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Abstract 

 

In recent decades, in situ electron microscopy has attracted considerable attention. The 

method enables real time observations of the transformations of nanoparticles under various 

stimuli with atomic spatial resolution. Time-resolved electron microscopy adds a new 

dimension, time, to such experiments, making it possible to study fast and ultrafast processes 

on their natural timescales. This thesis presents the work devoted to the development and 

characterization of a time-resolved transmission electron microscope, as well as multiple 

studies that demonstrate its capabilities to perform various in situ experiments at timescales 

from minutes to hundreds of femtoseconds.  

In Chapter 2, the transformation of a conventional transmission electron microscope 

into a time-resolved instrument is discussed. The required modifications include the installation 

of several optical elements inside the device. Some of them aimed to direct a laser beam to a 

sample, other to focus a laser beam into the electron gun to generate electron pulses. Our optical 

scheme allows us to generate high brightness electron pulses from the tungsten filament, or 

pulses with a high number of electrons from the extractor electrode. The energy spread, 

duration of pulses, and instantaneous brightness of the electron beams generated by the 

nanosecond and femtosecond UV lasers were characterized. Thus, a wide range of experiments 

can be carried out with the instrument developed in our group.  

Chapter 3 presents an in situ electron microscopy study of Coulomb fission of plasmonic 

nanoparticles under femtosecond laser irradiation. Gold nanoparticles encapsulated in a silica 

shell fission by ejecting gold clusters of 1-2 nm diameter. Continued exposure to the laser beam 

leads to the coalescence of the ejected particles into a second core within seconds. Under 

ultrafast pulses, the core ionizes, emitting the electrons along the laser polarization direction. 

The resulting uneven charge distribution in the silica shell then causes the progeny particles to 
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be ejected in the same direction. This chapter demonstrates that the combination of ultrafast 

laser systems with a transmission electron microscope allows in situ observations of complex 

laser-driven processes with high spatial resolution. 

Chapter 4 presents a time-resolved electron microscopy study that elucidates the 

morphological dynamics of so-called jumping nanodroplets that were created by melting 

triangular gold nanoprism on a graphene surface with a laser pulse. A nanoscale movie was 

recorded that shows the shape evolution of the droplets as they dewet and jump off the 

substrate. Inhomogeneities of the graphene surface lead to variations in the dewetting 

trajectories. Surprisingly, some droplets adopt cylindrical or dumbbell-shaped geometries after 

they jump, suggesting that they spin with considerable angular momentum.  

 

Keywords: in situ electron microscopy, time-resolved transmission electron microscopy, 

light-matter interaction, photon induced near field electron microscopy, stroboscopic 

experiments, single shot imaging, femtosecond laser, laser heating, dewetting, gold 

nanoparticles.  



 3 

Riassunto 

 

Negli ultimi decenni, la microscopia elettronica in situ ha guadagnato considerevole 

attenzione, garantendo la possibilità di visualizzare processi fisico-chimici in tempo reale con 

risoluzione atomica. L’ambito della microscopia elettronica time-resolved (con risoluzione 

temporale), ha successivamente aperto le porte allo studio di processi veloci e ultraveloci, che 

possono essere visualizzati con una risoluzione temporale di pochi femtosecondi. Questa tesi 

presenta lo sviluppo di un microscopio elettronico time-resolved, insieme ad alcuni esempi che 

ne dimostrano la capacità su diverse scale temporali. 

Nel secondo capitolo viene affrontata la trasformazione di un microscopio 

convenzionale in uno strumento time-resolved. Il lavoro ha richiesto l’installazione di diverse 

componenti ottiche - alcune per dirigere un fascio laser verso il campione, altre per generare 

impulsi di elettroni a partire dal cannone. Il nostro apparato consente l’emissione di elettroni 

da diverse parti del cannone, rendendo possibile la scelta di diversi tipi di impulsi a seconda 

delle caratteristiche dell’esperimento. Viene anche fornita una caratterizzazione completa degli 

impulsi di elettroni - risoluzione spaziale, temporale e diffusione delle energie.  

Nel terzo capitolo viene presentato uno studio in situ della fissione coulombiana di 

nanoparticelle plasmoniche irradiate con impulsi laser al nanosecondo e femtosecondo. Le 

nanoparticelle - oro incastonato in un guscio di silica - espellono piccoli aggregati di 1-2 nm, 

che si fondono durante l’irradiazione fino a formare un aggregato di dimensioni simili alla 

particella originale. Quando viene illuminata con un impulso laser di alcuni femtosecondi, la 

nanoparticella d’oro viene ionizzata, emettendo elettroni nella direzione della polarizzazione 

del laser. Gli elettroni rimangono impiantati nel guscio di silica per alcuni secondi. Per 

minimizzare la repulsione coulombiana, la nanoparticella emette dei frammenti che vengono 

attratti dagli elettroni espulsi in precedenza, allineandosi così alla direzione della 
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polarizzazione del laser. Il capitolo dimostra quindi come l’integrazione di laser ultraveloci in 

un TEM consenta lo studio di nuovi complicati processi con elevata risoluzione. 

Nel quarto capitolo viene presentato uno studio sulle cosiddette “jumping 

nanodroplets”. Un nano-prisma triangolare d’oro, su una superficie di grafene, viene sciolto 

grazie a un impulso laser; la nano-goccia che ne emerge, saltando dalla superficie, viene 

studiata grazie a un filmato alla nanoscala, che ne rivela la complicata evoluzione temporale. 

La traiettoria della nano-goccia dipende dalle inomogeneità del grafene. Alcune delle gocce 

mostrano una forma cilindrica o “a manubrio”, evidenziando la presenza di un elevato 

momento angolare.  

 

Parole chiave: microscopia elettronica in situ, microscopia elettronica con risoluzione 

temporale, interazione luce-materia, microscopia elettronica a campo vicino fotonico, 

esperimenti stroboscopici, impulso singolo, laser al femtosecond, riscaldamento laser, 

dewetting, nanoparticelle d'oro 
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List of Abbreviations 

 

TEM – transmission electron microscopy (microscope); 

CFE – cold field emitter; 

HR-TEM – high resolution transmission electron microscopy; 

STEM – scanning transmission electron microscopy; 

UV – ultraviolet; 

FWHM – full width at half maximum; 

CLA – condenser lens aperture. 
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Chapter 1 

Introduction 

 

The role of microscopy in science 

Visual perception plays an important role in the popularization of scientific knowledge. 

A few years ago, the first image of a black hole gained widespread attention in the mass 

media 1. Enormous efforts of a team of scientists from different fields, who used data from 

observatories located in different parts of the world, from Hawaii to Antarctica, led to a series 

of publications 2–7. Petabytes of raw data and two years of thorough analysis yielded the first 

image of a black hole, showing of a black region in the center with an orange crescent-like 

structure surrounding it. Images are useful because they can be easily interpreted. Even if 

images are recorded with complicated tools, they can be used to communicate the main concept 

of a discovery to a non-specialist viewer. For example, one does not need to be an expert in 

electron microscopy to understand the magnificent images of insects or cell organelles, 

recorded with scanning electron microscopy, or transmission electron microscopy (TEM), 

respectively. 

At the same time, visual observation is an important tool in science. For a long time, the 

unaided eye was the only imaging device available to early researchers. As Stefan Hell noted 

in his Nobel lecture, the ‘…historical beginning of modern natural sciences very much 

coincides with the invention of light microscopy’ 8. The discovery and interpretation of the 

phenomenon of Brownian motion is a good illustration of the importance of imaging 

techniques, especially microscopy, in modern science. The idea that all objects are composed 

of small indivisible blocks, atoms, which constantly move and collide with each other, was 

proposed by ancient scientists 9,10. But it was not until the invention of a microscope that the 

effects caused by atomic and molecular collisions could be detected 11. Robert Brown in 1827 



 9 

observed and systematically studied chaotic movements of micrometer sized particles 12, which 

were large enough to be seen in an optical microscope, and small enough to be moved by the 

molecules in a liquid. The phenomenon remained largely unexplained until 1905, when A. 

Einstein used molecular kinetic theory to describe Brownian motion. To check the validity of 

his calculations, he proposed to measure the mean displacement of particles suspended in a 

liquid. Experimental verification of his theory would mean that “… classical thermodynamics 

can no longer be looked upon as applicable with precision to bodies even of dimensions 

distinguishable in a microscope...” 13. In the following years, J. Perrin performed thorough 

measurements of the mean path lengths of microscopic particles in liquids with an ultra-

microscope, a new instrument that had been developed a short time before 14,15. These 

experiments confirmed the molecular kinetic theory, the existence of atoms and molecules, 

and, what is more important, the discontinuous structure of matter 16. 

The increasing resolving power of the microscopes has since allowed modern 

microscopists to reveal many important insights into the structure and properties of matter. For 

a long time, the resolving power of microscopes was limited by diffraction, in accordance with 

the Abbe formula: 

𝑑 =  
𝜆

2𝑛 ∙ 𝑠𝑖𝑛𝛼  , 

 

where 𝑑 is the resolution, 𝜆 is the light wavelength, 𝑛 is the refractive index of the medium, 

and 𝛼 is the convergence semi angle. According to this equation, the resolution of an optical 

microscope cannot be better than several hundred nanometers. In the last century, however, 

many techniques with higher resolving power have been developed. In optical microscopy, the 

Abbe limit was circumvented with super-resolution methods that are based on localizing 

individual fluorescent particles with a precision much higher than the resolution limit of the 

microscope would allow 17,18. Some other methods are based on using shorter wavelengths, 
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such as in X-ray 19,20 and electron microscopy 21. Scanning probe techniques 22,23 such as atomic 

force microscopy and scanning tunneling microscopy rely upon a different physical principle, 

namely, on the interaction of a sample with a sharp tip. In these methods, the resolution is 

defined by the tip size and the precision of the probe positioning, and can reach sub-nm values.  

 

In situ TEM 

Transmission electron microscopy is based on the same principle as light microscopy, 

but with photons replaced by electrons and the glass optics replaced with magnetic lenses. As 

charged particles, electrons interact strongly with matter, providing various signals, which can 

be detected and used to collect diverse information about a sample. Morphology, structure, 

chemical composition, and optical properties are among the types of information that can be 

extracted from real space images, electron diffraction patterns, electron energy loss spectra, X-

ray energy dispersive spectra, and cathodoluminescence analysis. 

Although the examination of static samples provides valuable information about the 

structure and composition of materials, observations of their behavior under various stimuli at 

the nano- and microscale can provide additional information about their properties. In their 

review on the future of in situ electron microscopy, H. Zheng and Y. Zhu  refer to this method 

as “one of the major future directions of electron microscopy” 24. In situ experiments allow 

researchers to observe the evolution of a specimen under the effect of an external stimulus. 

Therefore special specimen holders have been designed to study samples in situ under a variety 

of different conditions, such under heating 25–27, electrical bias 28, mechanical stress 29, or in a 

liquid or gaseous environment 30. 

Laser illumination is also used as an external stimulus in in situ TEM 31. A laser beam 

can be focused to a spot of tens of micrometers, providing fast local heating, so that the 

specimen temperature can be rapidly increased to values exceeding those achievable in heating 
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holders (1200-1300 ºC). Ultrafast lasers have also been used to reach extreme conditions (peak 

laser powers in the focal point can reach values of several TW/cm2), which are otherwise 

difficult to attain with other methods. Direct observation of femtosecond laser induced 

transformations can shed light on basic mechanisms of intense light-matter interactions, which 

are of fundamental and applied interest.  

 

There is plenty of time in a second 

Specimen changes during in situ experiments are typically observed and recorded with 

electron cameras 32–35. Although modern detectors provide millisecond temporal resolution 36, 

direct observation of fast dynamics is not possible with a conventional TEM. Therefore, it was 

proposed to study fast processes with stroboscopic electron microscopy, in which reversible 

dynamics of a sample are periodically excited and probed at a specific moment in time. With 

this approach, the temporal resolution of the instrument does not depend on the detector, but is 

limited by the electron pulse duration in the sample plane. In early experiments, stroboscopic 

imaging in transmission and scanning electron microscopy was performed with nanosecond 

electron pulses generated with electrostatic deflectors 37–40. 

To study irreversible processes, a single shot approach was developed, which is based on 

probing the transient state of a specimen with just one electron pulse. K. Ura and A. Takaoka 

applied electron pulses of 30 µs duration, which were produced by modulating the extraction 

field in a thermal field emission gun, to study various processes, for example, the movement 

of dislocations in metal films 41. They also used a deflection coil to shift the electron beam 

position on the photographic film to record several images with a short delay. This approach 

has become known in time-resolved electron microscopy as ‘movie mode’. 

The groups of O. Bostanjoglo 42–44 and N. Browning 45,46 used a similar approach, but 

generated electron pulses by illuminating metal photocathodes with ultraviolet nanosecond 
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laser pulses, with the specimen dynamics induced by a pump laser pulse. In order to record 

single shot images, electron pulses with high charges (106-109 electrons) are required, which 

limits the temporal resolution of the method to several nanoseconds due to space charge 

effects 44,47,48.  

The group of A. Zewail achieved femtosecond temporal resolution in TEM in 

stroboscopic pump-probe experiments. They used ultrafast electron pulses containing a small 

number of electrons, sometimes, below 1 electron per pulse 49 to minimize the Coulomb 

interactions that ultimately limit both the temporal and spatial coherence 50. 

Real space images, diffraction patterns and energy loss spectra can be recorded with high 

temporal resolution in a time-resolved electron microscope 51. The versatility of the method 

has stimulated studies of a range of phenomena on the nanoscale 52–58. Sometimes, several 

microscopy modes are used together to elucidate various aspects of a physical or chemical 

process. Irradiation with a laser pulse can lead to the excitation of phonon waves 59, vibrational 

oscillations 60, thermal expansion 61, or various deformations of the sample 62. Bright and dark 

field imaging together with electron diffraction are actively used to study these phenomena to 

obtain information about the mechanical properties of various nanoscale objects, for example, 

organic 60,63,64 and inorganic materials 65–68, metal-organic framework nanocrystals 69, carbon 

nanotubes 70–72, or 2-D materials 62. The temperature jump caused by the laser illumination can 

also induce phase transitions, or chemical transformation of the specimen. Depending on the 

material and the nature of the process, it can be studied stroboscopically, or with the single-

shot method. Valuable information about the transient state of the materials can be obtained 

with both electron diffraction 69,73 and real space imaging 43,44,46,47,74,75. Electron energy loss 

spectroscopy can be used to measure the dynamical changes in the electronic structure 76–78, or 

the rate of a chemical 48.  
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Ultrafast transmission electron microscopy also opened up a new direction in quantum 

optics, namely the manipulation of electron wave packets with light fields. A good example of 

the method is near field photon induced microscopy, which is characterized by changing the 

electron energy (increasing or decreasing) by multiples of the photon energy of the probe laser 

79. Typically, the coupling of free electrons and photons is impossible because of the energy-

momentum mismatch, but in the presence of the light induced electric field around a 

nanoparticle, the interaction is achievable 80,81. The number of absorbed/emitted photons 

depends on the field intensity at a specific point relative to an object. The field strength is 

determined by the laser power 81, the laser polarization direction 79, the dielectric properties of 

the specimen 80, and the distance of the probe beam from the specimen 82. Besides studies of 

fundamental photon-electron interactions, PINEM is widely used for finding the temporal 

overlap in ultrafast TEM and the characterization of electron pulses. The short lifetime of the 

evanescent electric field (10-100 fs) makes it possible to use this effect for the measurement of 

the cross-correlation between the laser and electron pulse. Another promising application of 

the effect is the improvement of the temporal resolution via photon gating 83 or the generation 

of attosecond electron combs 84. 

 

Electron guns in electron microscopy 

The electron gun of an electron microscope crucially determines the properties of the 

electron beam, such as the spatial coherence, brightness, or energy spread, and therefore the 

ultimate performance of the instrument. Historically, the first electron guns in TEM were based 

on thermal emission, with the emission current depending on the temperature and the work 

function of the material. Therefore, the most popular materials have been tungsten, the metal 

with the highest melting point, and lanthanum hexaboride, a material with a low work function. 

Thermionic guns consist of several electrodes: an emitter, a Wehnelt cap, and an accelerator. 
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The cap is biased negatively with respect to the emitter, and is used to determine the source 

size and focus the electron beam through the anode, where the electrons reach the desired 

velocity (~2/3 of the speed of light at 200 kV). Thermionic guns are robust, can operate at high 

pressures (10-3-10-5 Pa), and provide high currents. The high temperature of the emitter leads 

to significant energy spreads above 2 eV for tungsten hairpins, and around 1 eV for LaB6 

crystals. The size of the electron source limits the spatial coherence, which is important for 

applications based on the interference of the electron waves. 

In most advanced TEM applications, tungsten tip based electron guns are used. Schottky 

and cold field emitters (CFE) electron gun assemblies are similar and consist of several 

electrodes: the cathode, which is a tungsten needle with an apex sharpened to sub-micron size, 

the extractor, that creates the strong electric field (108-109 V/m) around the filament, and the 

focusing electrode, that defines the convergence of the electron beam while it travels down the 

column. The main difference between the two types of the guns is the size of the apex of the 

filament. The emitting surface can be as small as 10 nm in diameter for CFEs, and reach several 

hundred nanometers for Schottky filaments. Low dimensions of the CFE result in much 

stronger fields at the apex, making tunneling possible. Schottky type emitters are sometimes 

called ‘field assisted thermal emitters’ 85, as the emission occurs due to the thermal excitation 

of electrons from a hot (~1800 K) cathode, while the electric field only decreases the work 

function. The filament is also covered with an atomically thin layer of ZrO2 to reduce the work 

function further 86. Electron emission from the shank of the hot cathode is prevented by using 

an additional electrode, named suppressor, that is biased negatively with respect to the filament. 

Among the different figures of merit of an electron gun, its transverse brightness, defined 

as the current density per unit solid angle, is particularly important. High brightness is 

advantageous for high resolution TEM (HR-TEM), scanning TEM (STEM) 87, and for electron 

holography 88. Thermionic emitters deliver electron beams with high currents, but low 
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brightness (~1010 A/m2sr) 89, while tip based cathodes provide low current beams with high 

brightness (~1013 A/m2sr) 90. Such a large difference is the result of a significantly smaller 

electron source size for Schottky and CFE guns. 

Different types of electron guns have been adapted for time-resolved electron 

microscopy. The first instruments employing photoemission sources were equipped with 

thermionic electron guns 43,46,49. In the last decade, a number of groups have installed time-

resolved TEMs 61,91–99, most of them equipped with thermionic emitters, either LaB6 crystals 

or flat metal plates. Recently, a new generation of ultrafast TEMs with tip emitters has been 

introduced 92,95,97. Although thermionic emitters can provide higher currents, in stroboscopic 

mode, when about one electron per pulse is used, the beam quality is higher for point source 

emitters. Therefore, single shot imaging is typically performed with instruments equipped with 

thermionic guns, while experiments requiring the highest coherence, such as electron 

holography, have only become possible with tip based instruments 58,100. 

Time-resolved electron microscopy suffers from low average currents that are several 

orders of magnitude smaller than during conventional operation. Employing pulses with a 

larger number of electrons per pulse could significantly decrease the time of the experiment, 

or improve the signal to noise ratio. Unfortunately, Coulomb repulsion between electrons 

prevents the generation of high charge pulses and decreases the spatial, energy, and temporal 

resolution. For example, spatial and energy resolution in a single shot experiments are as low 

as 10 nm 45 and 30 eV 48, respectively. Space charge interactions are especially important for 

ultrafast pulses, where the pulse duration can suffer significantly due to Coulomb repulsion. 

The number of electrons extracted with femtosecond pulses is very low, and does not 

exceed 103-104 91,93,96 and 10-20 92,100 electrons in a pulse for thermionic and filament-based 

emitters, respectively. Therefore, ultrafast single shot experiments with atomic spatial 

resolution in real space have not been reported yet. It should be noted that using electron pulses 
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accelerated to relativistic velocities can decrease the negative effects of Coulomb 

interactions 101,102.  
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Outline  

 

This thesis describes the implementation and characterization of a time-resolved 

transmission electron microscope equipped with a Schottky field emission gun and presents its 

application to study several fast nanoscale processes. The document is divided in four chapters. 

Briefly, Chapters 2 describes the instrument, the design of the modifications, and its 

capabilities. Chapter 3 details in situ observations of the fragmentation of gold nanoparticles 

embedded in a silica shell under ultrafast laser irradiation.  Chapter 4 presents a study of fast 

fluid dynamics with nanosecond temporal resolution. Chapter 5 summarizes the work and 

proposes future directions in the field. 

Initially, my work was devoted to building a time-resolved transmission electron 

microscope, which can be operated in different modes, with the high current beam similar to 

that produced from a flat emitter, or with the high brightness beam from a Schottky emitter. 

Chapter 2 contains details related to the modification and characterization of our instrument. 

In our design, the mirror that directs the UV laser beam to a Schottky filament, is installed 

inside the focusing electrode of the gun assembly, allowing the generation of electron pulses 

from both the tip and the extractor electrode. Thus, depending on the desired application, we 

can choose to operate an electron beam with high brightness or with high current. In this 

chapter, the effect of the probe laser power on the electron beam parameters, such as the 

number of electrons in a pulse, energy spread, pulse duration, and the beam brightness, are also 

discussed. 

Chapter 3, presents an in situ study involving Coulomb fission of plasmonic 

nanoparticles under femtosecond laser irradiation. It is shown that gold nanoparticles 

embedded in a silica shell eject small gold clusters of about 10-500 atoms under illumination 

with the femtosecond laser beam. Over time, the number of ejected progeny particles increases, 
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and they coalesce in the second particle. The effect of the laser beam parameters, such as pulse 

energy and polarization, on this process is discussed. The direct observation of the reshaping 

of the gold nanoparticles yields insights into the mechanism of Coulomb fission of gold 

nanoparticles. Similar experiments can provide valuable information about the mechanism of 

the laser processing that can significantly expand the understanding of the interaction of intense 

laser beams with various materials. 

In Chapter 4, a time-resolved study of so-called jumping nanodroplets is described. In 

this experiment, a picosecond laser pulse initiates melting of a gold nanoprism on a graphene 

surface, followed by the fast contraction of the liquid metal into a sphere and its detachment 

from the substrate. In this experiment, we make use of the ability of our instrument to generate 

electron pulses with a high number of electrons and, consequently, perform single shot 

experiments. The shape evolution of the prisms during the contraction, and the parameters 

affecting the jumping process are discussed. 

Finally, Chapter 5 provides a conclusion and outlook.  
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Chapter 2 

Characterization of a Time-Resolved Electron Microscope with a Schottky Field 

Emission Gun 

 

Introduction* 

 

Time-resolved electron microscopy has proven a powerful tool for the study of the fast 

dynamics of nanoscale systems. The versatility of the technique is underlined by the vast range 

of phenomena that have been investigated, including mechanics,1–5 fluid dynamics,6 phase 

transitions,7,8 chemical reactions,9–11 the dynamics of magnetic structures,12 or the visualization 

of optical near fields.13 The various implementations of the technique have in common that 

sample dynamics are initiated in situ with a fast trigger, which are then probed at a well-defined 

point in time with a short electron pulse, such as to capture an image, diffraction pattern, or 

energy loss spectrum. In such a pump-probe experiment, the time resolution is no longer 

determined by the speed of the electron camera, but instead by the duration of the sample 

excitation pulse and the electron probe pulse. Crucially, the temporal resolution of time-

resolved electron microscopy can thus be matched to the inherent timescale of atomic-scale 

motions in a wide range of processes, from microseconds to femtoseconds and even 

attoseconds.14–16 

Along with the increasing interest in time-resolved electron microscopy, the 

development of instruments has been burgeoning, and a range of new technologies are being 

pursued to improve their operation. This includes different approaches of generating electron 

 
* Reproduced from Olshin P.K., Drabbels M., Lorenz U. J., Struct. Dyn. 7, 054304 (2020), with the permission of 
AIP Publishing 
Authors Contributions: P.K.O. performed the experiments and analyzed the data; M.D. and U.J.L. supervised the 
project; U.J.L. wrote the manuscript with the contribution from all authors. 
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pulses, either through photoemission from the filament through illumination with a short laser 

pulse, or by chopping a continuous electron beam into pulses with a beam blanker,17 located 

either before18–20 or after the sample.21,22 Another active area of development is the generation 

of ultrafast electron pulses with high bunch charges, either through pulse compression with 

radio frequency cavities23–26 and THz laser pulses,27 or by accelerating electrons to MeV 

energies.28,29 The importance of the choice of the electron source has also come into focus as 

it crucially determines the properties of the electron pulses. While flat metal photocathodes and 

LaB6 emitters are most widely used,30–35 field emitters have recently begun to advance novel 

types of time-resolved experiments.21,22,36–38 Their high brightness and coherence,39–43 which 

makes them the electron source of choice in most high-performance transmission electron 

microscopes, have enabled time-resolved electron holography experiments36,44,45 and have 

greatly advanced time-resolved experiments with fine electron probes.14,15 Moreover, they 

stand to significantly benefit time-resolved imaging at atomic resolution.17,46 At the same time 

however, the small source size of field emitters also limits the number of electrons that can be 

extracted in a pulse, putting them at a disadvantage for applications in which the number of 

electrons is a critical figure of merit. For example, in a single-shot experiment, in which an 

irreversible process has to be captured with just a single electron pulse,30,31 the crucial 

challenge frequently lies in overcoming the shot noise. Clearly, if the available number of 

electrons is insufficient, capturing an event becomes unfeasible, no matter the brightness of the 

pulse. Such experiments are therefore typically performed with pulses containing millions of 

electrons28,31,47 that are generated through photoemission from flat emitters. 

Here we describe a straightforward design of a time-resolved transmission electron 

microscope with a Schottky field emission gun48–50 that offers operation both with high-

brightness electron pulses from the emitter tip and with pulses containing a large number of 

electrons, as if the microscope was equipped with a flat photocathode. We provide details of 
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our design, in which the emitter is illuminated under a small angle with respect to the electron 

optical axis, and demonstrate that it affords a high spatial, temporal, and energy resolution as 

well as a high transverse brightness in pulsed operation. The geometry of our electron gun also 

allows us to create photoelectron pulses from the surface of the extractor instead of the emitter. 

We demonstrate that it is thus possible to extract vastly larger numbers of electrons per pulse 

and thus effectively trade brightness for electron counts, depending on the desired 

application.49  
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Experimental setup 

 

 

 

Figure 2-1. Overview of the time-resolved electron microscope. (a) Photograph of the JEOL 

2200FS transmission electron microscope in the laboratory. (b) Sketch of the modified 

instrument. (c) Illustration of the modified Schottky emitter assembly. Photoelectron pulses of 

high brightness are generated by illuminating the tip of the emitter with UV laser pulses. (d) 

Pulses with large numbers of electrons are obtained by illuminating the extractor. 

 

Figure 2-1 provides an overview of our modified JEOL JEM-2200FS transmission 

electron microscope, with a photograph in Fig. 2-1(a) and a schematic of the operating 

principle in Fig. 2-1(b). The remote operated microscope is equipped with a 200 kV Schottky 

field emission gun and an in-column Omega-type energy filter. A scintillator based electron 

camera (Gatan Ultrascan 4000) was used to record the majority of the data in this manuscript, 

while the high resolution image in Fig. 2-2(a) was acquired with a direct electron detector 

(Gatan K3). As shown in the photograph of Fig. 2-1(a), we mounted the entire laser system 
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directly onto the microscope. This allows us to minimize the beam paths and use the same 

vibration damping system for the microscope and the lasers, so that more stable operation can 

be achieved.34 In order to provide sufficient space for the lasers and optics, we mounted two 

levels of breadboards on either side of the column. In the photograph, the optical setup is hidden 

behind enclosures that protect it from dust. The output of a femtosecond laser (Light 

Conversion Pharos, 190 fs laser pulses at 1032 nm, up to 1 MHz repetition rate) is doubled to 

excite the sample (516 nm, 160 fs), while the fourth harmonic (258 nm) is used to illuminate 

the emitter and create ultrafast photoelectron pulses. In order to access longer timescales, we 

generate nanosecond electron pulses with an Innolas Picolo 50 MOPA (1 ns pulses at 266 nm, 

up to 50 kHz repetition rate). Here, the ultrafast and nanosecond experiments were performed 

at 100 kHz and 20 kHz repetition rate, respectively. 

Figure 2-1(b) illustrates the operating principle of the time-resolved electron microscope. 

Sample dynamics are initiated in situ with a pump laser pulse,48 which is directed at the sample 

by means of an aluminum mirror that is mounted above the upper pole piece of the objective 

lens (Integrated Dynamic Electron Solutions) and that steers the laser beam straight down, so 

that it propagates almost collinearly with the electron beam.51 A 250 mm lens focuses the laser 

beam to a spot size of 24 μm full width at half maximum (FWHM) in the sample plane, as 

determined by a knife edge scan. In order to generate probe electron pulses, we cool the emitter 

to about 1100-1300 K, so that the continuous emission current becomes negligible, and 

illuminate the tip of the Schottky emitter with UV laser pulses. The resulting photoelectron 

pulses are accelerated to 160 keV, interact with the sample, and after passing the energy filter, 

are detected by the electron camera. Since our electron gun is a refurbished model, we currently 

limit its accelerating voltage to 160 kV. However, we note that we have since modified an 

identical field emission gun that we are operating at 200 kV on a JEOL JEM-2010F.50 
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In order to generate photoelectron pulses, the emitter is illuminated through a viewport 

on the side of the gun that ordinarily serves for electron beam monitoring purposes. As 

illustrated in Fig. 2-1(c), the laser beam enters the emitter assembly through a hole in the 

electrostatic focusing lens.50 It is reflected by an aluminum mirror and strikes the tip of the 

Schottky emitter (York Probe Sources, 400 nm tip radius) under an angle of 16 degrees with 

respect to the electron optical axis. The laser beam is focused onto the emitter by means of 

125 mm lens which is located within the vacuum chamber of the gun. We typically apply +4 kV 

to the extractor (680 Pm aperture), and bias the suppressor to -300 V with respect to the emitter, 

while the focusing lens is operated at +6.0 kV.50 While illuminating the emitter allows us to 

generate high brightness electron pulses, the small source size also limits the number of 

electrons that can be extracted per pulse. Alternatively, we can create photoelectrons by 

directing the UV laser at the extractor [Fig. 2-1(d)]. The source size can then be adjusted by 

changing the spot size of the laser, which we can focus as tightly as 25 µm FWHM. In this 

configuration, the gun essentially operates as if equipped with a flat photocathode or thermionic 

emitter, with the larger source size resulting in a vastly greater number of electrons per pulse, 

albeit at lower brightness. Here, we operate with the original extractor, which is made of 

stainless steel. In our second instrument, we have replaced it with an extractor machined out of 

copper, a more frequently used photocathode material.52,53  
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Results and discussions 

 

 

 

Figure 2-2. Characterization of the spatial, energy, and temporal resolution. (a) High resolution 

image of the core of the gold-core silica-shell nanoparticle shown in the top inset. The bottom 

inset displays the corresponding diffractrogram. Scale bar, 2 nm (10 nm and 5 nm-1 in the 

insets). (b) Energy distribution of photoelectrons from the filament and the extractor. Gaussian 

fits (solid lines) yield a FWHM of 1.8 eV and 0.8 eV, respectively. (c-e) Determination of the 

duration of nanosecond electron pulses, images were recorded with 10 seconds acquisition 

time. (c) Images of a gold nanoparticle under irradiation with a femtosecond laser pulse for 

different time delays. The insets display the difference with the image at negative time delay. 

Scale bar, 100 nm. (f) Intensity profiles of the boundary of the particle for different time delays, 

calculated from the area marked in (c). (g) The width and center position of the particle 

boundary are determined from a fit with an error function and displayed as a function of time. 

A Gaussian fit of the width yields an electron pulse duration of 1.3 ns. (h, i) Determination of 
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the duration of femtosecond electron pulses. (h) Temporal evolution of the energy loss spectra 

collected from an ensemble of gold nanorods (inset) under femtosecond laser irradiation 

(average of 10 scans with 30 seconds acquisition time for each spectrum). Scale bar of the 

inset, 50 nm. (i) Relative intensity of the zero loss peak (0 eV, red) and of a sideband (+2.4 eV, 

blue) as a function of time (2 eV integration window). Gaussian fits (solid lines) yield a FWHM 

of 360 fs, corresponding to an electron pulse duration of 320 fs. 

 

We begin by characterizing the spatial, energy, and temporal resolution of the time-

resolved electron microscope. Figure 2-2(a) shows a high-resolution micrograph of the gold 

core of a silica-shell gold-core nanoparticle (top inset, 20 nm core diameter and 20 nm shell 

thickness) that was recorded with a continuous electron beam. The visibility of lattice fringes 

(see also the diffractogram in the bottom inset) demonstrates that our modifications have not 

deteriorated resolving power of the instrument. Figure 2-2(b) shows energy loss spectra of 

nanosecond photoelectron pulses that were obtained by illuminating either the emitter (black 

dots) or the extractor (red dots). Gaussian fits (solid lines) yield a FWHM of 1.8 eV and 0.8 eV, 

respectively. The difference in energy spread results from the difference in work function of 

the emitting surface. While the work function of the stainless steel surface of the extractor54 

closely matches the photon energy (4.8 eV), the zirconium oxide coated tungsten emitter has a 

work function of only 2.8 eV.55 Therefore, photoelectrons are emitted with considerable excess 

energy, which leads to the larger energy spread.56 

We characterize the temporal resolution for experiments with nanosecond electron pulses 

by making use of the transient electric field effect.35,57,58 Figure 2-2(c) shows a 200 nm 

diameter gold particle on a multilayer graphene substrate, imaged with nanosecond electron 

pulses from the emitter. Under irradiation with a femtosecond laser pulse, the sample emits a 

cloud of electrons, which deflects the probe electrons, so that images recorded at zero time 
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delay or at small positive times appear distorted [Fig. 2-2(d,e)]. This is highlighted by the 

difference images displayed in the insets, which are obtained by subtracting the image at 

negative time delay [Fig. 2-2(c)]. To analyze the observed image distortions, we calculate 

intensity profiles across the particle border [Fig. 2-2(c), white rectangle], which reveal that the 

boundary shifts with time and that it broadens around time zero [Fig. 2-2(f)]. By fitting with 

an error function, we determine the position and the width of the particle edge as a function of 

time delay [Fig. 2-2(g), red line and blue dots, respectively]. The blurring of the particle 

boundary arises as the emergence of the electron cloud deflects the probe electron pulse,35,57,58 

a process that occurs on a picosecond timescale, much faster than the duration of the electron 

pulse. We can therefore use this blurring to estimate the electron pulse duration, for which we 

obtain 1.3 ns from a fit of the boundary width with a Gaussian function (blue solid line). 

We determine the femtosecond electron pulse duration through cross correlation of the 

electron and laser pulse.13,59 To this end, we use the fact that probe electrons interact 

inelastically with the scattered near-fields of a nanostructure under laser illumination, causing 

the electrons to gain or lose energy in multiples of the photon energy. Figure 2-2(h) displays 

the evolution of the energy loss spectrum of three gold nanorods (inset) under illumination with 

the pump laser (15 nJ pulse energy) as a function of time delay. When the electron and laser 

pulse overlap in time, the intensity of the zero loss peak decreases, while sidebands at ±2.4 eV, 

the photon energy, appear. Figure 2-2(i) shows the evolution of the intensity of the zero loss 

peak (red dots) and the side band at +2.4 eV (blue dots). From Gaussian fits (solid lines), we 

extract a FWHM of the interaction time of 360 fs, which yields an electron pulse duration of 

320 fs. We note that in this measurement, we have reduced the number of electrons to less than 

one per pulse (as counted in the sample plane without a condenser lens aperture inserted) in 

order to obtain the shortest pulse duration. The effects of space charge on the electron pulse 

properties are described in the following. 
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Figure 2-3. Characterization of electron pulses with high charge densities. Energy loss spectra 

are shown together with the electron yield and the energy spread as a function of laser pulse 
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energy for (a, b) nanosecond electron pulses from the emitter, each spectrum was recorded 3 

times with the exposure time varied from 2 to 30 seconds for different laser powers and 

averaged, (c, d) ultrafast electron pulses from the emitter (the exposure times were 10 or 

20 seconds), and (e, f) ultrafast electron pulses from the extractor, the spectra were recorded 

with different acquisition times from 20 to 300 seconds. The number of electrons is determined 

in the sample plane (without condenser lens aperture inserted). The energy spread is measured 

as the FWHM of the distribution. For distributions featuring two maxima, we report the full 

width at half the height of the smaller maximum. 

 

In Fig. 2-3, we characterize the generation of pulses with high charge densities, which is 

of particular relevance for applications in which the available number of electrons is the most 

important figure of merit. We begin by studying the evolution of the energy loss spectra for 

nanosecond electron pulses from the emitter as a function of the pulse energy of the cathode 

laser [Fig. 2-3(a)]. With increasing pulse energy, the number of photoelectrons per pulse 

grows, and the increasing space charge repulsion within the electron packet broadens its energy 

distribution.60 We note that due to the excess energy with which the photoelectrons are emitted, 

their energy distribution is shifted by about 2 eV with respect to that of the continuous electron 

beam.61,62 This is evident in the spectra recorded at low pulse energies, which exhibit some 

residual continuous emission that is apparent as a second peak centered at 0 eV. As shown in 

Fig. 2-3(b), we find that the number or electrons per pulse increases linearly with the laser 

pulse energy (blue dots) and reaches over 5000 in the sample plane (no condenser lens aperture) 

at 250 nJ, while the FWHM energy spread increases from 2 eV to 4 eV (red dots). 

Ultrafast electron pulses from the filament are even more strongly affected by space 

charge [Fig. 2-3(c,d)]. As we raise the laser pulse energy to 30 nJ, which increases the number 

of electrons per pulse to 35, the energy spread reaches almost 25 eV [Fig. 2-3(d)], with the 
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energy distribution featuring a characteristic double peak structure [Fig. 2-3(c)].60,63,64 

Evidently, the number of electrons per pulse can only be increased significantly by sacrificing 

the energy resolution. Moreover, the larger energy spread of the electrons couples to the 

chromatic aberration of the electron optical system. It also broadens the arrival time distribution 

of the electrons at the sample, thus increasing the electron pulse duration and lowering the time 

resolution of the experiment to several picoseconds, as we will discuss in more detail below. 

Significantly larger numbers of electrons per pulse with a comparable energy spread can 

be obtained by illuminating the surface of the extractor electrode instead of the tip of the emitter 

[Fig. 2-3(e,f)]. The number of electrons emitted from the extractor initially increases rapidly 

with the laser pulse energy, but begins to level off above 100 nJ, finally reaching 3500 electrons 

at 650 nJ [Fig. 2-3(f), blue dots]. The energy spread increases to 20 eV at 200 nJ pulse energy, 

after which it grows only marginally (red dots). For large numbers of electrons per pulse, the 

energy loss spectra feature a pronounced double peak structure [Fig. 2-3(e)]. For pulses of such 

high bunch charge, the pulse duration stretches to several tens of picoseconds. 

 



 43 

 

 

Figure 2-4. Determination of the brightness for ultrafast electron pulses. (a) Image of the 

converged electron beam (convergent beam electron diffraction mode) with a spot size of 

1.15 nm, as determined from a Gaussian fit (red line) of an intensity profile (blue dots) of the 

area marked with a black rectangle. Scale bar, 2 nm. (b) Diffraction pattern of the converged 

electron beam. Scale bar, 2 mrad. (c, d) Time-energy distributions of electron pulses with 0.48 
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and 63 electrons per pulse, respectively. The projections of the pulses into the time and energy 

domains are presented on the top and on the right, respectively. (e) Pulse duration as a function 

of the number of electrons per pulse (spot size 1, alpha 3, no condenser lens aperture [CLA] 

inserted). For pulses with two maxima in the time domain, we report the full width at half the 

height of the smaller maximum. A linear fit serves as a guide for the eye. (f) Brightness as a 

function of the number of electrons per pulse (spot size 1, alpha 3, CLA 2). The brightness is 

measured with the second condenser lens aperture inserted, which reduces the number of 

electrons in the sample plane by a factor of about 15. For easy comparison with (e), we report 

the number of electrons without condenser lens aperture inserted on the bottom axis and the 

actual number of electrons on the top axis. 

 

Finally, we demonstrate that our gun design achieves a brightness that is comparable to 

that of other time-resolved field emission gun microscopes. The transverse brightness of the 

electron beam can be conveniently determined at a beam waist, which can be formed by 

focusing the electron beam in the sample plane.19 In such a configuration, the instantaneous 

brightness 𝐵 of the electron pulse can then be obtained as the instantaneous probe current 

𝑁𝑒/Δ𝑡 per surface area element 𝜋𝑟2 and solid angle 𝜋𝛼2 

 

𝐵 =
𝑁𝑒/Δ𝑡
𝜋2𝑟2𝛼2  

 

where 𝑁 is the number of electrons per pulse, 𝑒 the electron charge, Δ𝑡 the pulse duration, 𝑟 

the spot radius, and 𝛼 the convergence semi-angle of the beam. To illustrate the measurement 

principle, Fig. 2-4(a) shows a micrograph of the focused electron beam, with the microscope 

operated in convergent beam electron diffraction mode. From an intensity profile (blue circles) 

of the area marked with a black rectangle, we obtain a FWHM spot size of 2𝑟 = 1.15 nm, as 
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determined from a fit with a Gaussian (red line). The spot can be seen to be slightly asymmetric. 

In the following, we therefore determine the spot radius according to 𝑟 = √𝑟𝑥𝑟𝑦, with 𝑟𝑥 and 

𝑟𝑦 the semi-axes of the ellipse. The diffraction pattern corresponding to the beam in (a) is 

displayed in Fig. 2-4(b), from which we determine a convergence semi-angle 𝛼 of 3.7 mrad. 

The acquisition time of the images in Fig. 2-4 (a,b) was 120 seconds. 

Figure 2-4(c,d) illustrates the determination of the electron pulse duration from time-

energy profiles. These are obtained by recording energy loss spectra of the inelastic electron-

photon interactions at a nanostructure under laser illumination [e.g. Fig. 2-2(h)] and plotting 

difference spectra as a function of time. The spectra were recorded with the exposure times of 

20 and 15 seconds in Figure 2-4(c) and Figure 2-4(d), respectively. Projections of the pulses 

into the energy and time domain are shown on top of the figure and on its right, respectively. 

The shortest pulse durations and most narrow energy distribution are obtained for pulses with 

a small number of electrons. For example, in Fig. 2-4(c), pulses containing 0.48 electrons on 

average (counted in the sample plane) yield a duration of 410 fs and an energy spread of 2.1 eV 

FWHM. For large numbers of electrons per pulse, space charge repulsion broadens both 

distributions, as shown in Fig. 2-4(d) for pulses with 63 electrons on average, which have a 

pulse duration of 3800 fs and an energy spread of 39.4 eV. Such pulses possess a distinct shape 

in the time-energy distribution with a large central portion that has a constant chirp as well as 

smaller wings. Figure 2-4(e) shows that the pulse duration that we extract from the time-energy 

diagrams increases linearly with the number of electrons per pulse. For pulses with two maxima 

in the time domain, such as in Fig. 2-4(d), we report the pulse length as the full width at half 

the height of the smaller maximum. 

With the above determined quantities, we calculate the instantaneous brightness as a 

function of the number of electrons per pulse [Fig. 2-4(f)]. Here, the brightness is measured 

with the second condenser lens aperture inserted, which reduces the number of electrons in the 
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sample by about a factor of 15. For easy comparison with Fig. 2-4(e), we report the number of 

electrons that would be obtained without condenser lens aperture on the bottom axis and the 

actual number of electrons on the top axis. The brightness initially increases linearly with the 

number of electrons, but begins to level off as electron-electron interactions become more 

frequent, causing the spot size to grow and the pulse duration to increase. The brightness 

reaches a maximum value of 6.3·1012 A/(m2sr) at 0.23 electrons per pulse (in the sample plane) 

before decreasing again for even larger numbers of electrons. This behavior resembles that of 

continuous electron beams from field emitters, whose brightness initially grows with increasing 

emission current, but then levels off as electron-electron interactions become more frequent65 

and finally goes through a maximum.66 Typical values for the instantaneous brightness are 

given in Table 2-1 for different operating parameters of the microscope. Notably, the 

instantaneous brightness of the femtosecond electron pulses is higher than that of our 

continuous electron beam (Table 2-1, first line) and similar to that of side-illuminated field 

emitters.36,37 The brightness can be further increased by raising the accelerating voltage to 200 

kV, as we have done on our second time-resolved instrument, choosing a smaller emitter size, 

and matching the photon energy of the cathode laser more closely to the work function of the 

emitter. Table 2-1 also includes a brightness measurement for electron pulses generated from 

the extractor. While the larger emission area on the extractor allows us to obtain higher 

photocurrents than from the small tip of the emitter [Fig. 2-3(f)], the larger source size also 

inevitably reduces the brightness of the beam by more than two orders of magnitude.17 
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Table 2-1. Brightness of the photoelectron pulses for different operating parameters. For a 

given laser pulse energy, settings of the condenser lens system (Spot size and Alpha), and 

condenser lens aperture number (CLA), the table lists the number of electrons per pulse in the 

sample plane (N), the pulse duration (Δt), the instantaneous probe current (I), the FWHM of 

the focused electron beam (d), the convergence semi-angle (𝛼), and the instantaneous 

brightness (B). Unless otherwise noted, electron pulses are generated by illuminating the 

emitter. For the duration of the nanosecond electron pulses, we assume 1 ns, the duration of 

the cathode laser pulses. 

 

Laser pulse 

energy and 

duration 

Spot 

size 
Alpha CLA N 

Δt 

(ps) 

I 

(nA) 

d 

(nm) 

𝛼 

(mrad) 

B 

(A/m2sr) 

Continuous 

beam 
5 3 3 – – 0.105 1.8 3.7 9.0·1011 

30 nJ, fs 5 3 3 0.026 0.45 9.3 7.3 3.7 5.1·1012 

2 nJ, fs 1 3 2 0.23 0.48 76 7.5 9.3 6.3·1012 

10 nJ, fs 1 3 2 0.79 0.83 117 12.8 9.3 3.3·1012 

30 nJ, fs 1 3 2 2.05 1.90 143 19.5 9.3 1.8·1012 

300 nJ, ns 1 3 2 219 1000 35 10.1 9.3 1.6·1012 

150 nJ, ns 

(Extractor) 
1 3 2 111 1000 17.7 133 9.3 4.7·109 
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Conclusion 

We expect that our straightforward design of a time-resolved transmission electron 

microscope with a field emission gun will facilitate the adoption of these instruments, which 

are more challenging to modify and operate, but are opening up new possibilities for studying 

the fast dynamics of nanoscale systems. We demonstrate that our design with a front-

illuminated emitter achieves a high spatial, energy, and temporal resolution as well as a 

brightness that is similar to that of designs in which the emitter is illuminated from the side. 

Alternatively, the instrument can be operated as if it was equipped with a flat photocathode by 

creating photoelectrons from the extractor instead of the emitter tip. It thus becomes possible 

to trade brightness for counts, if this is advantageous for a given application. In our lab, we can 

switch between both operating modes within minutes, thanks to an optical setup with flip 

mirrors. We believe that this flexibility will also be useful for the integration of pulse 

compression cavities into time-resolved microscopes26. If the purpose of the cavity is to 

compress single-electron pulses and thus improve the time resolution of the experiment,67 

creating electrons from the tip of the emitter will be preferable due to the smaller source size. 

However, if the cavity is instead used to boost sensitivity by increasing the number of electrons 

per pulse without sacrificing time resolution, the number of electrons from the emitter may not 

be sufficiently high, and creating a large number of electrons from the extractor can be 

advantageous. Our characterization of space-charge limited electron pulses from the emitter 

and extractor offers a guide for choosing the best operating parameters for a given experiment. 
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Chapter 3 

In situ Observation of Coulomb Fission of Individual Plasmonic Nanoparticles 

 

Introduction† 

 

Gold nanoparticles have found a plethora of applications in a wide range of fields, 

including biomedical imaging,1 sensing,2,3 cancer therapy,4,5 gene regulation,6 catalysis,7 and 

optical devices.8,9 The strong plasmonic absorptions of gold nanoparticles provide a convenient 

means to reshape them through pulsed laser irradiation10,11 and thus tune their properties.12–14 

This has given rise to an entire field of research that investigates and exploits a range of 

mechanisms for laser particle reshaping.10,11 At low laser fluence, shape transformations are 

induced through partial or complete melting and subsequent resolidification of the 

nanoparticles.15,16 For example, this approach has recently been applied to reshape gold 

nanorods and improve their monodispersity, thus yielding exceptionally narrow surface 

plasmon resonances.14 If higher fluences are employed to heat the particles beyond their boiling 

point, size reduction occurs through surface evaporation.17,18 Fragmentation can be achieved 

through an entirely different set of mechanisms when intense ultrafast laser pulses are used to 

ionize the nanoparticles. On ultrafast timescales, excited electrons do not have sufficient time 

to equilibrate with the lattice, which requires about 3 ps (Ref. 19), and the particles are ionized 

through multiphoton and thermionic emission.20–23 After the laser pulse, the hot electrons 

equilibrate with the lattice through electron-phonon coupling, which can cause the particle to 

melt. If the Coulomb repulsion in the resulting charged droplet surpasses its surface tension, 

 
† Reproduced with permission from Voss J.M., Olshin P.K., Charbonnier R., Drabbels M., Lorenz U. J., ACS 
Nano 13, 11, 12445-12451 (2019). Copyright 2019 American Chemical Society. 
Authors Contributions: V.J.M. and P.K.O. performed the experiments and analyzed the data; C.R. analyzed the 
data; M.D. and U.J.L. supervised the project; U.J.L. wrote the manuscript with the contribution from all authors. 
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i.e. if the Rayleigh stability limit is exceeded,24 Coulomb fission occurs through the emission 

of highly charged progeny droplets.25–27 At even higher levels of ionization, Coulomb 

explosion of the droplet28,29 or of the solid particle30 may be induced, which involves the 

ejection of a large number of charged fragments. 

Elucidation of the mechanisms of complex shape transformations that occur during 

pulsed laser irradiation is frequently a challenge. Ex situ analysis of nanoparticle products 

usually only provides indirect information about the morphological changes that take place 

during laser irradiation. While time-resolved spectroscopy28 and X-ray diffraction30 can probe 

the particle evolution on short timescales, they frequently yield only indirect morphological 

information and thus do not easily permit the elucidation of intricate, multistep processes. In 

the absence of in situ observations on the single-particle level, a robust understanding of 

different reshaping mechanisms has thus remained elusive, hampering their application in a 

deterministic fashion. Questions of an even more fundamental nature remain, for example, 

regarding the mechanism of Coulomb fission, which for the smallest droplets has been 

predicted to occur through ion emission rather than ejection of progeny droplets.31,32 

Here, we present an in situ electron microscopy study of Coulomb fission of plasmonic 

nanoparticles. We observe that under intense femtosecond laser irradiation, gold nanoparticles 

encapsulated in a silica shell fission through emission of small progeny droplets comprised of 

about 10-500 atoms. Interestingly, the ejection of these progeny droplets preferentially occurs 

along the direction of the laser polarization. We find that the droplets emitted from successive 

fission events accumulate within the silica shell and coalesce into a second core, so that a dual-

core particle is formed. Not only do our observations provide insights into the mechanism of 

Coulomb fission of plasmonic nanoparticles, but they also suggest a straightforward laser-

based approach for creating surfaces decorated with aligned dual-gold-core silica shell 

nanoparticles. 
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Results and Discussion 

 

The experiments reported here were performed with a modified JEOL 2200FS 

transmission electron microscope, operating at an accelerating voltage of 160 kV. Silica-coated 

gold nanoparticles with a 20 r 3 nm diameter core and a 20 r 5 nm thick shell (suspended in 

ethanol, available from NanoComposix) were deposited onto an electron microscopy specimen 

grid (multilayer graphene on 2000 mesh copper) and were irradiated in-situ either with 

femtosecond (515 nm, 240 fs, 20 kHz) or nanosecond laser pulses (532 nm, 1 ns, 20 kHz). This 

is achieved with the help of an aluminum mirror that is mounted above the upper pole piece of 

the objective lens and that reflects the laser beams onto the sample such that they propagate 

almost collinearly with the electron beam. The excitation wavelengths are close to the predicted 

absorption maximum at 533 nm of the nanoparticles.33 In order to obtain the laser fluence, the 

laser spot size was determined in-situ with the knife edge method. 
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Figure 3-1. Formation of aligned dual-gold-core silica shell nanoparticles under femtosecond 

laser irradiation. (a,b) Micrographs (0.1 second exposure time) of core-shell particles before 

and after femtosecond laser irradiation (22 mJ/cm2, 106 pulses). The polarization is indicated 

with a double-headed arrow. Scale bar, 50 nm. (c) In-situ determination of the laser 

polarization (double-headed arrow) with photon-induced near-field electron microscopy. An 

energy gain-filtered image (180 seconds exposure time) of a gold nanoparticle shows the 

dipolar near-fields during laser excitation. This experiment maps out a particular Fourier 

component of the z-component of the electric field, as encoded by the color scale. Scale bar, 

100 nm. (d-f) At higher fluence (43 mJ/cm2), the gold cores split into multiple particles (images 

were averaged from five micrographs recorded with the exposure time of 0.1 second). Scale 

bar, 15 nm. The double-headed arrow denotes the laser polarization. 
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Figure 3-1(a) shows a micrograph of a typical sample. After irradiation with 106 

femtosecond laser pulses [Fig. 3-1(b)], many of the cores have fragmented into two equally-

sized gold particles that appear to be connected by a void in the silica shell. The newly formed 

dual-cores are roughly aligned along the polarization direction of the laser (as indicated by the 

double-headed arrow). Here, we determine the laser polarization direction in situ by 

illuminating a gold nanoparticle with an ultrafast optical pulse and imaging the scattered near-

fields with photon-induced near-field electron microscopy34 [Fig. 3-1(c)]. Briefly, the ultrafast 

laser pulse striking the gold particle is spatially and temporally overlapped with an ultrafast 

electron pulse. Under such conditions, electrons that interact with the near-fields of the particle 

gain or lose energy in multiples of the photon energy. The energy-filtered micrograph of 

Fig. 3-1(c), which is formed only with electrons that have gained energy, therefore maps the 

dipolar near-fields of the particle and allows us to accurately determine the laser polarization 

direction.35 We find that femtosecond laser irradiation of the gold-core silica shell particles 

predominantly leads to the formation of two equally-sized gold cores. However, approximately 

2% of particles feature three, four, or even five cores of different sizes arranged in varying 

configurations [Fig. 3-1(d-f)]. 
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Figure 3-2. Angular distribution and yield of the dual-cores as a function of laser fluence. (a,b) 

Angular distributions for two different laser fluences (6·106 pulses). The red line in (b) 

represents an estimate of the relative photoemission current from the core. (c) Angles θ are 

measured as illustrated. The laser polarization is indicated with a double-headed arrow. (d) 

Angular spread (as measured by the standard deviation) as a function of laser fluence and linear 

fit (solid line). (e) Yield of dual-core particles as a function of laser fluence and linear fit (solid 

line). 

 

We quantify the degree of alignment of the dual-core particles as well as their yield as a 

function of laser fluence. For core-shell nanoparticles that were irradiated with 6·106 ultrafast 

laser pulses, we obtain a fairly broad angular distribution at a fluence of 22 mJ/cm2 

[Fig. 3-2(a)]. At almost twice the fluence [39 mJ/cm2, Fig. 3-2(b)], the distribution markedly 

narrows and peaks around 37°, the angle of the laser polarization. Here, the angles θ of the 

dual-cores are determined with respect to the horizontal, as shown in Fig. 3-2(c). We find that 
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with increasing fluence, the angular spread of the dual-cores (as measured by the standard 

deviation of the angle θ) decreases [Fig. 3-2(d)]. At the same time, the yield of the dual-cores 

increases with laser fluence, reaching about 30% at the highest fluence employed here 

[Fig. 3-2(e)]. The lines in Fig. 3-2(d) and 3-2(e) represent linear fits of the data that serve to 

guide the eye. 

 

 

 

Figure 3-3. Effects of laser polarization and pulse duration on the formation of dual-cores. (a) 

Angular distributions for orthogonal laser polarizations (-53° and +37°, indicated with double-

headed arrows; 6∙106 femtosecond pulses; 30 mJ/cm2). The distributions peak at -49° and +36°, 

as determined from Gaussian fits with constant offsets. (b) Angular distributions after 

illumination with circular polarization (6∙106 femtosecond pulses, 30 mJ/cm2). (c) After 

nanosecond laser irradiation (6∙106 pulses, 1 ns, 41 mJ/cm2) the gold cores have evaporated. 

The polarization is indicated with a double-headed arrow. Scale bar, 50 nm.  
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Figure 3-3(a) reveals that it is the linear polarization of the ultrafast laser pulses that 

determines the alignment of the dual-cores. When we use a half-wave plate in the laser beam 

path to rotate the polarization by 90°, the angular distribution of the dual-cores (irradiated with 

6∙106 pulses at 30 mJ/cm2) shifts by the same angle within experimental accuracy [Fig. 3-3(a), 

green and blue histograms, the lines indicate Gaussian fits with a constant offset]. In contrast, 

irradiation of the core-shell particles with circularly polarized light under otherwise identical 

conditions produces a broad angular distribution [orange histogram in Fig. 3-3(b)]. 

Furthermore, we find that the pulse duration plays a crucial role in the formation of the dual-

core particles. Whereas both femtosecond and picosecond pulses (≲3 ps, obtained by stretching 

the output of the femtosecond laser) can be employed to form the dual-core particles, 

nanosecond pulses of similar fluence leave the gold cores largely unchanged. When we 

increase the fluence of the nanosecond pulses further, the gold cores simply evaporate as 

evidenced by the micrograph in Fig. 3-3(c) (6∙106 pulses, 41 mJ/cm2). In some instances, 

narrow channels in the silica shell can be observed that appear to be created as a result of the 

evaporation process. Evidently, ultrafast pulses are necessary to form the dual-core particles, 

which strongly suggests that ionization of the core plays a central role in the fragmentation 

mechanism. Ionization can only be achieved with ultrafast pulses and indeed has been observed 

in previous studies for similar laser pulse parameters.20–23,29 As discussed above, on ultrafast 

timescales, the electrons do not have sufficient time to equilibrate with the lattice, so that 

multiphoton emission can be induced. In contrast, nanosecond laser pulses will simply heat the 

gold cores to high temperatures without causing significant ionization.10,29  
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Figure 3-4. In situ observation of the formation of aligned dual-core particles. (a-h) Under 

femtosecond laser irradiation, the gold core ejects small droplets, which accumulate and fuse 

into a second core of equal size. (i-p) A core-shell particle undergoes repeated cycles in which 

a second core is formed and subsequently fuses again with the first. The laser polarization is 

indicated with a double-headed arrow in (a). Scale bar, 20 nm. 

 

In order to unravel the formation mechanism of the dual-cores, we carry out in-situ 

observations of individual particles under laser irradiation. Typical sequences of events are 

shown in Fig. 3-4. The images were extracted from a movie recorded with the frame intervals 

of 1 second. They reveal that the mechanism involves the stepwise ejection of small gold 

fragments from the core. When the nanoparticle displayed in Fig. 3-4(a) is irradiated with 

femtosecond pulses (16 mJ/cm2), its gold core ejects a small particle of about 2 nm diameter 

[Fig. 3-4(b)] along the direction of the laser polarization [double-headed arrow in (a)]. 

Subsequently, further particles of 1-2 nm diameter (about 30-200 atoms) are emitted 

[Fig. 3-4(c,d)], which can then be seen to coalesce into a single mass [Fig. 3-4(e)]. This 

secondary gold core continues to grow by absorbing further particles [Fig. 3-4(f)] until both 

cores eventually reach a similar size [Fig. 3-4(g,h)]. We also observe that the shapes of the 

cores fluctuate under laser irradiation. This suggests that the cores melt after every laser pulse 
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and then resolidify in varying configurations. Indeed, we estimate that after the laser pulse, the 

temperature of the cores initially exceeds the melting point of gold by hundreds of Kelvin, so 

that melting can be expected to occur rapidly, within tens of picoseconds.36 We also frequently 

observe that the formation of a second gold core competes with the fusion of both cores, as 

illustrated by the sequence of micrographs in Fig. 3-4(i-p). The core of the nanoparticle in 

Fig. 3-4(i) initially emits two small fragments [Fig. 3-4(j)]. However, these particles are then 

reabsorbed by the core [Fig. 3-4(k)]. This process then repeats two more times [Fig. 3-4(l-o)], 

until two well-separated cores of similar diameter are finally formed [Fig. 3-4(p)]. 

 

 

 

Figure 3-5. High magnification micrographs of progeny particles. Gold-core silica shell 

nanoparticles were irradiated with femtosecond pulses (20 mJ/cm2, 20 kHz) until a small 

number of progeny droplets were emitted. Subsequently, the particles were imaged without 

laser irradiation. The diameters of the emitted particles in (a-c) are 0.7 nm, 1.4 nm, 1.5 nm, 

respectively. In (d) the diameters of the particles are between 1.6-1.8 nm. The larger particles 

observed in (e) are likely the result of progeny droplets which have coalesced into larger 

particles. The micrographs were recorded with the acquisition time of 1 second. Scale bars, 20 

nm. 

 

In order to better characterize the emitted fragments, we stop the laser irradiation once a 

gold core has ejected just a small number of fragments, and image them at high magnification 

(Fig. 3-5). We find that their diameters range from 0.7 to 2.5 nm (about 10 to 500 atoms). These 
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fragments have likely been created in a single emission event, since particle ejection occurs 

with a considerable angular spread. As further fragments are emitted from the core, some of 

them will coalesce with other particles already implanted in the silica shell. We note that we 

cannot exclude that even smaller fragments or individual atoms are also emitted from the core, 

since they may not offer sufficient contrast against the background of the thick silica shell. 

The ejection of individual, small particles from the core strongly suggests that we are 

observing Coulomb fission of the ionized, liquid gold core. This interpretation is consistent 

with the fact that the process appears to be driven by the ionization of the cores, as discussed 

above, and that the cores melt under our experimental conditions. We note that our observations 

are in contrast to the mechanism previously proposed for the fragmentation of gold 

nanoparticles suspended in water that were irradiated with femtosecond pulses.28,29 Based on 

transient absorption spectroscopy and ex-situ product analysis, it was concluded that the 

nanoparticles undergo Coulomb explosion, shattering into a large number of fragments after a 

single laser pulse. Clearly, this mechanism does not operate under our experimental conditions. 

The micrographs in Fig. 3-4 suggest that the laser polarization determines the direction 

in which progeny droplets are ejected, thus controlling the alignment of the resulting dual-

cores. This may appear counterintuitive, since Coulomb fission can only occur once the core 

has melted, which requires tens of picoseconds.36 Furthermore, the process of Coulomb fission 

itself can be estimated to require another 100 ps  ‡ for a liquid gold droplet of 20 nm diameter 

 
‡ The timescale for Coulomb fission of the highly ionized liquid gold cores was estimated from the scaling 
behavior derived from numerical simulations.26 The fission timescale, tfission, is therefore given by 
 

𝑡𝑓𝑖𝑠𝑠𝑖𝑜𝑛 = (
𝑟3𝜌

𝜎
)

1
2
 

 
where r, ρ, and σ are the radius, density, and surface tension of the liquid gold core, respectively. Using 1.93∙104 
kg/m3 and 1.15 J/m2 for the density and surface tension,46 respectively, a molten gold core of 20 nm diameter is 
expected to undergo fission on a timescale of 100 ps. 
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that is charged to the Rayleigh limit. At this point, however, the molten gold particle should 

have lost any memory of the polarization of the laser pulse. 

In order to resolve this apparent contradiction, it is important to realize that under our 

experimental conditions, the photoemission of electrons from the core is highly directional and 

predominantly occurs along the laser polarization direction. At incident peak fields of 108-

109 V/m, such as those in our experiments, the ionization process is dominated by multiphoton 

emission.20–22 The local emission current from the particle is therefore roughly proportional to 

the 2nth power of the electric field at the particle surface, where n is the number of photons 

required to overcome the work function of the metal.37 Here, about two photons (2.4 eV) are 

necessary to overcome the work function of gold (5.1 eV). Since the field at the particle surface 

resembles that of an electric dipole, the photoemission current should therefore follow a cos4(T) 

dependence, as shown by the red line in Fig. 3-2(b). In other words, near-field enhancement 

leads to a preferential emission of electrons along the laser polarization direction, as has been 

observed for multiphoton emission from a range of different nanoparticles.20–22 Electrons 

injected into silicon dioxide thin films are known to populate trap states with lifetimes of 

seconds,38,39 far exceeding the timescale of Coulomb fission. The directional emission of 

electrons should therefore create an anisotropic charge distribution in the silica shell that 

persists long enough to steer the emission of progeny droplets, thus resulting in the alignment 

of the dual-cores. We note that a related mechanism has been proposed to induce the elongation 

of silver nanoparticles in bulk glass under irradiation with femtosecond pulses.40,41  

While many of the dual-core particles are aligned according to the laser polarization, a 

significant fraction is randomly oriented, as evidenced by the angular distributions in 

Fig. 3-3(a). Occasionally, the emission of the first progeny droplet occurs in a random 

direction, which appears to determine the final alignment of the dual-cores. We speculate that 

in these instances, inhomogeneities in the silica matrix surrounding the gold core steer the 
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emission of the first progeny droplet into a direction different from that of the laser polarization. 

This creates a void in the silica shell, which then drives the emission of subsequent progeny 

droplets in the same direction. Ultimately, a channel linking both cores is formed in the silica 

shell. 

 

 

 

Figure 3-6. The formation mechanism of dual-core particles. (a) The femtosecond laser pulse 

ionizes the gold core. Electrons are preferentially ejected along the polarization direction. (b) 

The ionized gold core melts and undergoes Coulomb fission through emission of a highly 

charged progeny droplet. (c) Several progeny droplets accumulate and fuse into a second core. 

(d) A dynamic equilibrium is reached between both cores as they continue to fission. 

 

Figure 3-6 summarizes the multistep formation mechanism of the dual-core particles. An 

ultrafast laser pulse (240 fs) ionizes the gold core, with photoemission of electrons occurring 

predominantly along the polarization direction of the laser, so that an anisotropic distribution 

of negative charge is created in the silica shell [Fig. 3-6(a)]. In a second step, the gold core 

melts and the ionized droplet undergoes Coulomb fission on a timescale of 100 ps [Fig. 3-6(b)]. 

The highly charged progeny droplets are preferentially ejected towards the areas of 

concentrated negative charge in the silica shell and coalesce into a second core [Fig. 3-6(c)], a 
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process that occurs in a matter of seconds. Lastly, the second core continues to grow through 

repeated absorption of progeny droplets, until both cores reach equal size [Fig. 3-6(d)]. This 

process is complete after several minutes. We note that once the second core has formed, it can 

also be observed to undergo Coulomb fission. Progeny droplets are then continuously ejected 

from either core and absorbed by the other, a process during which the void in the silica shell 

connecting both cores becomes more pronounced. We infer that the final configuration of two 

equally-sized cores corresponds to a state of dynamic equilibrium. 

For such a dynamic equilibrium to exist, the rate of mass ejection from a large droplet 

must exceed that of ejection from a small droplet. Although the kinetics of the system are 

complex, this is likely due to the fact that the volume of a progeny droplet is proportional to 

the volume of its parent droplet,26 so that for every fission event, a larger droplet ejects more 

mass than a smaller droplet. Moreover, large gold particles are more easily ionized since the 

absorption cross section scales approximately with r3 for gold particles of radii r ≤ 20 nm.33 

Whereas larger droplets also require a higher critical charge in order to undergo fission, this 

critical charge only scales with r3/2.26 

 

Conclusion 

 

In conclusion, we have presented an in-situ electron microscopy study of Coulomb 

fission in gold-core silica shell nanoparticles under femtosecond laser irradiation. Our 

experiments demonstrate the strength of in-situ observations on a single-particle level for 

elucidating complex mechanisms of laser reshaping of plasmonic nanoparticles that have only 

been incompletely understood and are difficult to study with other approaches. Our results also 

suggest a facile laser-mediated route for forming dual-core silica shell nanoparticles, which 

otherwise require complex synthetic procedures.42–45 Tuning the properties of the precursor 
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particles should improve the yield as well as the degree of alignment of the dual-cores. This 

should, for example, make it possible to fabricate linearly dichroic surfaces of aligned dual-

gold-core silica shell particles. 
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Chapter 4 

Real-Time Observation of Jumping and Spinning Nanodroplets 

 

Introduction§ 

 

Despite the common occurrence of liquid drops, the fast morphological transformations 

they undergo in many everyday processes were only revealed once high-speed flash 

photography became available. Harold E. Edgerton’s 1936 “Milk Drop Coronet” is a now 

iconic example that spectacularly captures the impact of a drop on a liquid surface.1 More 

recently, flash photography has been used to observe the dynamics of highly charged 

micrometer-sized droplets undergoing Coulomb fission,2,3 elucidating a complicated fluid 

dynamics problem central to the electrospray ionization process.4–7 Due to the shorter length 

and faster time scales involved, such approaches cannot be extended to study nanodroplets – 

ubiquitous objects whose controlled generation and manipulation is crucial to a number of 

technologically important endeavors,8 such as jet printing with droplets of ever smaller 

dimensions.9 At the nanoscale, fluid dynamics may be significantly altered by specific 

nanoscale and surface effects,10–12 making real-time observations crucial for developing a 

detailed understanding of these systems. 

Here, we study the formation of so-called jumping nanodroplets, which are created when 

metal nanoprisms are flash-melted with a laser pulse.13,14 On a surface that repels the liquid 

metal, dewetting ensues and the nascent nanodroplet jumps off its substrate, reaching velocities 

of about 20 m/s. This process is closely related to a broader range of fundamentally important 

 
§ Reproduced from Olshin P.K., Voss J.M., Drabbels M., Lorenz U. J., Struct. Dyn. 7, 011101 (2020), with the 
permission of AIP Publishing 
Authors Contributions: P.K.O. and V.J.M. performed the experiments and analyzed the data; M.D. and U.J.L. 
supervised the project; U.J.L. wrote the manuscript with the contribution from all authors. P.K.O. and V.J.M. 
contributed equally to this work. 
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phenomena, including the dewetting of extended liquid films,15 the coalescence-induced 

jumping of water droplets from the hydrophobic surface of self-cleaning lotus leaves,16 and the 

process of droplets impacting a surface.17 Recently, jumping droplets have even been used to 

fabricate large arrays of uniform nanoparticles.18 The mechanism of this process has been 

investigated both by molecular and continuum dynamics simulations.19–21 Molecular dynamics 

simulations have recently also uncovered a related phenomenon in which nanodroplets are 

propelled from a structured graphene surface.22 However, in the absence of real-time 

observations, our understanding of the dynamics is incomplete.  

We can estimate the timescale of the dewetting process using Rayleigh’s theory of liquid 

droplet oscillations.23 The progression of the droplet from a flattened to a prolate shape that 

propels itself off the surface resembles a half-oscillation in the fundamental mode of the 

droplet, with the period 𝜏 given by 

 

𝜏 = √𝜌𝑟3𝜋2

2𝜎
      (1) 

 

where 𝑟 is the droplet radius, 𝜌 the density, and 𝜎 the surface tension of the liquid.23 For 

example, a liquid gold droplet of 270 nm diameter, which is the size of the droplets studied 

here, has a half-period of about 7 ns. 
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Experimental Setup 

 

In order to directly observe jumping droplets of such small dimensions and on such short 

timescales, we employ time-resolved electron microscopy.24–27 We perform experiments with 

a modified JEOL 2200FS transmission electron microscope that we operate with an 

accelerating voltage of 160 kV. Briefly, a short laser pulse illuminates the sample to initiate 

the dynamics, which are subsequently imaged with a short electron pulse at a specific time 

delay. The electron pulse (~2∙104 electrons, 1 ns) is generated by illuminating the extractor 

electrode of the electron gun with a UV laser pulse (266 nm, 1 ns FWHM, 2 μJ). This enables 

us to capture the morphological evolution of individual droplets with single nanosecond time 

resolution, more than an order of magnitude higher than previously achieved in related 

experiments on nanoscale fluid dynamics.26,28,29 



 81 

 

 

Figure 4-1. Gold nanoprisms as precursors of jumping nanodroplets. (a) Illustration of the 

sample geometry. Multilayer graphene decorated with gold nanoprisms is supported by an 

amorphous carbon/formvar thin film on a copper mesh. A second copper grid covered with 

graphene is added on top. (b) Micrograph of nanoprisms before and (c) after flash-melting 

with a laser pulse. (Scale bar, 1 μm.) 
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Figure 4-1(a) shows a sketch of the sample geometry used in our experiments. As 

precursors for the jumping nanodroplets, we use triangular gold nanoprisms (990 nm side 

length, 30 nm height). As in previous studies of jumping nanodroplets, the nanoprisms were 

fabricated with colloidal lithography.30–32 The nanoprisms reside on a multilayer graphene film, 

which is supported by an electron microscopy specimen grid (amorphous carbon/formvar film 

on 300 mesh copper). Another sample grid (multilayer graphene on 2000 mesh copper) tops 

the assembly. It reduces the total fluence incident on the thin film substrate that otherwise tends 

to rupture, and it prevents droplets from contaminating the instrument. A micrograph of a 

typical sample is shown in Fig. 4-1(b). Illumination in situ with a short laser pulse (515 nm, 3 

ps FWHM, 1 μJ, focused to a spot size of 32 μm FWHM) melts the structures and generates 

jumping nanodroplets. After the laser pulse, most of them disappear from view, and only a 

single spherical nanoparticle can be observed on the substrate [Fig. 4-1(c)]. Its diameter 

(310 nm) is larger than expected for a droplet resulting from a symmetric nanoprism (270 nm), 

suggesting that the droplet either deformed upon impact and solidified in a flattened shape, or 

that it originated from a larger structure not visible in the micrograph in Fig. 4-1(b). Figure 4-

1(c) shows that some nanoprisms close to the copper bars remain. Since the melting laser pulse 

strikes the sample at a small angle with respect to the electron optical axis, these structures are 

likely partially shadowed by the copper bars. We also occasionally find that droplets resolidify 

on the uppermost graphene layer upon impact (Fig. S4-1). 
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Results and Discussion 

 

 

 

Figure 4-2. Snapshots of jumping nanodroplets and ensemble images. (a) A nanoprism is 

melted with a short laser pulse, and the (e) jumping nanodroplet is imaged at 6.9 ns with a 

single electron pulse. (h) After the jump, it leaves behind the bare substrate. (b–g) 

Representative snapshots of other nanodroplets at different stages of the dewetting process. 

(i–p) Ensemble averaged images of the dynamics. (Scale bar, 500 nm.) 

 

We elucidate the fast fluid dynamics following the melting laser pulse by recording 

snapshots with individual, short electron pulses. Flash-melting the nanoprism in Fig. 4-2(a) 

creates a jumping nanodroplet that disappears from view [Fig. 4-2(h)]. A snapshot recorded at 

6.9 ns reveals the transient structure of the collapsing droplet, which has contracted into a 

compact mass, but has not yet assumed a spherical geometry [Fig. 4-2(e)]. By repeating the 

experiment on other identical nanoprisms and taking snapshots at different time delays, we 

capture the entire evolution of the droplet morphology [Fig. 4-2(b–g)]. 

It is informative to analyze the dynamics both in terms of the average behavior of the 

ensemble, as well as the variations of individual trajectories. We obtain a movie of the 

ensemble dynamics by averaging over 500 individual exposures within 0.75 ns time-bins [Fig. 

4-2(i–p), Fig. S4-2]. In this manner, we overcome the low signal-to-noise ratio afforded by an 

individual exposure, which results from the low number of electrons available in a single pulse. 
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Averaging requires the objects to be aligned to each other, which we achieve with the following 

procedure. Before melting with a laser pulse, each nanoprism is imaged with an accumulated 

dose of 1,000 electron pulses. The resulting high signal-to-noise micrograph is then aligned to 

a reference using phase correlation-based image registration.33 The same rigid transformation 

is then applied to the time-resolved image of the jumping droplet that was subsequently 

recorded with a single electron pulse. In order to account for intensity variations of the electron 

beam, the time-resolved image is normalized by another micrograph (1,000 electron pulses) of 

the bare specimen support that is left behind after the droplet has jumped and disappeared from 

view. Finally, the time-resolved micrographs are sorted into 0.75 ns time-bins, symmetrized 

assuming C3v symmetry, and averaged to yield the ensemble images of Fig. 4-2(i–p).  

These ensemble images reveal that after flash-melting, the triangular structure 

immediately begins to collapse onto its center of mass [Fig. 4-2(j)]. Within 2 ns, the prism sides 

have retracted inward, so that the droplet transiently adopts a star-shaped configuration [Fig. 

4-2(k)]. As the vertices continue to be pulled inward, the droplet develops a more compact, 

triangular outline [Fig. 4-2(l)], which approaches a circular shape around 7 ns [Fig. 4-2(m,n)]. 

At longer times, the droplet outline increasingly blurs [Fig. 4-2(o,p)]. The observed 

morphological evolution qualitatively agrees with both molecular and continuum dynamics 

simulations.19–21 For gold nanoprisms of 47 nm thickness and 405 nm side length on a silicon 

dioxide substrate, the collapsing droplet was predicted to maintain a triangular outline, whereas 

thinner nanoprisms (24 nm) adopted the transient star-shaped configuration we observe in our 

experiments.21 
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Figure 4-3. Analysis of the jumping nanodroplet dynamics. (a) Ensemble image of the 

nanoprism 2 ns before flash-melting. (b) Intensity profile (blue line) of the area marked in (a). 

The center positions of the boundaries (dots) are extracted from a fit (red line). (c) Center 

positions of the droplet boundaries as a function of time (dots). Vertical lines indicate the 

standard deviation of the average droplet boundary position. The grey lines serve as a guide 

for the eye. (d) Positions of the center of mass of the jumping droplets at different time delays 

(encoded by the color scale, inset). (e) Angular distribution of the jumping droplets in the time 

interval of 12-32 ns. (f) The displacements of the center of mass of droplets as a function of 

time (circles) is fit with a simple model (black line). 

 

We analyze the dewetting dynamics as illustrated in Fig. 4-3(a). For each ensemble 

image, we calculate an intensity profile within the marked area and fit it with the product of 
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two error functions [Fig. 4-3(b)] **. This fit yields the average position of the droplet 

boundaries (dots), which are plotted in Fig. 4-3(c) as a function of time. The grey lines serve 

as a guide for the eye and represent splines of the data points. We find that the vertices, which 

exhibit the smallest radius of curvature and therefore the highest Laplace pressure, retract the 

fastest (bottom curve), reaching a speed of ~80 m/s within the one nanosecond resolution of 

the experiment. On the same timescale, the prism sides (top curve), reach a maximum speed of 

~40 m/s. After 4 ns, the sides reverse direction and expand again until 6.5 ns. Individual 

snapshots at these time delays reveal inverted triangular outlines (Fig. 4-2(e)). This inversion 

has been predicted to occur after the vertices have collapsed onto the center of mass20,21 and is 

associated with a three-fold symmetric in-plane oscillation of the droplet, which then dampens 

out in less than one oscillation period. At long times (>10 ns), the droplet boundaries appear to 

move apart again. This is in fact due to a blurring of the ensemble images (Fig. 4-2(o,p)), which 

occurs as the droplets jump in different directions. 

The fact that the droplets do not jump straight up, but instead have finite in-plane 

velocities is also evident in Fig. 4-3(d), which displays the position of individual droplet centers 

of mass at different time delays (encoded in color). After detaching from the graphene surface, 

the droplets increasingly spread out without any obvious angular preference (Fig. 4-3(e)). 

Figure 4-3(f) shows the absolute displacement of the droplets from the center of the nanoprism 

 
** The transients for the retraction of the sides and vertices of the molten nanoprisms were obtained from vertical 
intensity profiles [area marked in Fig. 3(a)] that were calculated for the ensemble images (0.5 ns time-bins). The 
intensity profiles I(x) were fit with the function 
 

𝐼(𝑥) =  𝑎1 − 𝑎2 [
1
2

+
1
2

𝑒𝑟𝑓 (
𝑥 − 𝑥1

√2𝜎1
)] ∙ [

1
2

+
1
2

𝑒𝑟𝑓 (−
𝑥 − 𝑥2

√2𝜎2
)] 

 
where erf(x) is the error function and a1, a2, x1, x2, σ1, and σ2 are fit parameters [red line in Fig. 2(b)]. The average 
positions p1 and p2 of the retreating contact line reported in Fig. 3(c) were obtained from the values x at which the 
function I(x) has dropped halfway to its minimum value min(I(X)), so that 𝐼(𝑝1) =  𝐼(𝑝2) =  1

2
{𝑎1 − min (𝐼(𝑥))} 

and |𝑝1 − 𝑝2| represents the FWHM of the intensity profile. The spread in the position of the contact line are 
indicated in Fig. 3(c) as vertical lines of length 2σ1, and 2σ2, respectively. The gray line serves as a guide for the 
eye and represents a spline of the data points.  
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precursor as a function of time. At negative times, the scatter of the data reflects the accuracy 

with which we can determine droplet centers from single-exposure images. After flash-melting, 

the scatter increases rapidly as the droplets contract and finally jump. Assuming a constant 

average acceleration, 𝑎, the in-plane velocity increases linearly until the jump, so that we can 

fit the droplet displacement 𝛥𝑟(𝑡) with the piecewise function 

 

𝛥𝑟(𝑡) = {

𝑟0 for 𝑡 ≤ 0
𝑟0 + 1

2
𝑎𝑡2 for 𝑡 > 0 and 𝑡 ≤ 𝑡𝑗𝑢𝑚𝑝 

𝑟0 + 1
2

𝑎𝑡𝑗𝑢𝑚𝑝
2 + 𝑎𝑡𝑗𝑢𝑚𝑝(𝑡 − 𝑡𝑗𝑢𝑚𝑝) for 𝑡 > 𝑡𝑗𝑢𝑚𝑝

  

 (2) 

 

where 𝑟0, 𝑎, and 𝑡𝑗𝑢𝑚𝑝 are fit parameters [solid line in Fig. 4-3(f)]. We thus estimate that the 

droplets detach at 𝑡𝑗𝑢𝑚𝑝 = 10 ns. For comparison, theory predicts droplets to detach at 7 ns 

(5 ns) for smaller nanoprisms of 405 nm side length and 47 nm (24 nm) thickness.21 From the 

fit, we obtain an average in-plane velocity of the detached droplets of 𝑎𝑡𝑗𝑢𝑚𝑝 = 9 m/s, with 

some droplets reaching more than 25 m/s. Such large in-plane velocities point to substantial 

asymmetry of the dewetting process. In contrast, a fully symmetric contraction should create a 

droplet that jumps straight up.19–21 Evidently, while the average behavior of the ensemble 

agrees with theoretical predictions, the trajectories of individual droplets exhibit a certain 

degree of variation.  
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Figure 4-4. Heterogeneity of the nanoscale fluid dynamics and non-spherical geometries of 

free droplets. (a–d) Snapshots reveal different contraction velocities for different nanoprisms. 

(e,f) Simultaneously flash-melted nanoprisms adopt different transient geometries. (g–j) 

Individual nanoprisms reveal asymmetric transient configurations. (k–t) Snapshots of droplets 

after they have jumped reveal elongated as well as symmetric two-lobed geometries. Outlines 

of the transient configurations are superimposed on the images recorded before flash-melting. 

(Scale bar, 500 nm.) (u) Experimentally determined geometries of spinning macroscopic 

droplets, interpolated from photographs in Ref. 39. 

 

Single-exposure images of jumping nanodroplets indeed reveal such variations in the 

trajectories of individual droplets (Fig. 4-4). The nanoprisms in Fig. 4-4(a,c) clearly contract 
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with different speeds, as evidenced by snapshots recorded at similar time delays [Fig. 4-4(b,d)]. 

For reference, outlines of the transient structures are superimposed on the images of the 

nanoprism precursors in Fig. 4-4(a,c). Even though the two neighboring nanoprisms in 

Fig. 4-4(e) are simultaneously flash-melted, a micrograph recorded at 2.4 ns reveals that they 

adopt different transient configurations, one of them more star-shaped, the other rather 

triangular [Fig. 4-4(f)]. Strikingly, even the collapse of a single nanodroplet can be highly 

asymmetric, as observed for the nanoprisms of Fig. 4-4(g,i) in the snapshots of Fig. 4-4(h,j), 

respectively. 

We can exclude that the linear polarization of the heating laser induces the asymmetric 

nanodroplet geometries we observe. If we take the laser polarization into account when we 

align and average the single exposure images, we do not observe any significant asymmetry 

within experimental accuracy (Fig. S4-3). This suggests that any temperature differences 

induced by the linear laser polarization do not significantly alter the dynamics. Moreover, 

molecular dynamics simulations predict that even over a large temperature range of 700 K, 

dewetting timescales change only nominally,19 so that small variations in the droplet 

temperature should not have a significant effect. We can also exclude that the melting process 

interferes with the fluid dynamics. At the high temperatures that the nanoprisms initially reach 

after the laser pulse (heat transfer simulations in Fig. S4-4), heterogeneous melting of gold is 

known to occur in approximately 10 ps (Ref. 34), which is fast on the timescale of the dynamics 

studied here. 

Instead, our observations point to friction as the origin of the observed heterogeneity. On 

a non-ideal surface, the moving contact line experiences friction as it dissipates energy through 

pinning and depinning on defects.35,36 Such defects can result from surface roughness, as it is 

present on the multilayer graphene surface used here. The thickness of the graphene substrate 

varies between six and eight layers on micron length scales. Therefore, many nanoprisms span 
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the boundary of a graphene flake, so that the contact line has to move over a microscopic step 

as the droplet contracts. Defects can also arise from chemical heterogeneity of the substrate, 

which locally alters the chemical properties of the surface and thus the contact angle of the 

liquid.35,36 A likely source of chemical defects is the colloidal lithography process that we have 

used to prepare the nanoprisms, following the methodology of previous studies of jumping 

nanodroplets.13,14 This process likely creates microscopic contaminants that locally alter the 

surface properties. We note that the angular distribution of the jumping droplets does not show 

any significant anisotropy [Fig. 4-3(e)], suggesting that the kinetic energy dissipated by each 

of the three retracting vertices varies independently. 

Theoretical studies of jumping nanodroplets have so far only considered idealized 

surfaces and have therefore neglected the role of friction. In this respect, it is not surprising 

that on a realistic surface, friction will alter the trajectories of individual droplets and render 

the dynamics heterogeneous. However, we also observe that the interaction with surface 

defects gives rise to novel phenomena. Surprisingly, some of the droplets adopt non-spherical 

geometries in free space. After the droplets have detached from the surface (>10 ns), most 

appear round as expected [Fig. 4-4(k,l)]. However, a small fraction (approximately 5%) clearly 

feature either elongated or very distinct symmetric two-lobed shapes [Fig. 4-4(m–t)]. It is 

particularly striking that two-fold symmetric droplets are created from nanoprisms with three-

fold symmetry. 

The non-spherical droplets in Fig. 4-4(m–t) were captured at such late times that they 

must have already detached from the substrate. Interactions with the surface are therefore 

absent and cannot explain their geometry. In fact, we do not observe the symmetric two-lobed 

shapes at earlier time delays when the droplet is still in contact with the surface. Instead, this 

geometry is unique to droplets in free space. It is also unlikely that the non-spherical droplet 

shapes arise from large-amplitude oscillations.37 Although simulations predict that the droplets 
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oscillate as they jump off the surface, these oscillations occur in the vertical direction and are 

of much smaller amplitude. They also rapidly dampen out as the droplet relaxes into a spherical 

geometry.19–21 This is not consistent with our observation of symmetric two-lobed geometries 

that persist at much later times. 

Rather, it appears that the two-lobed shapes we observe correspond to the equilibrium 

geometries of spinning droplets.38,39 When angular momentum is imparted on a spherical 

droplet, it first deforms into an oblate equilibrium geometry and above a critical angular 

momentum, adopts a pill-like shape with two-fold symmetry [Fig. 4-4(u)]. At even higher 

angular momenta, the droplet evolves further into a dumbbell shape, as illustrated in 

Fig. 4-4(u). We note that these pill and dumbbell shapes38,39 bear close resemblance to the 

geometries observed in our experiments. Very recently, such geometries have been inferred for 

liquid helium nanodroplets from their diffraction patterns.40–43 In our experiments, the angular 

momentum imparted on the droplet likely has its origin in surface imperfections. On an ideal 

surface, the C3v symmetry of the system dictates that the droplet cannot acquire angular 

momentum. However, the interaction of the liquid with surface defects breaks the symmetry 

of the system. Evidently, the resulting asymmetry of the dewetting process can generate 

sufficiently large angular momentum, so that dumbbell-shaped spinning droplets are formed.  

For such dumbbell-shaped droplets, a unique relationship exists between the length 𝑅 of 

the longest axis and the angular velocity 𝛺 (Refs. 38,39). This allows us to estimate the 

rotational period of the droplets if we assume that the longest axis is perpendicular to the 

electron beam. For the droplets in Fig. 4-4(p,r,t), where this appears to be the case in good 

approximation, we measure 𝑅 = 180, 220, 230 nm, respectively. We find that the relative 

elongations of the droplets 𝑅∗ = 𝑅/𝑟 do indeed fall within the range for which dumbbell shapes 

represent the most stable droplet geometry, 𝑅∗ ≈ 1.1 − 2.1. Through comparison with the 

numerical results of Ref. 38, we obtain rotational periods of approximately 26, 30, and 31 ns, 



 92 

respectively. We note that the single nanosecond resolution of our experiment is therefore 

sufficient to resolve the characteristic shape of the spinning droplets.  

 

Conclusion 

 

Our experimental approach opens up new avenues for studying the fast morphological 

dynamics of nanodroplets through direct observation with time-resolved electron microscopy. 

To overcome the low number of electrons available in an electron pulse of sufficiently short 

duration, we average multiple snapshots of identical objects and obtain high signal-to-noise 

images of the dynamics. This approach should allow the investigation of the faster dynamics 

of even smaller droplets, for which nanoscale effects will become increasingly pronounced. 

Our real-time observations add details to the mechanism of the jumping droplets, highlighting 

the role that surface imperfections play in steering the dynamics. Since by its very nature, 

friction is a nanoscale phenomenon,44 such studies of friction on its inherent length scale 

promise nanoscopic insights that are inaccessible to macroscopic experiments.35,36 An 

intriguing prospect would be to directly observe the interaction of the moving nanodroplets 

with a single, well-defined nanoscale defect that is lithographically written onto the surface. 

For example, molecular dynamics simulations have recently shown that water nanodroplets 

can be accelerated to high velocities when placed on a wedge-shaped defect on a graphene 

surface.22 Here, we present evidence that surface defects can be employed to spin nanodroplets 

to high angular momenta, suggesting new ways of manipulating these nanoscale systems. For 

macroscopic jumping droplets, the use of patterned surfaces to induce angular momentum has 

only recently been demonstrated.45  
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Chapter 5 

 

Conclusion and Outlook 

 

This dissertation covers the work conducted in the Laboratory of Molecular 

Nanodynamics on the development of a time-resolved resolved transmission electron 

microscope and describes some applications of the instrument. 

In Chapter 2, the design as well as the characterization of the device are presented. Front 

illumination of the Schottky emitter allows for the generation of high brightness electron pulses 

from the Schottky filament as well as high current pulses from the extractor electrode. This 

flexibility expands the number of experiments that are accessible with the instrument. For 

example, the electron beam from the tungsten tip can be used for stroboscopic experiments in 

which high spatial coherence or high brightness are required. At the same time, photoemission 

from the extractor can be useful for time-resolved experiments that require high numbers of 

electrons in a pulse, for example, for single shot imaging and diffraction.  

Chapter 3 presents an in situ study of Coulomb fission of gold core silica shell 

nanoparticles. Our study reveals that under femtosecond laser irradiation the gold cores can be 

fragmented so that aligned dual-core nanoparticles are formed. Our observations are consistent 

with a mechanism in which electrons are preferentially emitted from the gold core along the 

laser polarization direction. The resulting anisotropic charge distribution in the silica shell then 

determines the direction in which progeny droplets are ejected. With continued irradiation, the 

emitted droplets coalesce into a second particle within the silica shell, so that the system 

evolves into a dual-core particle 

This experiment demonstrates that the combination of an electron microscope with a 

laser system provides great opportunities for in situ studies of the interactions of matter with 



 99 

intense laser pulses at the nanoscale. Laser machining 1 as well as the laser induced formation 

and modification of nanoparticles 2 are among the many processes that can be studied with this 

approach. Real-time observation can significantly advance research in these fields and provide 

important information regarding the mechanism of laser induced transformations.  

Chapter 4 describes the study of so-called jumping nanodroplets. In this experiment, 

picosecond laser pulses initiated melting of triangular gold nanoprisms, followed by their 

contraction into spheres and detachment from their substrate. The dynamics of the process were 

recorded with a temporal resolution of one nanosecond. In these experiments we took 

advantage of the unique design of the optical setup for the probe laser that allows us to generate 

high current electron pulses. Our work expands the field of microscale fluid dynamics to even 

shorter time and length scales, which can be beneficial for studying technologically important 

phenomena involving nanodroplets, such as friction, dewetting, and the effect of the surface 

defects on their propagation. 

The field of time-resolved transmission electron microscopy is differentiating into many 

distinct directions, including the design of laser free instruments 3–12, improving the temporal 

resolution by inserting RF cavities into the column 13,14, performing new types of experiments 

based on the quantum manipulation of electron pulses 15,16, studies with sub-femtosecond 

temporal resolution 17–20, and improving the spatial resolution. In my opinion, expanding the 

method to shorter time and length scales is one of the most important objectives. 

The temporal resolution of our instrument can be improved in two ways. First, using 

shorter laser pulses for the electron photoemission will significantly decrease the duration of 

the electron pulses. Reducing of the energy spread of the pulses will also limit the broadening 

of the pulses in the temporal domain. To minimize the energy spread of the electron pulses, a 

probe laser with a longer wavelength should be used. In the absence of Boersch effect, the 

energy spread of 1.8 eV is determined by high excess energy of electrons emitted with the 
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fourth harmonic (258 nm, 4.8 eV) of a 1030 nm laser. Such a high photon energy exceeds the 

work function of the W/ZrO2 emitter by almost 2 eV, leading to the significant broadening. To 

reduce the energy distribution, third (343 nm, 3.6 eV) or even second (515 nm, 2.4 eV) 

harmonics should be used. Although the energy of the second harmonic is smaller than the 

work function, photoemission is still possible due to the Schottky effect and presence of 

thermally excited electrons 21,22. If pulses with longer wavelengths are used, photoemission 

from the extractor surface will not be possible, as the work function of stainless steel is close 

to the energy of 258 nm photons. To keep the advantages of different electron sources, beams 

with different wavelengths can be combined. 

Another important direction of the development of time-resolved electron microscopy 

involves attempts to enable atomic-resolution observations of nanoscale dynamics in real 

space. Single shot imaging suffers from severe space charge effects that limit the spatial 

resolution to several nanometers 23. In stroboscopic experiments, in which the Coulomb 

interactions are minimized by using less than one electron per pulse, long acquisition times and 

laser induced drift of the sample prevent high-resolution imaging. Although it should be noted 

that images with atomic resolution have been recorded with ultrafast electron pulses in the 

absence of the pump laser pulses 24,25. Thus, atomic resolution in single shot experiments can 

only be achieved by increasing the pulse duration. In our group we have modified a second 

TEM and installed the same illumination system for the probe laser as described in this thesis. 

With this instrument, we have demonstrated that 2 Å resolution can be reached with electron 

pulses of several microseconds 26. In these experiments, the electron pulses are generated with 

an electrostatic deflector, and the beam current is increased by several times by heating a 

Schottky filament with a microsecond laser pulse 27. To reach sub-µs temporal resolution, high 

quality pulses with higher currents must be obtained, and optimization of the geometry of the 

filament, extraction fields, and the heating laser power might be necessary. 
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Time-resolved TEM has proven to be an extremely powerful technique for studying fast 

and ultrafast dynamics with high spatial resolution. Being a relatively new research area, the 

ultimate performance of the method has not been reached yet. Therefore, working in a rapidly 

developing field like this inspires researchers to propose new concepts and perform unique 

experiments. The main output of such an approach, namely, development of new instruments 

and experimental techniques, opens up new avenues in studying physical and chemical 

properties of various materials, light-matter interactions, and the coherent manipulation of 

electron wave packets with light.   
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Appendix 1. 

 

Supporting information for Chapter 4 

 

 

 

Figure S4-1. Droplet adhering to the top graphene layer. (a) Micrograph of a sample after 

being laser heated. The substrate plane is in focus and a blurred object appears in the middle 

of the image. (b) A micrograph of the same sample with the top graphene layer in focus reveals 

a resolidified nanodroplet adhering to the upper graphene layer. (Scale bar, 1 μm.) 
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Figure S4-2. Ensemble images of jumping nanodroplets. The frames were obtained by 

averaging single-exposure images within 0.75 ns time-bins as described in the main text. In 

total, over 500 images were recorded. The distribution of their time delays is shown in the 

histogram. (Scale bar, 400 nm). 
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Figure S4-3. Analysis of the nanodroplet dynamics for different laser polarizations. (a) Single-

exposure micrographs were aligned and averaged with the procedure described in the main 

text. Here, the additional constraint that the laser polarization should fall within an angle of 0-

30° with respect to the vertical was imposed (shaded area). After averaging, the ensemble 

images were not symmetrized. Note that now, the three vertices of the triangular prism are no 

longer equivalent if one considers the laser polarization; the same holds for the prism sides. (b) 

The droplet dynamics were analyzed as in the main text, with the center positions of the droplet 

boundaries shown here as a function of time (dots). The colored lines serve as guides for the 

eye. The transients bear close resemblance to those presented in Fig. 3(c) of the main text, 

although they appear noisier. This is expected since the ensemble images were not 

symmetrized. Importantly, within our experimental accuracy, the dynamics are the same for all 

three vertices and for all three sides, even though they are not equivalent with respect to the 

laser polarization. For example, the prism vertices and sides contract with similar velocities 

and reverse direction at similar times, respectively. We conclude that the morphological 
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dynamics of the system do not feature any measurable dependence on the polarization of the 

laser, which therefore cannot explain the asymmetries of the transient structures we observe. 
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Figure S4-4. Simulation of the temperature evolution of laser heated gold nanoprisms. (a) Top 

and (b) side views for simulation geometry. The three gold nanoprisms (1 µm side length, 30 

nm thickness) reside directly on multilayer graphene (2.5 nm thickness), which is supported by 

an amorphous carbon/formvar thin film (10 nm total thickness). The thin film is in contact with 

a copper mesh (5 µm width, 6 µm height, 8 µm inner spacing), which acts as a heat sink. (c) 

Finite element simulation of the temperature evolution of the three gold prisms using 

COMSOL Multiphysics. 
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We estimate that the laser pulse (515 nm, 3 ps, 86 mJ/cm2) initially heats the prisms to a 

temperature of 2706 K, while the graphene and amorphous carbon layers are heated to 4319 K 

and 2304 K, respectively.1–9 Since the formvar polymer is transparent to the excitation 

wavelength, we assume that it initially remains at room temperature.10 This is also the case for 

the substrate underneath the nanoprisms, since the gold prisms are sufficiently thick to not 

transmit the laser light. Since the laser pulse deposits only a limited amount of energy on the 

copper bars, which have a large heat capacity, the copper mesh is also assumed to remain at 

room temperature. 

The simulation reveals that after the laser pulse, the temperature of the nanoprisms (solid 

lines) equilibrates with that of the underlying substrate (dotted lines) on a timescale of 200 ps, 

with both reaching a temperature of about 1700 K. At such high temperatures, the gold structure 

can be expected to melt rapidly, on a timescale of 10 ps (Ref. 11), so that we can conclude that 

melting does not interfere with the fluid dynamics. Subsequently, the prisms slowly equilibrate 

with the surrounding hot substrate, and their temperatures rise to 2000 K at 10 ns, when the 

droplet jumps off the substrate (see main text). It should be noted that our simulation 

overestimates this temperature rise as it does not account for the fact that the contact area 

between the liquid gold droplet and its substrate rapidly shrinks as the droplet contracts. The 

simulation also reveals that all three prisms (A-C), placed in different locations with respect to 

the copper bars, have an almost identical temperature evolution. Small differences only appear 

at late times. Again, the simulation overestimates these differences as it does not consider the 

contraction of the droplet. 
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