reaching micron dimensions, we resort to a numerical 
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simulation of the ejection dynamics of atoms from the plasma in order to determinate whether an 
evaporation-like process could explain the observed trends. 

Briefly, the simulation is based on the assumption that the average velocity by which an 
atom in the droplet is moving toward the outside is largely determined by collisional interaction 
with its surroundings, approaching zero effective radial velocity inside the droplet bulk and 
maximum velocity (determined by the plasma temperature) in the free atom limit. Within this 
picture, an instantaneous radial density profile can be translated into an effective, instantaneous 
radial velocity profile, which in turn affects the further evolution of the density profile. 
Numerical propagation of the mutual interaction between the density distribution and the 
effective mass transport away from the droplet yields the simulation results displayed in Figures 
5.4 and 5.5. We emphasize that the exact correlation between density and mass transport is 
derived in an empirical fashion. However, once determined, the same functional correlation is 
used for all simulations and only the effective plasma temperature is adjusted for different 
emission directions. The notion of an anisotropic plasma temperature in a nanoscale system may 
seem surprising at first. However, a number of previous studies have demonstrated pronounced 
anisotropies in the ion emission intensities and kinetic energy distributions [41, 160-166] from 
strong-field ionized clusters, supporting the concept of an anisotropic plasma state. We 
emphasize that our simulation does not replace the theoretical models given in previous works to 

 

Figure 5.5: (a) Simulated (lines) and measured (bands) surface width evolution parallel (red) and 
perpendicular (blue) to the laser polarization during the first ~300 fs after the strong-field interaction. The 
inset shows the difference between the red and blue traces. (b) Temporal evolution of the nanoplasma 
density profile derived from the experimental data (bands) and the numerical simulation (lines). Note the 
logarithmic scales in the magnified insets. The artistic representations of the droplets at various stages 
show relative core sizes and aspect ratios to scale. The extent and anisotropy of the surface regions has 
been exaggerated for improved clarity. 
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explain anisotropic product distributions, nor do they invalidate the findings of surface and core 
dynamics in other experiments. Instead, the evaporation model extends these concepts to longer 
timescales and applies them to the specific class of processes observed in the current experiment, 
where the self-contained droplet must retain a memory of the initial interaction long after the 
laser pulse has passed. First indications of such a continued effect are given in Fennel's 
work[159], and are even more pronounced in the results presented here. 

The simulation results are shown in Figure 5.4 and 5.5.  For comparison, Figure 5.4 also 
shows the results of a calculation according to the D2 law using evaporation rate constants 
k2,para=127.9 nm2/fs, k2,perp=69.6 nm2/fs along and perpendicular to the polarization axis, 
respectively, as dashed lines. A calculation using the linear size reduction approximation with 
rate constants of k1,para=0.133, k1,perp=0.063 leads to traces that are essentially indistinguishable 
from the results of the numerical simulation. We point out that the absolute numbers of the rate 
constants are challenging to interpret. However, the results in Figure 5.4 demonstrate that a) the 
observed plasma shape evolution can be described with established evaporation scaling laws 
assuming an anisotropic temperature distribution, and b) the microscopic numerical simulation 
can reproduce these dynamic trends using only one free parameter (temperature) similar to the 
use of one free parameter (rate constant) of the scaling laws. 

The key advance, however, enabled by the numerical simulation is demonstrated in 
Figure 5.5. Figure 5.5a compares the simulated surface width dynamics (solid lines) along (red) 
and perpendicular (blue) to the laser polarization with the experimental results (shaded bands, 
reproduced from Figure 5.3c. The simulation reproduces the key aspects of the surface expansion 
dynamics including the fast, initial rise and the onset of saturation within a few hundred 
femtoseconds. In particular, the very quickly established difference in surface widths for 
different directions and its temporal evolution including the saturation effect is reproduced very 
well (inset). The notable offset between measured and simulated surface widths for 
times -100 fs < t < 100 fs is ascribed to the apparatus function of the pump-probe experiment that 
may include effects from the complex x-ray pulse shape as well as potential pre-pulses in the 
NIR pulse train. 

Figure 5.5b summarizes the picture for the strong-field induced nanoplasma dynamics 
that emerges from the combined experimental and theoretical findings. The laser-droplet 
interaction leads to a fast-developing softening of the droplet surface, which saturates after a few 
hundred femtoseconds around 20 nm surface width with a small but notable (~4 nm) difference 
between the surface widths parallel and perpendicular to the laser polarization. On longer 
timescales, a dynamic equilibrium is established, whereby continued evaporation with distinct 
temperatures along and perpendicular to the polarization axis leads to strongly anisotropic 
shrinking of the droplet core, while the surface profile remains essentially constant. Both the 
slightly anisotropic surface profile as well as the strongly anisotropic shape evolution observed 
in the experiment (shaded) are well reproduced by the evaporation model.  

This picture is supported by ion kinetic energy (KE) distributions obtained from time-of-
flight measurements. TOF spectra and the derived KE distributions are shown for single 
representative images in Figure 5.6a and b respectively. The results are in agreement with 
previous studies that determined higher mean kinetic energy of ions ejected parallel to the 
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polarization axis. Interestingly, though, we also observe that the total ions yield along the 
polarization axis is greater than the perpendicular orientation by a factor of approximately 2, 
reinforcing the evidence for enhanced material loss in that direction. 

It is interesting to note that in the outer regions with densities below ~50% of the core 
density, the equilibrated radial velocity profile rises nearly linearly with increasing distance from 
the droplet surface. Such a velocity dependence corresponds to a uniform expansion as described 
by Ditmire et al. to model the evolution of smaller clusters after SFI [35, 36]. In other words, the 
large droplets' outer surface regions that extend over a few 10's of nm expand in a fashion that is 
very similar to the expansion dynamics used in previous models to describe the evolution of 
smaller clusters in the range of up to a few 10's of nm. This realization provides the link between 
dynamics previously observed in smaller systems and the large droplet dynamics described 
herein. Uniform expansion and/or pure surface melting models to describe the fate of SFI 
induced nanoplasmas in smaller clusters are not in disagreement with the findings presented 
here. The crucial finding is that they have to be extended in order to capture dynamics of 
nanoplasmas that are 100's of nm in diameter and for which the surface evaporation process is 
not suspended by recombination inside the core. A consistent description of the nanoplasma 
evolution is accomplished by an evaporation model that reproduces many of the experimental 
findings across multiple time- and length-scales with encouraging accuracy. This achievement, 
however, is only possible by applying an empirically derived relationship between the radial 
density and velocity profiles, while a much more detailed physical insight would be desirable for 
future studies. The implementation of the plasma temperatures obtained from the TOF 
measurements as input for the evaporation simulations is ongoing and will provide more intuitive 
and physically meaningful comparisons between the simulation and the data. 

 

Figure 5.6: Time-of-flight spectra (a) of ions emitted parallel (red) and perpendicular (blue) to the 
polarization axis and the corresponding kinetic energy distributions for the He+ peak (b). The center-of-
gravity (COG) of the KE distributions is represented by the vertical bars. 
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Nevertheless, the work presented here provides critical experimental benchmarks and a 
possible theoretical framework that will hopefully stimulate renewed efforts to extend the 
detailed theoretical modeling of strong-field induced nanoplasma dynamics toward larger 
systems and longer timescales, ultimately bridging the gap between the few-atom limit and 
macroscopic plasma phenomena. 
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