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Abstract: High bunch charge, femtosecond, electron pulses were generated 

using a 95 kV electron gun with an S-band RF rebunching cavity. Laser 

ponderomotive scattering in a counter-propagating beam geometry is shown to 

provide high sensitivity with the prerequisite spatial and temporal resolution to 

fully characterize, in situ, both the temporal profile of the electron pulses and 

RF time timing jitter. With the current beam parameters, we determined a 

temporal Instrument Response Function (IRF) of 430 fs FWHM. The overall 

performance of our system is illustrated through the high-quality diffraction 

data obtained for the measurement of the electron-phonon relaxation dynamics 

for Si (001). 
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Ultrafast electron diffraction with radio-frequency compressed 
electron pulses 

Robert P. Chatelain,a) Vance R. Morrison,a) Chris Godbout, and Bradley J. Siwickb)
 

Departments of Physics and Chemistry, Center for the Physics of Materials, McGill University, 
Montreal, Canada 

(Received 26 May 2012; accepted 6 August 2012; published online 20 August 2012) 

We report on the complete characterization of time resolution in an ultrafast electron diffraction 
(UED) instrument based on radio-frequency electron pulse compression. The temporal impulse 
response function of the instrument was determined directly in pump-probe geometry by 
performing electron-laser pulse cross-correlation measurements using the ponderomotive 
interaction. With optimal settings, a stable impulse response of 334610 fs was measured at a 

bunch charge of 0.1 pC (6.24 x 105 electrons/pulse); a dramatic improvement compared to 
performance without pulse compression. Phase stability currently limits the impulse response of 
the UED diffractometer to the range of 334–500 fs, for bunch charges ranging between 0.1 and 

0.6 pC. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4747155] 
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Abstract 

An ubiquitous focusing element for charged particles is the magnetic solenoid lens. For the case 

of ultrashort electron pulses, we show here that misalignment of the lens, i.e. displacement or tilt, 

causes significant temporal aberrations on a femtosecond time scale. Pulse-lengthening is only 

minimized if the beam travels on the symmetry axis. We present an experimental procedure with 

periodic reversal of the magnetic field for aligning position and tilt with sufficient precision for 

reducing the aberrations to less than one femtosecond. This method will be instrumental for 

advancing ultrafast electron microscopy and diffraction to ultimate temporal resolutions. 
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Laboratory for Ultrafast Microscopy and Electron Scattering, ICMP École Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland 

b 
Pulsar Physics Eindhoven, The Netherlands 

 
 

 

a r  t  i  c l  e  i n  f  o   

 
Article history: 

Received 29 May 2012 

Received in revised form 

26 June 2012 

Accepted 26 June 2012 

Available online 11 July 2012 
 

Keywords: 

Ultrafast  electron  diffraction 

Femtosecond Radiofrequency 

a b s t  r  a  c t   
 

 

Ultrafast Electron Diffraction (UED) has been widely used to investigate the structural dynamics of 

molecules and materials. Femtosecond (fs) electron bunches are used to obtain diffraction images of a 

specimen upon photo-excitation by a temporally delayed light pulse. The high cross-section of 

electrons makes it a very flexible tool for the study of light elements, monolayers and surfaces; at 

the same time, electrons can travel down to few nanometers (nm) and structural information from the 

bulk can also be retrieved. In this article, we discuss the design and implementation of a flexible 

beamline for fs electron diffraction experiments in transmission or reflection geometry. By the use of a 

radiofrequency (RF) compression cavity synchronized to our laser system, in combination with a set of 

electron optics, we demonstrate that we can control the beam properties in terms of charge per pulse, 

transverse spot-size on the sample and temporal duration of the bunches. The characterization of the 

beam is performed via a light-electrons cross-correlation experiment and we demonstrate an overall 

temporal resolution around 300 fs for bunches containing up to 105 electrons at a repetition rate of 

20 kHz. 

& 2012 Elsevier B.V. All rights reserved. 
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Abstract. Few-femtosecond to attosecond electron pulses are required for 

advancing ultrafast diffraction and microscopy to the regime of electrons in 

motion. Here, we report the combination of a single-electron source with a 

microwave cavity for pulse compression. In such an arrangement, the electron 

pulses can become significantly shorter than the laser pulses used for electron 

generation. This comes at the expense of an increase in energy spread. We report 

the use of an energy analyzer for characterizing microwave-compressed single- 

electron pulses. Phase effects, linearity, focal distances, incoming pulse durations 

and laser–microwave jitter are measured for three different synchronization 

approaches. The results demonstrate the applicability of a microwave cavity in 

the single-electron regime and identify jitter as the current limitation on the way 

to few-femtosecond, eventually attosecond pulses of single electrons. 

New Journal of Physics 
T h e  o p e n – a c c e s s  j o u r n a l  f o r  p h y s i c s 
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ABSTRACT 
 

A two-step algorithm is developed that can reconstruct the full 3-D molecular structure from diffraction patterns of 

partially aligned molecules in gas phase. This method is applicable to asymmetric-top molecules that do not need to have 

any specific symmetry. This method will be important for studying dynamical processes that involve transient structures 

where symmetries, if any, can possibly be broken. A new setup for the diffraction experiments that can provide enough 

time resolution as well as high currents suitable for gas phase experiments is reported. Time resolution is obtained by 

longitudinal compression of electron pulses by time-varying electric fields synchronized to the motion of electron pulses. 

Keywords: Ultrafast electron diffraction, 3-D molecular structures, laser induced alignment, phase retrieval, electron 

pulse compression. 
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(Received 11 June 2013; accepted 15 September 2013; published online 30 September 2013) 

We demonstrate a method to measure synchronization between femtosecond laser pulses and the 
electric field inside a resonant 3 GHz radio frequency (RF) cavity. The method utilizes the Pockels 
effect in a crystal inside the RF cavity by measuring the retardation of the components of polarization 
as a function of RF phase. Resolution of the setup used is shown to be 29 ± 2 fs (root-mean-square, 
rms), with timing jitter between the laser pulses and the RF field inside the cavity of 96 ± 7 fs (rms). 
The method provides a tool to reduce jitter and improve time-resolution in ultrafast electron 
diffraction experiments. VC  2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823590] 
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Abstract 
 

This thesis has been carried out at the group of Surfaces and Thin Films of the Zernike Institute; 

where a facility for Ultrafast electron diffraction (UED) was developed. With this pump-probe 

technique, structural transitions (such as phase transitions or simply atomic disorder caused by 

temperature), induced by photo excitation, can be studied at the atomic scale with picosecond 

time resolution. A femtosecond laser is used to excite the sample; the laser generates also 

electrons from a solid copper cathode, which are accelerated to 30 keV and used as a probe. 

The experimental setup allows measurements both in transmission and in reflection; in the second 

case the difference between the group velocity of the electrons and that of light is compensated by 

the wave front tilt of the laser. The diffraction image is recorded using a ultrasensitive charge-

coupled device. The system is equipped with a preparation chamber connected with the analysis 

chamber, for the growth of the samples, equipped with various evaporators and a XPS system. The 

samples are mounted on a cryostat which allows cooling with liquid nitrogen or liquid helium. 

 

The purpose of this work was to complete the calibration of the UED system and run the first 

experiments to verify its proper operation. Measurements in transmission were performed on a 

film of chromium and gold of 45 nm (5 nm Cr 40 nm Au ) and on nanoparticles of cobalt, smaller 

than 10 nm. A measurement in reflection on a crystal of silver was also performed. The data 

obtained were interpreted by means of a theoretical model, and compared with literature references. 

Results show a sub-picosecond resolution, as well as very good signal to noise ratio. Future 

experiments will involve ultrathin films that show phase transitions of greater interest. Some of 

these films, as very sensitive to oxidation, will be prepared in situ in the preparation chamber, 

making full use of this facility. 

 

 

 

 

 

 

 

  
  



 
 
 

Abstract 
 

Femtosecond Electron Diffraction and Spectroscopic Studies of a Solid State Organic Chemical Reaction 

Hubert Jean-Ruel Doctor of 

Philosophy 

Graduate Department of Physics 

University of Toronto 

2014 

 

Photochromic diarylethene molecules are excellent model systems for studying electrocyclic reactions, in addition 

to having important technological applications in optoelectronics. The photoinduced ring-closing reaction in a 

crystalline photochromic diarylethene derivative was fully resolved using the complementary techniques of 

transient absorption spectroscopy and femtosecond electron crystallography. These studies are detailed in this 

thesis, together with the associated technical developments which enabled them. Importantly, the time-resolved 

crystallographic investigation reported here represents a highly significant proof-of-principle experiment. It 

constitutes the first study directly probing the molecular structural changes associated with an organic chemical 

reaction with sub-picosecond temporal and atomic spatial resolution – to follow the primary motions directing 

chemistry. 

In terms of technological development, the most important advance reported is the imple- mentation of a radio 

frequency rebunching system capable of producing femtosecond electron pulses of exceptional brightness. The 

temporal resolution of this newly developed electron source was fully characterized using laser ponderomotive 

scattering, confirming a 435 ± 75 fs instrument response time with 0.20 pC bunches. The ultrafast spectroscopic 

and crystallo- graphic measurements were both achieved by exploiting the photoreversibility of diarylethene. The 

transient absorption study was first performed, after developing a novel robust acquisi- tion scheme for thermally 

irreversible reactions in the solid state. It revealed the formation of an open-ring excited state intermediate, 

following photoexcitation of the open-ring isomer with an ultraviolet laser pulse, with a time constant of 

approximately 200 fs. The actual ring closing was found to occur from this intermediate with a time constant of 

5.3 ± 0.3 ps. The femtosecond diffraction measurements were then performed using multiple crystal orientations and 

a large number of different samples. To analyse the results, an innovative method was developed in which the 

apparently complex ring-closing reaction is distilled down to a small number of basic rotations. Immediately 

following photoexcitation, sub-picosecond structural changes associated with the formation of the intermediate are 

observed. The rotation of the thiophene rings is identified as the key motion. Subsequently, on the few picosecond 

time scale, the time-resolved diffraction patterns are observed to converge towards those associated with the closed-

ring photoproduct. The formation of the closed-ring molecule is thus unambiguously witnessed. 
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Abstract 

Many physical and chemical processes which define our daily life take place on atomic scales in space 

and time. Time-resolved electron diffraction is an excellent tool for investigation of atomic-scale 

structural dynamics (4D imaging) due to the short de Broglie wavelength of fast electrons. This 

requires electron pulses with durations on the order of femtoseconds or below. Challenges arise from 

Coulomb repulsion and dispersion of non-relativistic electron wave packets in vacuum, which currently 

limits the temporal resolution of diffraction experiments to some hundreds of femtoseconds. In order 

to eventually advance the temporal resolution of electron diffraction into the few-femtosecond range 

or below, four new concepts are investigated and combined in this work: First, Coulomb repulsion is 

avoided by using only a single electron per pulse, which does not repel itself but interferes with itself 

when being diffracted from atoms. Secondly, dispersion control for electron pulses is implemented 

with time-dependent electric fields at microwave frequencies, compressing the duration of single-

electron pulses at the expense of simultaneous energy broadening. Thirdly, a microwave signal used 

for electron pulse compression is derived from an ultrashort laser pulse train. Optical enhancement 

allows a temporal synchronization between the microwave field and the laser pulses with a precision 

below one femtosecond. Fourthly, a cross-correlation between laser and electron pulses is measured 

in this work with the purpose of determining the possible temporal resolution of diffraction 

experiments employing compressed single-electron pulses. This novel characterization method uses 

the principles of a streak camera with optical fields and potentially offers attosecond temporal 

resolution. These four concepts show a clear path towards improving the temporal resolution of 

electron diffraction into the few-femtosecond domain or below, which opens the possibility of 

observing electron densities in motion. In this work, a compressed electron pulse's duration of 28±5 fs 

full width at half maximum (12±2 fs standard deviation) at a de Broglie wavelength of 0.08 Å is 

achieved. Currently, this constitutes the shortest electron pulses suitable for diffraction, about sixfold 

shorter than in previous work. Ultrafast electron diffraction now meets the requirements for 

investigating the fastest primary processes in molecules and solids with atomic resolution in space and 

time. 

 



 
 
 

Abstract 

Mapping Organic Molecular Motions with RF Compressed Femtosecond Electron Diffraction 

Meng Gao 

Doctor of Philosophy 

Graduate Department of Physics 

University of Toronto 

2014 

This thesis reports on the development of a novel ultrabright femtosecond electron diffraction setup and 

its application towards monitoring primitive atomic motions during a photoinduced phase transition in 

an organic molecular crystal. By using the time-dependent electric field of a 3 GHz radio-frequency 

cylindrical cavity, high flux electron bunches are compressed to a few hundred femtoseconds in dura- 

tion. A grating-enhanced ponderomotive scattering technique is used to fully characterize the temporal 

characteristics of the high brightness electron pulses. A minimum temporal instrument response of 420 

femtoseconds (full-width-half-maximum) for 200 femtocoulomb electron bunches is reported. The instru- 

ment response is limited by the synchronization jitter between the radio-frequency waves and the laser 

oscillator. To mitigate this problem, a photo-triggered streak camera is used to first characterize the 

arrival time jitter of the electron pulses and then time-stamp the precise arrival time of each individual 

electron pulse with respect to the laser. This reduces the synchronization contribution to the instrument 

response time down to 30 femtoseconds RMS (root-mean-square). This new electron source is used 

to study the molecular dynamics of a photoinduced insulator-to-metal phase transition in the organic 

crystal (EDO-TTF)2PF6. A 60 femtosecond optical pulse at 800 nm induces the phase transition in 

the crystal and ultrabright electron pulses are applied to monitor the evolution of the Bragg intensities. 

A structure refinement algorithm is applied to calculate the transient structures during the first few 

picoseconds of evolution. A transiently locked intermediate state is discovered and reveals the primary 

mechanism behind the transformation towards the metallic state. 
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Abstract 

 
Time-resolved electron diffraction is a powerful tool to observe ultrafast structural dynamics in materials and 

molecules with atomic spatial as well as temporal res- olution. Due to Coulomb repulsion, however, the use of 

only single-electrons or few-electrons per pulse is inevitable to reach the shortest pulse durations. Electrons have 

rather high scattering cross sections and thus experiments in transmission re- quire ultrathin samples in the 

nanometer-range, making sample preparation very challenging. Up to now, ultrafast single-electron diffraction was 

only demonstrated at an electron energy of 30 keV ; these measurements were performed in our group at the “UED1-

beamline”. 
This work introduces our second-generation beamline, “UED2”, where the elec- tron acceleration voltage is 

upgraded from 30 to 100 kV , which allows the inves- tigation of significantly thicker samples. This is decisively 

widening the range of complex materials that can be studied. In the experiment, electron pulses are gen- erated by a 

two-photon photoemission process and the long-term stability of the source is shown. The samples can be placed 

in transmission as well as grazing- incidence geometry. To achieve phase-matching between the optical and 

electron pulses, tilted optical pulses can be applied. We figured out that to avoid temporal distortions in tilted 

pulses, a geometry must be chosen in which the propagation direction of the tilted pulses is perpendicular to the 

grating’s surface. Furthermore, temporal distortions for ultrashort electron pulses caused by misaligned magnetic 

lenses are examined. It is found that a displacement or tilt of the lens causes sig- nificant temporal aberrations on a 

femtosecond time scale and pulse-lengthening is only minimized if the beam travels precisely on the symmetry axis. An 

experimental procedure detailed here for aligning lens-position and -tilt reduces the aberrations to less than one 

femtosecond. 

For the “UED2-beamline”, a new laboratory was   established and a first time- resolved electron diffraction 

experiment at this beamline performed. Anisotropic ultrafast atomic motion in carbon-nanotubes was observed, 

revealing the nature of the system’s chemical bonds, which vary from relatively weak van der Waals to strong 

covalent interactions. 

In summary, it is thus shown that ultrafast electron diffraction at 100 keV with single/few electrons per pulse is an 

excellent method to study  ultrafast atomic-scale dynamics even in complex solid samples with the highest possible 

resolution in space and time. 

 


