
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2006

The Development of Femtosecond Electron
Diffraction for Direct Measurements of
Ultrafast Atomic Motions
Hyuk Park

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu


 
THE FLORIDA STATE UNIVERSITY 

 
COLLEGE OF ARTS AND SCIENCES 

 
 
 

THE DEVELOPMENT OF FEMTOSECOND ELECTRON DIFFRACTION 
FOR DIRECT MEASUREMENTS OF ULTRAFAST ATOMIC MOTIONS 

 
 

By 
 

HYUK PARK 
 
 
 

A Dissertation submitted to the 
Department of Physics 

in partial fulfillment of the 
requirements for the degree of 

Doctor of Philosophy  
 
 
 

Degree Awarded: 
Spring Semester, 2006  

 
 
 



The members of the Committee approve the Dissertation of Hyuk Park defended on Dec 
7, 2005. 

 
 
  
 
 Jianming Cao  

 Professor Directing Dissertation 
 

 

 

 
 Sanford A. Safron 
 Outside Committee Member 
 
  
 
 
 Nicholas Bonesteel 
 Committee Member 
 
 
 
  
 Jorge Piekarewicz 
 Committee Member 
 
 
 
  
 Peng Xiong 
 Committee Member 
 

 
 
 
 
The Office of Graduate Studies has verified and approved the above named 
committee members. 

 
 
 

 ii 
 

 

 



 
 
 

 
 
 

To Eunjin, Huey, and My Parents…

 iii 
 

 

 



 

 

 

 

 

 

ACKNOWLEDGEMENTS 
 
 

 First of all, I would like to thank my advisor, Jim Cao, for giving me the 

unimagined opportunity to work with him in this wonderful and challenging ultrafast 

field. His strong support and encouragement has been invaluable throughout the program 

at Florida State University.  

 Rick, Shouhua, Xuan… 

I had a really wonderful time and truly enjoyed working with you. And also thank for 

valuable discussions. 

 I want to thank all members in Physics Machine Shop, especially Ian, for helping 

us build the world’s best electron gun. 

 Most sincere gratitude goes to my father Hoon and mother Hwaja for endless 

support and encouragement to follow my dreams. I want to thank my wife Eunjin. Your 

faith and support led me here. And to my son Huey, your smile always fills me with joy.  

 iv 
 

 

 



TABLE OF CONTENTS 

 
 
 
List of Tables   ................................................................................................ Page viii 
List of Figures  ................................................................................................ Page ix 
Abstract   ...................................................................................................... Page xiii 
 
 
1.  TIME-RESOLVED DIFFRACTION ............................................................. Page  1 
 
 1.1 Introduction ............................................................................................... Page  1 
 1.2 General Considerations of Time-Resolved Diffraction ....................................... Page  3 
 1.3 Time-Resolved X-ray Diffraction................................................................... Page  6 
 1.4 Time-Resolved Electron Diffraction ............................................................... Page  6 
 
2.  DEVELOPMENT OF FEMTOSECOND ELECTRON DIFFRACTION ..... Page  10 
 
 2.1 Femtosecond Laser System........................................................................... Page  10 
  2.1.1 Generation of Femtosecond Laser Pulses - The Ti:Sapphire Oscillator ..... Page  12 
  2.1.2 Chirped-Pulse Amplification (CPA) - The Ti:Sapphire Amplifier ............ Page  19 
  2.1.3 Measurement of Ultrashort Pulses ....................................................... Page  22 
 2.2 Femtosecond Electron Gun ........................................................................... Page  23 
  2.2.1 Design Methodology ......................................................................... Page  24 
  2.2.2 FED Femtosecond Electron Gun ......................................................... Page  26 
  2.2.3 Measurement of Femtosecond Electron Pulse Length ............................ Page  27 
 2.3 Imaging System.......................................................................................... Page  33 
 2.4 Sample Holder ........................................................................................... Page  35 
 2.5 Current Performances of FED ....................................................................... Page  36 
  2.5.1 Temporal Resolution ......................................................................... Page  36 
  2.5.2 Spatial Resolution ............................................................................. Page  37 
  2.5.3 Diffraction Patterns Taken with Multiple Electron Pulses....................... Page  38 
  2.5.4 Diffraction Patterns Taken with Single Electron Pulse ........................... Page  40 
 2.6 Synchronization of Femtoseconds Laser and Electron Pulses with Sub-Picosecond  

  Precision ................................................................................................ Page  41 
  2.6.1 Methodology .................................................................................... Page  41 
  2.5.2 Experimental Design and Results ....................................................... Page  44 
 
3.  DIFFRACTION DATA ANALYSIS ............................................................. Page  49 
 
 3.1 Interpretation of Diffraction Patterns .............................................................. Page  49 

 v 
 

 

 



  3.1.1 Scattering from a Plane of Atoms .......................................................... Page  49 
  3.1.2 Reciprocal Space................................................................................ Page  51 
  3.1.3 Structure Factors ................................................................................ Page  54 
  3.1.4 The Shape Effects .............................................................................. Page  56 
  3.1.5 Diffraction Patterns from Polycrstalline Film .......................................... Page  59 
 3.2 Methods of Diffraction Data Analysis............................................................. Page  60 
  3.2.1 Extraction of Intensity Curve from Polycrystalline Diffraction Patterns ........ Page  61 
  3.2.2 Background Correction of Time-resolved Diffractions ........................... Page  62 
  3.2.3 Background of Radial Profile Curve .................................................... Page  63 
  3.2.4 Fitting the Radial Profile Curve to Peak Functions.................................... Page  64 
  3.2.5 The Temporal Evolution of Thermal Lattice Motions ................................ Page  67 
 
4.  DIRECT AND REAL-TIME PROBING OF BOTH COHERENT  
  AND THERMAL LATTICE MOTIONS............................................. Page  72 
 
 4.1 Experimental.............................................................................................. Page  72 
 4.2 Coherent Lattice Motions ............................................................................. Page  73 
 4.3 Thermal Lattice Motions .............................................................................. Page  76 
 4.4 Conclusion ................................................................................................ Page  78 
 
5.  OPTICAL CONTROL OF COHERENT LATTICE MOTIONS  
  PROBED BY FEMTOSECOND ELECTRON DIFFRACTION ........ Page  80 
 
 5.1 Experimental.............................................................................................. Page  80 
 5.2 Optical Control of Coherent Lattice Motions.................................................... Page  82 
 5.3 Summary ................................................................................................ Page  84 
 
6. MECHANISM OF COHERENT ACOUSTIC PHONON GENERATION 
  UNDER NONEQUILIBRIUM CONDITIONS ................................... Page  85 
 
 6.1 Coherent Acoustic Phonon ........................................................................... Page  85 
 6.2 Experimental.............................................................................................. Page  86 
 6.3 Two Modes of Lattice Motions...................................................................... Page  87 
 6.4 The Roles of Electron and Lattice Heating in Driving the Coherent Acoustic 

  Phonons ................................................................................................ Page  89 
 6.5 Summary ................................................................................................ Page  92 
 
7.  CONCLUSIONS AND FUTURE DIRECTIONS.......................................... Page  93 
 
 7.1 Summary of Results .................................................................................... Page  93 
 7.2 Mechanism of Laser-Induced Melting in Metals ............................................... Page  94 
 7.3 Measurement of the Electronic Grüneisen Constant ........................................... Page  97 

 vi 
 

 

 



 7.4 Gold Nanoparticles ..................................................................................... Page  97 
 
 
REFERENCES  ................................................................................................ Page  99 
 
BIOGRAPHICAL SKETCH .............................................................................. Page  109 
 
 
 
 
 

 vii 
 

 

 



LIST OF TABLES 
 
 
 
Table 2.1: Values of K for various pulse shapes.................................................. Page  15 
 
Table 2.2: Second-order Autocorrelation functions and the conversion 
    factors for determining the pulse duration at FWHM ...................... Page  23 
 

 viii 
 

 

 



LIST OF FIGURES 
 
 
Figure 1.1: Time scales of different structural dynamics ................................... Page   1 
 
Figure 1.2: Schematic of Femtosecond Electron Diffraction (FED) .................. Page   3 
 
Figure 1.3: Two types of pump-probe experiments ............................................ Page   4 
 
Figure 2.1: Schematic of Ti:Sapphire laser amplifier system ............................. Page  11 
 
Figure 2.2: The configuration of the beam path for Tsunami ............................. Page  12 
 
Figure 2.3: Illustration of the influence of the phase relation between  
   the modes on the resultant intensity of oscillation ......................... Page  13 
 
Figure 2.4: Absorption and emission spectra of Ti:Sapphire crystal .................. Page  15 
 
Figure 2.5: The Kerr lens effect and self-focusing ............................................. Page  17 
 
Figure 2.6: The four prism sequence used for dispersion compensation 
   in the Tsunami laser ........................................................................ Page  18 
 
Figure 2.7: The principle of chirped-pulse amplification (CPA) ........................ Page  19 
 
Figure 2.8: The principle of a stretcher (A) and a compressor (B) ..................... Page  20 
 
Figure 2.9: The scheme of Regenerative amplification (A) and 
   Multipass amplification (B) ........................................................... Page  21 
 
Figure 2.10: The principle of non-collinear second-harmonic generation  
   autocorrelation .............................................................................. Page  22 
 
Figure 2.11: Schematic of femtosecond electron gun for FED .......................... Page  24 
 
Figure 2.12: 60 kV 2

nd
 generation electron gun .................................................. Page  26 

 
Figure 2.13: A diagram of the streaking experiment .......................................... Page  28 
 
Figure 2.14: The arrangement of optics for the streaking experiments ............... Page  29 
 
Figure 2.15: Typical images of streaked low- and high-intensity electron  

 ix 
 

 

 



   pulse pairs ..................................................................................... Page  31 
Figure 2.16: The typical Gaussian line shape fitting results of streaked  
   and unstreaked electron pulse ...................................................... Page  32 
 
Figure 2.17: Electron pulse width as a function of number of electrons per pulse  
   at different beam energies ............................................................ Page  32 

 
Figure 2.18: MCP and electron multiplication process in a single channel ....... Page  33 
 
Figure 2.19: Chevron type MCP detector configuration .................................... Page  34 
 
Figure 2.20: Pulse height distribution curve for 60 keV  
   single electron events ................................................................... Page  35 
 
Figure 2.21: FED sample holder ......................................................................... Page  35 
 
Figure 2.22: The geometry of electron and laser beams ..................................... Page  37 
 
Figure 2.23: The temporal evolution of average of all Bragg peak position  
   as a function of delay times .......................................................... Page  38 
 
Figure 2.24: La0.8Sr0.2MnO3 Diffraction patterns taken with FED (left)  
   and TEM (right)............................................................................. Page  39 
 
Figure 2.25: Diffraction pattern of poly-crystalline free-standing thin-film 
   aluminum of 20-nm thickness (Left Panel) and its  
   corresponding radial averaged intensity curve (Right Panel) ...... Page  39 
 
Figure 2.26: Single-shot electron diffraction patterns of 20nm Al film  
   (Left Panel) and it corresponding radial averaged  
   intensity curves (Right Panel) ...................................................... Page  40 
 
 
Figure 2.27: The experimental setup for fs laser and electron pulses ................. Page  44 
 
Figure 2.28: Temporal evolution of electron shadow images of the silver  
   needle ............................................................................................. Page  45 
 
Figure 2.29: Temporal evolution of the SSD curves at different excitation  
   laser fluences................................................................................... Page  46 
 
Figure 3.1: Scattering from two planes of atoms. WI and WD are the 

 x 
 

 

 



    incident and diffracted wavefronts, respectively ............................ Page  50 
 
Figure 3.2: Definition of the scattering vectors .................................................. Page  50 
 
Figure 3.3: Two beams are scattered from two points, C and B,  
   which lie on different planes, P1, and P2......................................... Page  51 
 

Figure 3.4: The geometric relationship between kI, kD, K, θ, and λ ................... Page  51 
 
Figure 3.5: The plane ABC has Miller indices (hkl)............................................ Page  52 

 
Figure 3.6: The Ewald sphere is intersecting an array of  
   reciprocal lattice points................................................................... Page  53 

 
Figure 3.7: A thin foil specimen modeled as a rectangular slab made up  
   of rectangular  unit cells of sides a, b, and c. T .............................. Page  56 

 

Figure 3.8: The relroad at ghkl when the beam is ∆θ away from  
   the exact Bragg condtion ................................................................ Page  58 
 
Figure 3.9: The generation of a set of circles in reciprocal space  
   by a textured polycrystal................................................................. Page  59 

 
Figure 3.10: Diffraction pattern of poly-crystalline free-standing thin-film  
   aluminum of 20-nm thickness ....................................................... Page  60 

 
Figure 3.11: Different types of transient distortions and their effects on  
   the rocking curve ........................................................................... Page  61 
 
Figure 3.12: The radial profile of freestanding Al film before and after  
   correction of background ............................................................... Page  62 

 
Figure 3.13: The radial profile curve with background (Left Panel) and  
   background free radial profile curve (Right Panel) ....................... Page  64 

 
Figure 3.14: Lorentzian shape and Gaussian shapes are used to fit  
   the radial profile ............................................................................. Page  65 

 
Figure 3.15: Temporal evolution of peak center ................................................. Page  66 

 
Figure 3.16: Normalized peak center for Al as a function of temperature ......... Page  67 
Figure 3.17: Temporal evolution of averaged peak centers  

 xi 
 

 

 



   with new equilibrium position ........................................................ Page  68 
 

Figure 3.18: Calibratiion of the Debye-Waller factor by varying  
   film temperature ............................................................................. Page  69 
 
Figure 3.19: Temporal evolution of (311) peak intensity ................................... Page  70 

 
Figure 4.1: Temporal evolution of (111) and (311) Bragg peak positions ......... Page  73 

 
Figure 4.2: The Fourier transform of vibration data for the (111) Bragg ring ... Page  74 

 
Figure 4.3: The power-dependent measurements of Bragg peak position ......... Page  74 

 
Figure 4.4: A breathing motion along the surface normal ................................... Page  75 

 
Figure 4.5: Temporal evolution of lattice temperature as a function of  
   delay times ..................................................................................... Page  77 

 
Figure 5.1: Schematic of experimental setup for coherent control of  
   lattice vibrations ............................................................................. Page  81 

 
Figure 5.2: Temporal evolution of crystal plane spacing ................................... Page  82 

 
Figure 5.3: The Fourier transform of the temporal evolution of the (200)  
       Bragg peak oscillation .................................................................... Page  83 

 
Figure 5.4: Coherent control of lattice vibrations using a pair of excitation  
   laser pulses ..................................................................................... Page  83 

 
Figure 6.1: Temporal evolution of (311) Bragg peak positions ......................... Page  87 

 
Figure 6.2: Temporal evolution of the lattice temperature ................................. Page  88 

 

Figure 6.3: Temporal evolution of the stress from electron (σe) and  

   lattice (σl) heating ........................................................................... Page  91 
 

 xii 
 

 

 



ABSTRACT 

 

The evolution of material structures is governed by the making and breaking of chemical 

bonds and the rearrangement of atoms, which occurs on the time scale of an atomic vibrational 

period, hundreds of femtoseconds. Atomic motion on this time scale ultimately determines the 

course of phase transitions in solids, the kinetic pathways of chemical reactions, and even the 

function of biological processes. Direct observation and understanding these ultrafast structural 

dynamics at the time and length scales of atomic motions represent an important frontier in 

scientific research and applications.  

We have developed a femtosecond electron diffraction system (FED) capable of directly 

measuring the atomic motions in sub-picosecond temporal resolution and sub-milli-angstrom 

spatial resolution. In the path of the development of FED various technical challenges have been 

overcome and an unprecedented capability has been achieved. These advancements allow us to 

study a range of ultrafast structural dynamics directly on the fundamental level of atomic 

motions for the first time. 

With FED we measured laser-induced ultrafast structural dynamics in a 20-nm Al film by 

taking real-time snapshots of transmission electron patterns. The damped single-mode breathing 

motion of the Al film along the surface normal was recorded as coherent and in-phase 

oscillations of all the Bragg peak positions. The concurrent lattice heating was measured by 

tracking the associated Bragg peak intensity attenuation. This acoustic phonon can be well fitted 

with a classical harmonic oscillator model using a driving force which includes both electronic 

and lattice contribution. The pressure of the free electrons contributes significantly in driving the 

coherent acoustic phonons under nonequilibrium conditions when electrons and phonons are not 

thermalized. In addition, by using a pair of optical excitation pulses and varying their time delay 

and relative pulse intensities, we demonstrated successful control of coherent lattice motions.  
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CHAPTER 1 

TIME-RESOLVED DIFFRACTION 

 

1.1 Introduction 

 

The evolution of material structures is governed by the making and breaking of 

chemical bonds and the rearrangement of atoms, which occurs on the time scale of an 

atomic vibrational period, ~100 fs. Atomic motion on this time scale ultimately 

determines the course of phase transitions in solids, the kinetic pathways of chemical 

reactions, and even the function of biological processes. The time scales for these 

structural changes are shown in Figure 1.1. Direct observation and understanding these 

ultrafast structural dynamics at the time and length scales of atomic motions represent an 

important frontier in scientific research and applications.  

In the past two decades since the invention of fs laser, these processes have been 

widely studied using variations of fs pump and probe optical real-time spectroscopy. In 
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            Figure 1.1. Time scales of different structural dynamics. 
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this type of experiments, the system is first pumped to an excited state with an optical 

pulse, then the dynamics are recorded by a probe fs pulse arriving at a known delay time 

relative to the pump pulse. The pump pulse initiates the dynamical process and sets the 

zero of time. Typical probes are visible, UV and IR spectroscopy, photoelectron 

spectroscopy, mass spectrometry, and nonlinear optical techniques [1-7]. These optical 

pump-probe techniques have proved to be very successful in the study of chemical 

dynamics in small molecules on the fs time scale. The nuclear motions on the time scale 

of bond breaking and formation have been observed in real time [4], a new 

femtochemistry field was established, and its scientific significance was recognized in the 

award of the 1999 Nobel Prize in Chemistry to Dr. A. H. Zewail.  

However, when these techniques were applied to larger and more complex 

molecular systems, formidable obstacles were encountered as how to link the recorded 

transient spectroscopy to the dynamics of nuclear motions [6], since these optical probes 

measure the dynamics of electronic structures of materials that are not directly related to 

atomic motions. Specifically, they rely on the detailed structures of potential energy 

surfaces in both ground and excited states to relate measured optical transitions to 

corresponding nuclear positions. For diatomic or quasi-diatomic molecules, the potential 

energy curve and the bond length (R, reaction coordinate) have a one-to-one relation, and 

the mapping between photon energy hυ and R is straightforward. But for poly-atomic 

molecules, the structures of excited states are not known. Even if the excited structure is 

given, one optical transition corresponds to many different nuclear arrangements, and in 

most cases explicit determination of nuclear motions based solely on transient optical 

spectroscopy would be impossible. In addition, for solid materials, optical properties are 

a function of electronic states extending over multiple atoms. Therefore, they are only 

indirectly related to the underlying atomic structure. Extracting quantitative structural 

information from optical properties is essentially impossible for most solids. 

While the results from these time-resolved optical pump-probe experiments 

greatly enhanced our understanding of these dynamical processes, a technique capable of 

direct determination of nuclear positions with ultrafast temporal resolution is in high 

demand. The knowledge of structural dynamics is indispensable to complement the 

varieties of data obtained by femtosecond spectroscopy. Spectroscopy helps us 
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fundamentally understand the mechanisms of these dynamical processes and eventually 

help control these processes in materials growth and processing [8, 9]. Diffraction is a 

direct method in determining microscopic structures with very high spatial resolution. In 

diffraction, a monochromatic particle beam elastically scatters from the sample (gas, 

liquid, or solid), and microscopic dimensions are magnified to the macroscopic level 

through interference effects.  Since the time scale of the scattering process is on the order 

of attoseconds (10-18 s), diffraction is, in principle, fast enough to reveal the ultrafast 

structural changes on fs time scales. Therefore, by replacing the probe optical pulse with 

an ultrashort structural probe, such as fs X-ray or electron beam, the time evolution of 

structural dynamics can be directly mapped out in real time.  

 

1.2 General Considerations of Time-Resolved Diffraction 

 

Time resolved diffraction uses a pump-probe experiment setup (see Figure 1.2 for 

femtosecond electron diffraction) [10]. The dynamical process under study is initiated 

with a laser pulse, defined as the pump beam. Its temporal pulse width must be 

significantly shorter than the structural dynamics under investigation. The subsequent 

process is then investigated in real time by using either (see Figure 1.3 [11]) short probe 

pulse or a fast detector with relatively long probe pulse. 

Time Delay

Electron Gun

Sample
Detector

Frequency

Tripling

10%

90%

BS

λ/ 2 plate

BS

 

Figure 1.2. Schematic of Femtosecond Electron Diffraction (FED). If an optical transient exists in a 
system, then the process under study is initiated with pump laser pulse. The subsequent process is then 
investigated by short probe electron pulse. The time difference is adjusted by an optical delay line. 
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Figure 1.3. Two types of pump-probe experiments. 

For a fast detector, like a 

conventional method used to make a 

movie, the sample is probed with 

relatively long probe beam and the 

signal is resolved temporally by 

gating detection with a streak camera 

[12]. Because of the detector design 

it usually detects the single first 

order Bragg line instead of the spots. 

For short probe which is adapted in 

our FED, the probe beam follows the 

pump beam at some specified delay 

by adjusting an optical delay line. 

The temporal change of the system 

during the probe pulse passing 

through the sample can be thought as 

a static state compared to the time scale of the short probe pulse. The signal during the 

brief probing is recorded by a detecting system and it represents the state of the sample. 

In order to monitor the complete structural dynamics this process is repeated at 

incremented relative delay times between the pump and probe beams. Since the short 

pulse as a probe beam is used in FED, this method is the focus of the following 

discussion. 

In a static experiment, the signal-to-noise ratio (SNR) or detection sensitivity can 

be continuously improved by increasing data acquisition time, so long as the sample has 

not been severely damaged by radiation. However transient studies account for the 

ultrafast evolution of a structure, so the probe must be pulsed and shorter than or at least 

comparable to the transient event under investigation. As a result, the actual data 

integration time in a given time interval is drastically reduced by as much as six to ten 

orders of magnitude, depending upon the pulse width and repetition rate. For example, 

for an electron gun with 1-ps pulse width operated at 1 kHz, the actual data acquisition 

time in a one-second time period is 1 ns. The corresponding diffraction signal would be 
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nine orders of magnitude smaller than that of a continuous source with the same spatial 

particle density in the beam. This imposes an extremely high demand on the source 

intensity, and requires a detector of high sensitivity, preferably with single particle 

detection capability. Thus, transient structure determination is far more challenging.  

Initiation must be rapid with respect to the structural dynamics under 

investigation. The excitation time should not only be much shorter than the time scale of 

transient structural changes, but also shorter than the coupling time constant among 

different relaxation channels, such as the electron-phonon coupling time (~100 fs). This 

is very important, since only under such conditions can contributions of different 

relaxation channels be distinguished and singled out so that the study of coupling 

between each sub-system becomes feasible. The excitation must also be uniform 

throughout the whole probed region. This poses great challenges for time resolved X-ray 

diffraction, since for most materials the optical skin depth at desired wavelengths (usually 

less than 500 Å) is about two order of magnitudes smaller than the X-ray probe depth (a 

few microns or larger). In some cases such as metals with relatively simple unit cells, this 

can be compensated by thin films of a few hundred Angstroms thick but at the expense of 

weaker diffraction signals.  

In order to maintain ultrafast time resolution, the initiation and probing pulses 

have to be well synchronized throughout the interaction region in the sample as well, and 

several other factors have to be considered besides generating the ultrashort probe pulses. 

The overall temporal resolution τtotal in a pump-probe experiment is determined by the 

convolution of the excitation pump laser pulse width τpump, probe pulse width τprobe, and 

the temporal mismatch between the pump and probe pulses τmismatch in the probed volume 

[13], and can be expressed as: 

     (1.1) 2222
mismatchprobepumptotal ττττ ++=

τmismatch can be introduced by group velocity mismatch between pump and probe beams. 

In this case, since pump laser beam and probe beam travel at different speeds, they can 

not be synchronized throughout the entire scattering volume. Even when both pump and 

probe beams travel at the same speed, τmismatch can be significantly larger than the sum of 

their pulse widths if they are not arranged collinearly. Therefore, careful arrangements of 

pump and probe beam directions relative to the sample are also required. To maximize 
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the overall temporal resolution, the FED employs a near-collinear arrangement of pump 

laser and probe electron beams, and works in the transmission diffraction mode. 

 

1.2 Time-Resolved X-ray Diffraction 

 

X-rays are scattered mostly by electrons rather than nuclei. Elastic scattering 

occurs when an incident X-ray initiates a nonresonant oscillation of an electron, and this 

oscillator re-emits an X-ray of the same wavelength. The X-ray elastic scattering cross 

section, σe, depends on λ and increases strongly with Z: at 1.2 Å (10 keV), σe for oxygen 

(Z = 8) is 6.8 barns (1 barn = 10-28 m2) and σe for manganese (Z = 25) is 100 barns [14].  

A number of advances have been made in femtosecond X-ray pulse generation 

techniques including: laser-driven X-ray diodes [15-18], laser-plasma based X-ray 

sources [19-25], and accelerators [12, 26, 27].  

The concept of a laser-driven X-ray diode is very much like the conventional X-

ray diode; the ultrashort electron pulse produced by the photoelectric effect is accelerated 

towards a metal target, creating characteristic X-rays upon collision [15].  The emitted X-

rays have a temporal resolution similar to the electron pulse, which is limited by the 

space-charge effect. It has been used to study melting in Pt(111) and Au(111) crystals 

with a total temporal resolution of 50 to 100 ps [16-18].  

Shorter X-ray pulses are created from laser-induced plasma [19]. A high-intensity 

fs laser superheats and ionizes a target, and the resulting plasma emits a burst of 

broadband X-ray radiation before being quenched by temperature and pressure gradients. 

Picosecond and femtosecond pulses have been reported in the soft and hard X-ray region 

[20-22]. Ultrashort X-rays generated by plasmas have been used to study the structural 

dynamics on organic thin films [23], where a strong decrease in Bragg’s peak is observed 

within one ps of heating and is attributed to the nonthermal disordering of atoms. Similar 

experiments have been performed on semiconductor surfaces. In these experiments, 100 

ps coherent acoustic wave propagation through the X-ray penetration depth in GaAs [24] 

and nonthermal melting in Ge [25] have been observed.  

Currently, the accelerator-based X-ray source is the preferred choice since it 

delivers intense polychromatic radiation in pulses with duration of down to sub 100 fs. 
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By gating the detection with a streak camera with a relatively long probe beam, coherent 

vibrational modes of the lattice from an optically-created electron-hole plasma in InSb 

were observed directly with time resolution down to 3 ps at the Advanced Light Source 

(ALS) [12]. Also using a short pulse X-ray of less than 100 fs, the structural dynamics in 

InSb were studied at the Stanford Linear Accelerator Center (SLAC) [27]. In this 

experiment the cross-beam topography technique was used to overcome the intrinsic jitter 

between X-rays and a femtosecond laser beam. Intense femtosecond excitation of InSb 

results in the excitation of a dense electron-hole plasma, with accompanying dramatic 

change in the interatomic potential, leading to disordering of the material on time-scales 

shorter than electron-phonon coupling times was measured. 

 

1.3 Time-Resolved Electron Diffraction 

 

In electron diffraction, incident electrons interact directly with the atomic nuclei, 

diffracting due to the Coulomb interaction between electron and the nucleus. Repulsion 

between incident electrons and the atomic and molecular electron clouds only affects 

small-angle scattering, where the impact parameter is large. As with X-rays, σe for 

electrons depends on λe and Z; at 10 keV (λe = 0.12 Å), σe for oxygen is 7×106 barns and 

σe for manganese is 4×107 barns [28].   

The most common approach to generate a pulsed electron beam is to illuminate a 

photocathode with a low-intensity laser pulse (µJ) and extract the photoelectrons with an 

accelerating potential [29, 30]. The photon-to-electron conversion process is thought to 

be extremely fast − fast enough that the electron pulse should have the same temporal and 

spatial intensity profiles as the incident laser pulse, even on the fs time scale. This fact 

motivated some of the earliest research involving streak camera technology [31, 32], to 

directly measure the duration of individual ultrafast laser pulses.  

Diffraction studies with picosecond electron pulses have a history extending back 

as far as 1982, when the static transmission diffraction pattern of an Al foil was recorded 

with a pulsed electron gun modified from a streak camera [33]. Two years later, the first 

ps time-resolved electron diffraction experiment was reported [34]. Using a gold 
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photocathode and an acceleration voltage of 25 keV, 20-ps electron pulses with 

approximately 104 electrons per pulse was created. Single-shot transmission diffraction 

patterns of Al foils were recorded as a function of time delay between the electron pulse 

and a 1064-nm laser pulse incident on the foil. Melting, superheating and their time-

dependence on various laser fluences were measured. At a fluence larger than 13 mJ/cm2, 

the foils melted within the time resolution of the experiment (20 ps).  

Another research area in ultrafast electron diffraction involves gas molecules, 

with the goal being to directly record changes of inter-nuclear distances as a function of 

reaction time during a chemical reaction. This should reveal fundamental information 

about the reaction mechanism in complex molecular systems [35-39]. Recently it has  

also been used to study transient structures on both ground-state and excited-state 

potential energy surfaces of several aromatic molecules in radiationless processes [40]. 

Given that ultrafast electron and X-ray fluxes are essentially equal, a time-

resolved diffraction experiment has a much better likelihood of success if electrons are 

used rather than X-rays. Certainly the electron source is more straightforward and less 

expensive, requiring neither state-of-the-art, high-intensity lasers nor large-scale 

accelerators. Collimating and focusing electron beams is simpler too, and 

monochromaticity is often better than 0.01% as determined by the stability of the voltage 

sources and the initial electron energy distribution [41]. Most importantly, the atomic 

elastic scattering cross sections of electrons are seven orders of magnitude greater than 

those of X-rays. Thus, even when sample thickness is adjusted to compensate for σe (to a 

few hundred Angstroms) in FED, an X-ray diffraction experiment would still require 102 

to 105 times more particles to generate the same elastically scattered flux than in an 

electron diffraction experiment. Although temporal resolution of ultrafast electron 

diffraction is limited by effect of space-charge broadening, with an improved electron 

gun, time-resolved electron diffraction now permits taking snapshots of full diffraction 

patterns on the sub-ps time scale [9, 42-45]. This makes it possible to characterize 

unambiguously the ultrafast structural dynamics directly and in real time. Currently this 

technique is applied to capture the image of the sample using pulsed electrons 

incorporated with transmission electron microscopy [46].  
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Recently, we reported direct measurement of laser-induced ultrafast structural 

dynamics on the atomic time and length scales in a solid material, Al film, using newly 

developed FED [42]. Both coherent and random lattice motions were directly measured 

and differentiated, which provides a clear view of laser-induced lattice dynamics [43]. By 

using a pair of optical excitation pulses and varying their time delay and relative pulse 

intensities, we demonstrated successful control of lattice motions [9]. Also we showed 

the pressure of hot free electrons contributes significantly in driving the coherent acoustic 

phonons under nonequilibrium conditions when electrons and phonons are not 

thermalized [44]. 
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CHAPTER 2 

DEVELOPMENT OF FEMTOSECOND ELECTRON DIFFRACTION 

 

 

To successfully study the ultrafast structural dynamics with FED, several major 

challenges have to be overcome. The first and foremost is to build an electron gun that 

outputs fs electron pulses with sufficient beam flux to capture the structural changes in 

detail. Secondly, to accurately monitor the ultrafast structural changes in real time, we 

also need to measure the electron pulse width with femtosecond accuracy, and determine 

the time zero where electron and laser pulses are temporally overlapped with each other. 

In addition, we must detect each single electron since the diffraction signal is extremely 

weak due to the very short duty cycle compared with a continuous electron source used in 

conventional diffraction. There are five major components in the FED including the laser 

system, the electron gun, the streak camera, the single-electron detector, and the sample 

holder. They will be discussed with more details along with current performances of FED 

in the following sections. 

 

2.1 Femtosecond Laser System 

 

In order to study ultrafast dynamics on fs time scale, the laser should have sub-50 

fs pulse width and enough power to induce the structural phase transition. Pulse width 

less than ps is essential since it enables the separation of different relaxation channels and 

the study of couplings among each sub-systems (electron-phonon coupling) in the 

sample. It also should have high repetition rate while maintaining sufficient pulse energy. 

High repetition rate and low pulse-to-pulse energy fluctuation is essential for good signal-

to-noise ratio. 
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The Ti:Sapphire amplified laser system is used in our experiments (Figure 2.1). 

The amplifier contains a seed laser and a regenerative amplifier. The seed laser is a 

mode-locked Ti:Sapphire femtosecond laser (Spectra-Physics; Tsunami) pumped by a 

solid-state CW laser (Spectra-Physics; Millennia V). It provides sub-35 femtosecond 

pulses at a wavelength of 800 nm (tunable from 720 to 850 nm) with a repetition rate of 

near 82 MHz and average power up to 500 mW. The laser uses a regenerative mode-

locking and intracavity dispersion compensation prisms. The seed pulses are fed into a 

Ti:Sapphire amplifier (Spectra-Physics; Spitfire). The amplifier (Spectra-Physics; Spitfire 

) is pumped by an intracavity frequency doubled Nd:YLF laser (Spectra-Physics; 

Evolution-X), which generates 10 W at 527 nm at 1 kHz with 50 ~ 150 ns pulses 

depending on the pulse energy. The seed pulses from Tsunami are stretched in the spitfire 

using a pair of gratings and inserted into a cavity with a Ti:Sapphire crystal. Pump pulses 

with 5.5 W (1kHz) are synchronized with the seed pulses and inserted in the cavity. After 

multiple passes through the Ti:Sapphire crystal the femtosecond pulses are stretched out 

of the cavity and recompressed with a pair of grating. The pulses are switched out of the 

cavity using Pockels cells. The average output energy is more than 800 µJ (1kHz) with 

pulse-to-pulse energy fluctuation less than 5%. For 600 µJ at 1kHz pulse energy and 500 

µm beam diameter, the fluence is about 450 J/cm2 at 800 nm wavelength and more than 

65 mJ/cm2 at 400 nm after frequency doubling. These fluences are much higher than the 

damaging threshold for most materials (~ 10 mJ/cm2). The operating principle of 

 

Evolution-X

Millenia V
Ti:Sapphire Oscillator
Tsunami

Ti:Sapphire Amplifier
Spitfire

fs pulse

Amplified
fs pulse

cw

ns pulse

 
 

 
Figure 2.1. Schematic of Ti:Sapphire laser amplifier system. A seed femtosecond laser (Tsunami) and a 
pump laser (Evolution-X) are used to feed the amplifier (Spitfire). The Tsunami is pumped by a diode-
pumped, cw laser (Millenia V). 
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Ti:sapphire oscillators and Ti:sapphire amplifiers and the measurement of a ultrashort 

laser pulse is described in the following sections. 

 

2.1.1 Generation of Femtosecond Laser Pulses 

 - The Ti:Sapphire Oscillator  

 

The Ti:Sapphire Oscillator – Tsunami 

To generate femtosecond laser pulses a mode-locked Ti:Sapphire femtosecond 

laser (Spectra-Physics; Tsunami) is used in our lab. Figure 2.2 [47] shows the 

configuration of the beam path of Tsunami. The main parts are the optical cavity  formed 

by S1 to S10 mirrors, Ti:Sapphire crystal to emit broad band spectrum, 2 pairs of prisms 

to compensate the Group Velocity Dispersion (GVD), a tuning slit for selection of 

wavelength, and an acousto-optical modulator (AOM) for regenerative mode locking. 

The Ti:Sapphire crystal was pumped by a CW laser (Spectra-Physics; Millennia V). 

Tsunami provides sub-35 femtosecond pulses at a wavelength of 800 nm (tunable from 

720 to 850 nm) with a repetition rate of near 82 MHz and average power up to 500 mW. 

The principle of operation is presented in the following. 

 

 
 

 
 

 

Figure 2.2. The configuration of the beam path for Tsunami. The main parts are the cavity (S1 to S10), 
Ti:Sapphire crystal to emit broad band spectrum, 2 pairs of prism to compensate the Group Velocity 
Dispersion (GVD), a tuning slit for selection of wavelength, and an acousto-optical modulator 
(AOM) for regenerative mode locking. The Ti:Sapphire crystal was pumped by a CW laser (Spectra-
Physics; Millennia V). 
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The Principle of Generation of Ultrashort Pulses – The Superposition of Sinusoidal 

Waves of Different Frequencies 

 

Consider n modes, with sinusoidal oscillation at angular frequency ωi, with 

identical phases at time t = 0 and with equal amplitude E, ss shown in Figure 2.3 when 

these waves are added in phase, by constructive interference, wave packets are formed. 

Figure 2.3.A shows the intensity of oscillation of a single mode (n = 1), Figure 2.3.B 
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C. 8 modes, random phases 
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D. 8 modes, the same phase at t = 0 

Figure 2.3. Illustration of the influence of the phase relation between the modes on the resultant 
intensity of oscillation. A. One mode, B. two mode in phase, C. eight modes with random phases, D. 
eight modes with the same phase 
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shows that of the resultant intensity of 2 modes (n = 2) in phase. In the case of Figure 

2.3.C, 8 modes (n = 8) oscillate with the random phase and the time distribution of the 

intensity shows a random distribution of maxima. On the contrary, Figure 2.3.D shows 

that 8 modes oscillate but with the same initial phase, and therefore the time distribution 

shows a periodic repetition of a wave packet resulting from the constructive interference 

of the 8 modes. Thus by constructive interference, a short pulse is generated when many 

longitudinal modes (broad spectrum) are held in phase (mode-locking) in a laser 

resonator.  

It is also understood by Fourier transforms between time and frequency. Let us 

consider an ultrashort pulse shape as a Gaussian function. The Fourier transform of 

Gaussian pulse is also a Gaussian function. Therefore the frequency content of a light 

pulse is not single frequency like a plane wave. The general time and frequency Fourier 

transforms of a pulse can be written as 

∫
∞

∞−

−= ωω
π

ω deEtE ti)(
2

1
)(     (2.1.a) 

∫
∞

∞−

= dtetEE tiωω )()(      (2.1.b) 

where E(t) and E(ω) represent the time and frequency evolution of the electric field of the 

pulse, respectively. It has a universal inequality as 

2

1
≥∆∆ ωt      (2.2) 

Thus in order to generate a laser pulse with a given duration it is required to use a broad 

enough spectral bandwidth. If the equality is reached in Equation (2.2) the pulse is called 

a Fourier-transform-limited pulse or simply a transform-limited pulse. Since half-

maximum quantities are experimentally easier to measure, the relationship between the 

duration and spectral bandwidth of the laser pulse can be rewritten as [48] 

Kt ≥∆∆ν      (2.3) 

where ∆ν is the frequency bandwidth measured at full-width at half- maximum (FWHM) 

with ω = 2 πν and ∆t is the FWHM in time of the pulse and K is a number which depends 

on the pulse shape (see Table 2.1).  
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Table 2.1. Values of K for various pulse shapes. 

 

Shape )(tE  K 

Gaussian function ( ) 2//
2

0tt
e

−
 0.441 

Exponential function ( ) 2// 0tt
e

−
 0.140 

Hyperbolic function )/cosh(/1 0tt  0.315 

Lorentzian function [ 12

0 )/(1
−

+ tt ]  0.142 

Generation of the Broad Spectrum - The Ti:Sapphire Crystal  

As it is mentioned before, to generate an ultrashort laser pulse, first the broad 

spectrum or many longitudinal modes are required. Absorption transitions of the sapphire 

crystal doped with Titanium (Ti
3+

) ions crystals occur over a broad range of wavelengths 

from 400 to 600 nm (see Figure 2.4). The emission band extends from wavelengths as 

short as 600 nm to wavelengths greater than 1000 nm. This broad spectrum makes them 

suitable materials in constructing laser active media for generating ultrashort laser pulses. 

The long wavelength side of the absorption band overlaps with the short wavelength end 

of the emission spectrum. The tuning range is also affected by mirror coatings, losses in 

the laser cavity, pump power, and pump mode quality [47]. 
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Figure 2.4. Absorption and emission spectra of Ti:Sapphire crystal. 
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The principle of mode-locking  

The second element which is required to generate an ultrashort laser pulse is that 

these broad band spectra are held in phase in a laser resonator. Mode-locking is one of 

the most widely used methods to generate ultrashort optical pulses from a laser by 

locking the phases of many lasing longitudinal modes and forcing them to interfere 

constructively. When the laser operates in the free multimode regime, there is usually a 

competition among the different modes to be amplified by stimulated emissions. These 

competitions cause big fluctuations in the relative phases and amplitudes of the modes, 

which explains the big fluctuation of the instantaneous intensity observed in this type of 

laser (Figure 2.3.C). By locking the modes the relative phases of the all modes stay 

constant or alternatively, and therefore the output intensity of the laser consists of a 

periodic series of pulses within the laser cavity. A lot of mode-locking techniques have 

been developed such as active mode-locking, passive mode-locking, and self-mode-

locking (Kerr lens mode-locking).  

Active mode-locking implies that the radiation in the laser cavity is modulated by 

a signal coming from an external clock source such as acousto-optical modulator (AOM). 

The modulation frequency of the AOM is continuously adjusted to match the reciprocal 

cavity round trip time by an algorithm which records the instantaneous repetition rate of 

the laser [15]. This method, also known as regenerative mode-locking, is used to initialize 

mode-locking in the Ti:Sapphire oscillator (Spectra Physics; Tsunami), where the AOM 

works at 82 MHz.  

The passive mode-locking technique does not require an external clock in the 

laser resonator. By inserting a saturable absorbing medium into the cavity one single 

pulse is selected. The modulation is automatically synchronized to the cavity round trip 

frequency. 

In the case of Kerr lens-mode locking (self-mode-locking), let us consider the 

spatial propagation of a Gaussian laser beam in a nonlinear material. The intensity profile 

of the beam is a function of its radius r and of a shape parameter g. At high intensities, 

the refractive index depends nonlinearly on the propagating field. The lowest order of this 

dependence can be written as follows [48]: 
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where n2 is the nonlinear index coefficient and describes the strength of the coupling 

between the electric field and the refractive index n. Hence, the refractive index changes 

with intensity along the optical path and it is larger at the center than at the side of the 

nonlinear crystal. This leads to the beam self-focusing phenomenon, which is known as 

the Kerr lens effect (see Figure 2.5). This process is enhanced along the optical path 

because focusing of the beam increases the focal power of the dynamical lens. The 

increase of the focusing stops when the diameter of the beam is small enough and the 

linear diffraction is large enough to balance the Kerr effect. 

Consider now a seed beam with a Gaussian profile propagating through a 

nonlinear medium such as a Ti:Sapphire crystal, which is pumped by a CW radiation. For 

high intensity light, the Kerr lens effect occurs due to the intensity dependent refractive 

index. When the laser operates in a free-mode regime, it can oscillate simultaneously 

over all the resonance frequencies of the cavity. These frequencies make up the set of 

longitudinal modes of the laser. For the stronger focused frequencies, the Kerr lens favors 

a higher amplification. Thus the self-focusing of the seed beam can be used to suppress 

the CW operation, because the losses of the CW radiation are higher. Forcing all the 

modes to have equal phase (mode-locking) implies that all the waves of different 

frequencies will interfere constructively at one point, resulting in a very intense, short 

light pulse. The pulsed operation is then favored and it is said that the laser is mode-
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Figure 2.5. The Kerr lens effect and self-focusing. The index of refraction varies with intensity along 
the beam diameter. If the n2 is positive in the Equation (2.4), the laser beam self-focuses as shown here. 
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locked. Thus the mode-locking occurs due to the Kerr lens effect induced in the nonlinear 

medium by the beam itself and it is called as Kerr-lens mode-locking (KLM). 

 

Dispersion and Pulse Broadening of Ultrashort Pulses 

Let us consider a short optical pulse propagating through a transparent medium. 

The index of refraction of the dispersive material is dependent on the wavelength. 

Because a short optical pulse has wide spectral width it undergoes a phase distortion 

inducing an increase of its duration, while the spectrum remains unaltered. It is called the 

Group Velocity Dispersion (GVD). When a ultrashort pulse propagates through a 

medium with normal dispersion (e.g. silica glass), lower frequencies (redder) travel faster 

than higher frequencies (bluer) in a medium, the initial short pulse will become 

broadened, and it is called positively chirped or upchirped. Where the pulse travels 

through a medium with anomalous dispersion, the bluer frequencies propagate faster than 

the redder frequencies, it leads to a negative chirp (or downchirp).  

To compensate the chirp effect, a number of designs using prism pair or grating 

pair have been developed. The four prism sequence used for dispersion compensation in 

the Tsunami laser is shown in Figure 2.6. An input pulse with a positive chirp (red 

frequencies at the leading edge of the pulse) experience negative GVD (red frequencies 

have longer group delay time) in the prism sequence. The net effect is that the prism 
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Figure 2.6. The four prism sequence used for dispersion compensation in the Tsunami laser. An input 
pulse with a positive chirp (red frequencies at the leading edge of the pulse) experience negative GVD 
(red frequencies have longer group delay time) in the prism sequence. The net effect is that the prism 
sequence compensates for the positive GVD and produces a pulse which has no chirp. 
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sequence compensates for the positive GVD and produces a pulse which has no chirp. A 

tuning slit is incorporated with between two pairs of prism. By changing the width of a 

tuning slit, spectral band width, thus the laser pulse width can be adjusted. Also the 

central peak of laser pulse can be controlled by changing the position of a slit. 

 

2.1.2 Chirped-Pulse Amplification (CPA) - The Ti:Sapphire Amplifier 

 

The amplification of femtosecond laser pulses takes place also in a Ti:sapphire 

crystal, which is called gain medium, pumped by an external laser source (pump laser). A 

femtosecond Ti:sapphire oscillator serves as seed laser for the amplification process. In 

order to avoid the damage of the gain medium by the high-intensities pulses, the peak 

power needs to be reduced. For example, a 1 mJ, 20 fs pulse focused to a 100 µm spot 

size has a peak fluence of 5 × 1012 W/cm2, which is ~ 1000 times higher than the damage 

threshold of most optical materials (GW/cm2) [49]. The peak power reduction is done by 

temporally stretching pulses. The pulses can be then safely amplified and after that they 

are recompressed to the initial duration. The diagram showing the principle of chirped-

pulse amplification (CPA), which has been introduced by Mourou [50], is shown in 

Figure 2.7  

 

 
 

Figure 2.7. The principle of chirped-pulse amplification (CPA). The oscillator output (O) is stretched in 
the grating stretcher (S). The red frequency components (r) travel ahead of the blue (b) and thus the 
peak intensity is reduced. The stretched pulse is then amplified in a regenerative or multipass amplifier 
(A) before recompression in a grating-pair compressor (C). 
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Pulse Stretcher and Compressor 

By using a combination of gratings and/or lenses, the individual frequencies 

within an ultrashort pulse can be separated (stretched) from each other in time (see Figure 

2.8.A). The duration of the incoming femtosecond pulse is usually stretched (chirped) up 

to 104 times from fs to a few hundreds ps. The resulting chirped pulse is ready to be 

amplified, since its peak power of a stretched pulse after amplification is lower than the 

damage threshold of the amplification crystal. After amplification the pulse is 

recompressed back to its original duration by a conjugate dispersion line (with opposite 

GVD) in the compressor (Figure 2.8.B). The main challenge for a compressor is to 

recover not only the initial pulse duration and quality, but also to compensate the 

dispersion introduced in the amplification stage itself. To achieve this goal, the distance 

between gratings in the compressor is set longer than that in the stretcher. This will 

compensate overall second-order dispersion and help in producing relatively short pulses, 

but at the expense of introducing higher-order dispersion terms, which usually create 
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Figure 2.8. The principle of a stretcher (A) and a compressor (B). The stretcher extends the temporal 
pulse width of the ultrashort pulse laser, whereas the grating pairs in the compressor will compress the 
time duration of the pulse.  
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extra temporal features in the compressed pulse such as prepulses and/or wings. 

 

Regenerative and Multipass Amplification 

The most widely used approach of pulse amplification is the regenerative and the 

multipass techniques. The regenerative amplification traps the pulse to be amplified in a 

laser cavity (see Figure 2.9.A) until the gain is saturated. Trapping and dumping the pulse 

in and out of the resonator is performed by a fast-switching Pockel cell and a broad-band 

polarizer [48]. The Pockel cell consists of a birefringent crystal, which can change the 

polarization of a traveling laser field by applying a voltage on it. Figure 2.9A shows a 

Pockel cell used to switch the pulse in and out while it is traveling in opposite directions. 

In this case a half-wave voltage is applied to the Pockel cell when the pulse is switched in 

or out of the cavity. 

In the multipass amplification, different passes are geometrically separated (see 
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Figure 2.9. The scheme of Regenerative amplification (A) and Multipass amplification (B). M, mirror; 
TFP, thin-film polarizing beamsplitter; PC, Pockel cell 
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Figure 2.9.B). A Pockel cell is used to inject a single pulse into the amplifier. The number 

of passes, which is 8 passes in the diagram, is usually limited by the difficulties on 

focusing all the passes on a single spot of the crystal. 

 

2.1.3 Measurement of Ultrashort Pulses 

 

The most widely used technique for measuring an ultrafast femtosecond or 

picosecond optical pulse is an autocorrelator [51] (Positive Light; SSA). The basic optical 

configuration (Figure 2.10) is similar to that of a Michelson interferometer. An incoming 

pulse is split into two pulses of equal intensity by using a 50/50 beam splitter. One beam 

is headed to an adjustable optical delay, which delays the pulse by ∆t. The two beams are 

then recombined within a nonlinear crystal for second harmonic generation. The resulting 

second harmonic generation autocorrelation trace is detected by a photo-multiplier as a 

function of delay time between the two pulses. The efficiency of the second harmonic 

generation resulting from the interaction of the two beams is proportional to the degree of 

pulse overlap within the crystal. Monitoring the intensity of uv generation as a function 
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Figure 2.10. The principle of non-collinear second-harmonic generation autocorrelation. An incoming 
pulse is split into two pulses by a 50/50 beam splitter. The two beams are recombined within a 
nonlinear crystal for second harmonic generation. The resulting second harmonic generation 
autocorrelation trace is detected by a photo-multiplier as a function of delay time between the two 
pulses. 
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of delay time between the two pulses produces the autocorrelation function directly 

related to pulse width. 

If the intensity of two pulses is  and )(tI )( τ−tI , the autocorrelation (or 

convolution) of the two pulses is given by 

∫
∞

∞−
−= dttItIAAC )()()( ττ     (2.5) 

In order to determine the actual pulse width from the displayed autocorrelation function, 

it is necessary to make an assumption about the pulse shape (usually sech
2
 shape for 

chirp-free pulse or Gaussian shape for linear chirped pulse). Table 2.2 lists the 

relationship between pulse width ∆tp, and the autocorrelation function, ∆tac, for several 

pulse shapes. By measuring ∆tac, the pulse width of a given temporal shape can be 

determined.  

 

Table 2.2. Second-order Autocorrelation functions and the conversion factors for determining the pulse 

duration at FWHM.  
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2.2 Femtosecond Electron Gun 

 

To probe the ultrafast structural dynamics, the temporal width of an electron beam 

has to be shorter than or at least comparable to the time scale of processes under 

investigation. Additionally, it must maintain the highest possible beam intensity to record 

the detailed structural changes with high signal-to-noise ratio (SNR). However, these two 

factors, sub-ps temporal width and high beam intensity, directly conflict with each other 

and increasing performance of one must be at the cost of the other. This is because 

electrons are charged particles, the Coulomb repulsion between electrons (space-charge 
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effect) tend to spatially enlarge the electron pulse, which is most significant when the 

electron density is high. Additionally, non-space charge effects, such as the initial 

photoelectron energy distribution and different traveling times of electrons along 

different trajectories broaden the electron temporal width as well. In the following 

sections design methodology including space and non-space charge effects, and 

measurement of electron pulse width are discussed briefly. 

 

2.2.1. Design Methodology 

 

Non-space Charge Effects 

In the absence of space charge, the temporal width of an electron source is limited 

by the initial photoelectron energy distribution, ∆ε, and the electron optics. The 

broadening can be written as a sum of two contributions: 

PC Tt tε∆∆ = ∆ + ∆t      (2.5) 

∆tPC is the broadening which occurs during the initial acceleration of the electrons away 

from the photocathode (Figure 2.11). ∆tPC depends on ∆ε and the strength of the 

extraction electric field E [52] : 

2 e
PC

m
t

eE

ε∆
∆ =      (2.6) 

The second contribution to the temporal broadening ∆tT which occurs in post extraction 

region as the electron pulse travels with a constant distribution of velocities, and it can be 
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Figure 2.11. Schematic of femtosecond electron gun for FED 
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estimated as [6]: 

3/ 2
/8

( )
T et L m

eV

ε∆
∆ ≈      (2.7) 

where eV is the electron kinetic energy and L is the distance from extraction to the sample 

position.  

In order to minimize ∆tPC, the initial photoelectron energy distribution must be as 

narrow as possible while keeping the highest possible extraction E field. Narrow energy 

width insures that initial velocities are nearly identical such that the broadening (∆tPC) 

which occurs during the initial acceleration of electrons away from the cathode can be 

minimized. This broadening dominates the total broadening in transit time from 

photocathode to the sample due to the different velocity, since this is the region where 

electrons have the least kinetic energy. Narrow energy width also minimizes the adverse 

effects of chromatic aberrations in the electron-beam forming optics and gives better 

beam collimation. Narrow photoelectron energy width can be achieved by selecting a 

photocathode material with a work function slightly less than the laser excitation photon 

energy, and employing a thin film which minimizes the redistribution of electron energies 

due to scattering occurred in the processes of emission and escape from the surface. 

 

Space Charge Effects 

The space-charge effect (SC) is the self-dispersion due to the Coulomb repulsion 

between electrons in a pulse, which is most significant when the electron density is high. 

It has been shown [53, 54] that the SC effect is unavoidable in the high beam intensity 

regime required for femtosecond electron diffraction experiment. In order to minimize 

the effect of SC broadening, again as required in minimizing ∆tpc, the electron should be 

accelerated as quickly as possible once leaving the photocathode, maintaining highest 

possible beam energy, and minimizing de-acceleration and number of beam crossovers. 

High extraction electric fields at the photocathode are necessary to accelerate nascent 

electrons and spread them out longitudinally across space and weakening Coulomb 

repulsions. The extraction field is limited, however, by the vacuum breakdown field (30 

kV/mm) [29] and the presence of any asperities on the cathode surface might under go 

field emission. The effects of space-charge broadening in the electron optical transport 
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region can be mitigated by using higher beam energy and carefully designing electrostatic 

lens elements, or by using magnetic lenses where the electron velocities remain 

unchanged during focusing. In this case, magnetic lenses are superior to electrostatic. In 

addition, magnetic lenses suffer much smaller aberration [55], which make them the sole 

choice in conventional transmission electron microscopy where high image quality is 

mandatory. 

 

2.2.2 FED Femtosecond Electron Gun 

 

The 2nd generation femtosecond 

electron gun developed for FED (Figure. 

2.11) was designed following these 

considerations. The electron pulses, 

generated through photoemission from a 

back-illuminated PC (400Å Ag film on a 

Sapphire disk) with frequency-tripled (266 

nm) femtosecond laser pulses, are 

accelerated to 60 keV through an 

extraction electric field of 12kV/mm 

between PC and extraction mesh (80% 

transparency). After extraction, the 

electron pulses are reshaped in size by a 

150 µm pinhole, collimated with a 

homemade magnetic lens, and positioned to the sample by a pair of deflection plates for 

diffraction measurements. Compared with the 1st generation electron gun (45 keV), both 

the extraction electric-field strength and beam energy have been increased in our 2nd 

generation electron gun (Figure. 2.12) by redesigning the geometry of PC and extraction 

assembly, and by careful polishing of their surfaces. As a result, its performance has been 

significantly improved. Given the same beam intensity, electron beams with better 

collimation and smaller beam size are produced, which results in longer spatial coherence 

and finer diffraction images. Most important of all, the beam intensity is more than 

 
 

Figure 2.12. 60 kV 2nd generation electron gun. 
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doubled for a given pulse width. The gun can deliver ~2000 electron with pulse width 

less than 400 fs, which makes it possible to perform sub-picosecond single-shot 

experiments to study ultrafast melting in solids. 

 

2.2.3 Measurement of Femtosecond Electron Pulse Length 

 

Overall sensitivity of FED highly depends on the temporal pulse width, which is 

determined by the number of electrons per pulse. In order to measure the temporal pulse 

width of the electron beam, a fs streak camera is incorporated onto the e-gun. In a streak 

experiment, electron pulses travel between a pair of deflection plates. At the same time, a 

fast, high voltage ramp with dV/dt on the order of ~5.5 kV/ns is passed across these 

plates, causing the front part of the electron pulse to deflect along a different trajectory 

than the tail part of the pulse. In this way, the temporal coordinate of electron pulse is 

linearly transformed into a transverse spatial coordinate. Therefore, by measuring the 

length of the streaked line, the electron temporal width can be precisely determined. The 

streak speed was calibrated by sending two electron pulses, separated in time by a well-

defined 66.7 ps, through the electron gun during each streak measurement.  

 

Theoretical Model of Streaking Experiments 

 The operation of streaking camera is similar to the operation of a cathode ray 

tube. It can be described with a simple model. If two electrons travel with velocity v 

along the z-axis toward a detector (Figure 2.13), and the streak plates are located a 

distance L from the detector, the potential difference between the two plates changes 

linearly with time as 

0( ) sV t V k t= +        (2.8) 

where ks is the sweep rate. The first electron reaches the midpoint of the streak plates at 

time t1, the second at time t2 and the temporal delay between the electron is ∆t. Ignoring 

any electron-electron interactions and image-charge potentials, the force acting on one 

electron is given by 

( ) ( )
e

dV t V t
F m a eE e e

dy d
= = − = =     (2.9) 
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The temporal dependencies of the first electron’s acceleration, velocity, and position at t 

= tl along the y-axis are 

d
l L

v ∆t ∆y

ee

detector

streak
plates  

 

Figure 2.13. A diagram of the streaking experiment. Two electrons separated in time by ∆t enter a pair 
of streak plates of length l. The gap between the plates is d, and the streak plates are located at a 
distance L from the detector. A fast voltage gradient across the streak plates causes the electrons to be 
separated by a distance ∆y at the detector. 
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The first electron’s position at t = tl along the y-axis is given by 

0 0 Ly y v t= +  

    
3 2

1 1

6 2
s

e

ek l l

m d v v v

⎡ ⎤⎛ ⎞ ⎛ ⎞ L
+⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
=      (2.13) 

For the second electron, tl is replaced with ∆t + tl 

Thus the ∆y for ∆t á 1 is 

sy v t∆ ≈ ∆        (2.14) 

where the streak velocity, vs is 

2 2
s

s
e

ek l l
v L

m dv

⎛= ⎜
⎝ ⎠

⎞+ ⎟       (2.15) 

The temporal resolution of a streaking experiment is equal to R/vs where R is the spatial 

resolution of the detector along the y-axis. 
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According to the streak velocity equation (2.15), the streak velocity vs increases 

when the plate separation is reduced because the electric field is inversely proportional to 

d. In FED e-gun, v = 1.46×108 m/s, l = 25 mm, d = 4 mm, and the sweep rate ks was ~ 5.5 

kV/ns. L = 597 mm, the calculated streak velocity for the FED e-gun was 1.79×108 m/s. 

 

Streaking Experiment 

A homemade deflection type streak camera is incorporated into the fs electron 

gun for in situ single-shot measurements of electron pulse width. The dual-sweep circuit 

[6] using two GaAs photoconductive switches and two laser pulses were employed. 

During streaking the GaAs pieces are exposed to laser pulses to switch on the fast voltage 

sweep. Traces of the voltage sweeps are measured with oscilloscope probes. Initially bias 

voltages were set to lower than 3 kV, and these were adjusted until the two sweeps 

crossed at 0 V. In real single shot streak experiments, oscilloscope probes were removed 

Streak

Plates

Detector

Optical

 Delay

Electron Gun

Frequency

Tripling
BS

10%

90%

BS

BS

Translation

Stag e

Photo-conduct ive

switches

∆t

∆t

 

Figure 2.14. The arrangement of optics for the streaking experiments. 90 % of laser was redirected 
through a delay line and split into two arms, each for photoconductive switch, and the path lengths of 
each arm were adjusted. The voltage sweep at the streak plates had to be synchronized with the arrival 
of the electron pulses. The delay line length was fine-tuned by noting the position of the unstreaked 
electron beam on the detector, which is usually the center of the detector, and then adjusting the delay 
until the two streaked electron beam profiles were centered about this position.
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since the probes increase the capacitance of the circuits. The real sweep rate was faster 

than what we observed with the oscilloscope. 

The arrangement of optics for the streaking experiments is shown in Figure 2.14. 

90 % of laser was redirected through a rail-mounted optical delay line and split into two 

arms for each photoconductive switch. The relative path lengths of each arm were 

adjusted to 20 mm which corresponds to 66.7 ps, to calibrate the resolution. The voltage 

sweep at the streak plates had to be synchronized with the arrival of the electron pulses. 

The delay line length was fine-tuned by noting the position of the unstreaked electron 

beam on the detector, which is usually the center of the detector, and then by adjusting 

the delay until the two streaked electron beam profiles were centered about this position.  

 

Result and Discussion 

Typical images of streaked electron pulse pairs are shown in the Figure 2.15. The 

top panel corresponds to the lower electron number region where no significant beam 

broadening was seen, while the bottom panel clearly shows a pulse broadening due to the 

space charge effect at higher beam intensity. To determine the electron temporal pulse 

width, a 2-D streaking image was first converted to a 1-D intensity curve by averaging 

the pixel intensity along the direction perpendicular to the streaking coordinates. Then, 

the resulting 1-D beam profile was fitted with a given function to extract the FWHM of 

each streaked electron pulse, Wstr. At the low beam intensity region, the Gaussian line 

gives a very good fitting, as shown in the Figure 2.15. For the electron pulse with a high 

number of electrons per pulse, the line shape of the streaked pulse is more like a flat-hat 

or square wave, and the corresponding FWHM were determined by finding the pixel 

coordinates at the half intensity of the streaked beam intensity profile. For a given beam 

intensity, the unstreaked electron beam intensity profile was also recorded and fitted to a 

Gaussian line shape to determine the corresponding FWHM, Wun 

The electron temporal pulse width, ∆ e, is then calculated according to the 

following equations: 

Tse Wk ∆⋅=∆τ       (2.16) 

where ks is the streaking velocity. The ∆WT is obtained with the following equations 

according to the different line shapes: 
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Figure 2.15. Typical images of streaked low- and high-intensity electron pulse pairs. The 
corresponding intensity profiles for low-intensity electron pulse pairs are shown. For low intensity 
beam (~7000 e-/pulse), the Gaussian line shape gives a good fit (solid line). For high electron numbers 
per pulse (~30000 e-/pulse), the profile is more like a flat-hat shape. 
 

Gaussian: 2 2
T strW W W∆ = − un

n−

     (2.17) 

Flat hat and Lorentzian: ∆ =    (2.18) T str uW W W

In each single-shot streaking image, ks was obtained by dividing the pixel distance 

between the center positions of two streaked pulses by the preset time delay (∆t0) 

between them. The streaking velocity was found to vary linearly with beam energy E0
-1. 

The highest streaking velocity at 60 keV beam energy was ~ 150 fs/pixel (~ 1.5µ108 

m/s). Figure 2.16 shows the typical Gaussian line shape fitting results of streaked electron 
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pulse which is shown in top 

right panel of Figure 2.15 and 

unstreaked electron pulse. Wun 

was 13.6 pixels and Wstr was 

15.5 pixels. The streaking 

velocity was 167.6 fs/pixel 

(66.7 ps/398 pixels). The 

corresponding electron pulse 

width using equation (3.10) 

was 1.25 ps. 

The temporal widths of 

electron pulses as functions of 

electron number per pulse for 

several different beam energies are shown in Figure 2.17. The space-charge effect is clear 

at high beam intensity with more than several thousand electrons per pulse, where the 

electron pulse width shows strong dependence on the beam intensity. At low beam 
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Figure 2.16. The typical Gaussian line shape fitting results of 
streaked and unstreaked electron pulse. Wun is 13.6 pixels and 
Wstr is 15.5 pixels. The streaking velocity was 167.6 fs/pixels. 
The electron pulse width is 1.25 ps. 
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Figure 2.17. Electron pulse width as a function of number of electrons per pulse at different beam 
energies. The error bars represent the overall temporal resolution of our streak measurements, including 
pulse to pulse fluctuation. The solid lines are fits to the data. 
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intensity, i.e. a 60 keV beam with fewer than 2000 electron per pulse, the pulse durations 

are less than 400 fs. In the region, no significant pulse width dependence on the beam 

intensity is shown, which indicates that space charge broadening does not play a 

significant role in determining the electron pulse width. 

 

2.3 Imaging System 

 

In the fs time-resolved diffraction, the diffraction signal is more than seven orders 

of magnitude weaker compared to conventional static electron diffraction experiments, 

due to the demand for high temporal resolution. In FED, the electron beam must have a 

sub-picosecond pulse length, and as a result the number of electrons available in each 

pulse is limited by the space-charge effect to about 104/pulse or less. Therefore it is 

essential to have an imaging device capable of single electron detection, while 

maintaining small gain variation to ensure minimal noise generated in the amplification 

process. In order to measure the details of a diffraction pattern and the intensity profiles 

of both the primary and diffraction spots, the detector spatial resolution must also be 

high. Furthermore, the gain of the imaging device should be linear with the input 

intensity coordinate in a fairly large intensity range and uniform across the whole active 

detection area.  

These requirements can 

be fulfilled with a high gain 

microchannel plate (MCP) as 

amplification stage followed by 

a phosphor screen. We are 

using a Chevron type MCP 

detector with P11 phosphor 

screen on a fiber-optic plate as 

a vacuum interface. A 

microchannel plate is similar to 

secondary-electron multiplier 

 

 
 

Figure 2.18. MCP and electron multiplication process in a 
single channel. Left panel: Single MCP. Right panel: Electron 
Multiplication Process in a Single Channel. When a charged 
particle is incident at the input side of a channel, secondary 
electrons are generated and accelerated down the channel 
toward the output. When these electrons strike the channel 
wall, additional secondary electrons are generated. 
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(SEM), which detects and 

amplifies electrons. MCP 

consists of many independent 

channels and each channel 

works as an independent SEM. 

An incident particle (electron, 

ion, photon etc.) enters a 

channel and emits electrons 

from the channel wall (Figure 

2.18). Secondary electrons are 

accelerated by an electric field 

that is applied across the both 

ends of the MCP. They travel 

along their parabolic 

trajectories determined by the initial velocity. They in turn strike the channel surface, 

thus producing more secondary electrons. This process is repeated along the channel and 

yields several thousand electrons, which emerge from the output side of the plate. If two 

(Chevron type) or three (Z stack) MCPs are operated in series, a single input event will 

generate a pulse of 108 or more electrons at the output. For Chevron type MCP imager 

(Figure 2.19) that is used in FED, the single impinging electron on MCP is amplified 

with 106 gain and output electrons are converted to photons after striking on the P11 

phosphor with spectrum peaked at 460 nm. In this way, the electron diffraction image is 

converted to an optical image replica and further transferred without image distortion and 

loss of resolution to the ex-situ through an optical-fiber faceplate. The final image is 

recorded by a 12 bit, 1.3 megapixels, micro-lensed interline transfer CCD camera 

(QImaging; Retiga) and transferred to a PC through IEEE 1394 interface to be stored for 

the further analysis. The overall spatial resolution of the imaging system is ~ 33 µm per 

pixel and sufficient for our application. 

 
 

Ch ev r on Ty pe MCP

P1 1 Ph osph o r  Scr e en

Fib er - op t i c

 
 

Figure 2.19. Chevron type MCP detector configuration. Two 
8° bias angle single MCP (Chevron type) are stacked together 
to increase the signal. The gain is > 4µ106. Output electrons 
are converted to photons at P11 phosphor screen. The 
corresponding light signal (spectral peak, 460 nm) is 
transferred through fiber-optic face plate. 

MCP’s gain is determined by the MCP bias and the acceleration voltage from the 

exit of MCP to the phosphor screen. It can be adjusted to suit different experimental 

requirement, such as low gain − high dynamic range − for long integration and high gain 
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Figure 2.20. Pulse height distribution curve for 
60 keV single electron events. 

for single shot experiment. The average 

single electron gain, pulse height 

distribution (PHD) at one typical setting 

for single shot experiment is 27200 ADU 

(analog to digital conversion unit) as 

shown in Figure 2.20. By dividing this 

value into total intensity of single electron 

pulse detected by the imaging system, 

average number of electrons/pulse can be 

derived. 

 

 

2.4 Sample Holder 

 

 
 
Figure 2.21. FED sample holder. It can 
house 9 specimen TEM grids. 

We have built a sample holder that can house 9 transmission electron microscopy 

specimen grids (Figure 2.21). It is mounted on a three dimensional precision xyz stage to 

facilitate convenient and precise sample alignment (10 µm accuracy). The holder is also 

capable of 0-360° rotation around the holder shaft and precision tilting 10° perpendicular 

to the shaft for controlling the incident electron beam angle relative to the thin film 

sample. We also use a heating and cooling specimen holder by modifying a similar 

conventional TEM holder for our UHV working 

environment. The sample temperature can be 

adjusted between 80 K to above 520 K with ± 

0.1 K accuracy. This wide temperature range 

allows us to study static electron diffraction 

intensity as a function of sample temperature, 

which is used to help determining the 

mechanism of ultrafast laser-induced structural 

dynamics and calibrate the Debye-Waller factor 

of a given sample. 
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2.5 Current Performances of FED 

 

So far five major components in FED including the laser system, the electron gun, 

streaking camera, the single-electron detector, and the sample holder were discussed in 

detail. In the following section as a conclusion of this chapter, its current performances 

which are achieved solely in our current FED to measure the ultrafast structural dynamics 

directly, is presented.  

The study of structural dynamics on the fundamental time level (100 fs ~ 1 ps) 

requires directly monitoring atomic motions on the milli-ångström length scale and on the 

relevant time scale of 10-12 s or less. Previously, only femtosecond (fs) time-resolved 

optical measurements could provide adequate temporal resolution with indirect 

sensitivity of structural arrangement [56]. Recent developments in time-resolved 

diffraction including X-ray [23, 25, 26, 57] and electron diffraction [29, 34, 36, 38, 39, 

42, 45, 58-60] have led to the capability of directly observing the laser-induced loss of 

long-range order [25, 27, 45, 61, 62]. However, a clear picture of lattice dynamics 

initiated by fs optical excitation remains obscure. Currently a direct and real-time 

measurement of atomic motions on ~ 0.02 % change in the lattice constant can be 

resolved on the relevant time scale of less than 500 fs with our FED [9, 43].  

 

2.5.1 Temporal Resolution 

 

The overall temporal resolution of our FED is determined by the contributions 

from the electron pulse width, pump laser pulse width, and temporal degradation due to 

the geometrical arrangement of electron and laser beams. It can be estimated by equation 

(1.1). mismatch can be calculated by 

c

le
mismatch

θ
τ

sin
=      (2.19) 

where le is the electron beam waist at the sample, θ is the angle between the excitation 

laser and the probe electron beam, and c is the speed of light (see Figure 2.22). Given 300 

µm electron beam waist and ~ 10 º of angle, mismatch is 174 fs. Thus overall temporal 

resolution is ~ 400 fs with 50 fs laser pulse width and 350 fs electron pulse width. As we 
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can see in most of our experiment, it’s limited by the electron pulse width, since the 

contribution from the other two terms is much smaller.  

For laser induced reversible structural changes, 2000 or fewer electrons/pulse can 

be used to study the transient structural dynamics of the system. The corresponding time 

resolution is better than 400 fs. The diffraction images at each delay time can be 

integrated over time for an optimal 

signal-to-noise ratio. In 

nonreversible structural changes by 

recording diffraction images with a 

single femtosecond electron pulse, a 

temporal resolution of ~700 fs can be 

retained to measure order-disorder 

structural dynamics. Detailed 

discussion is presented in Chapter 

2.3.3. 

θ
le

Laser

e-

τmismatch  =
l sine θ

C

 
 

Figure 2.22. The geometry of electron and laser beams.  

 

2.5.2 Spatial Resolution 

 

The spatial resolution usually depends on two factors. The first one is the physical 

dimension which is decided by the detecting system including the pore size of MCP, the 

diameter of each fiber-optic cable, and the dimension of each pixel in CCD camera. 

Currently the physical dimension of ~ 33 µm /pixel is obtained. The second factor, which 

is called the camera length, depends on the length from sample position to detector with 

electron beam energy. In FED small angle diffraction is used to record the diffraction 

patterns. Considering wave length of 60 keV (0.0487 Å) and detectable momentum 

transfer of 0.89 Å-1 with 513 pixel radius in current FED system, it corresponds to < 

0.0022 Å/pixel (~ 0.2 %) resolvable. Even though the spatial resolution of the system is 

decided by those two factors, other factors should be considered. Let us consider a single 

diffraction spot in a diffraction pattern. A single spot is distributed over a 2-D pixel space 

with a certain type of function shape in the diffraction pattern image. To determine the 

center of the spot, usually a certain shape such as a Gaussian or a Lorentzian is used to 
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fit. The most pixels in the off-center are analyzed together as weight factors and these 

off-center pixels affect the determination of the spot center. Thus the pixel resolution 

which is smaller than the < 0.0022 Å/pixel can be realized. By considering current signal-

to-noise ratio (SNR) and combining the analysis method (see Chapter 5), less than ~ 

0.0002 Å (~ 0.02 %) is resolvable. The temporal evolution of Bragg peak position as a 

function of delay times is presented in Figure 2.23. The physical explanation is presented 

in Chapter 4. and literatures [9, 43, 44].  
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Figure 2.23. The temporal evolution of Bragg peak position as a function of delay times. It is an 
average result of all Bragg Peaks. Laser excitation fluence was 1.3 mJ/cm2  

 

2.5.3 Diffraction Patterns Taken with Multiple Electron Pulses 

 

Figure 2.24 shows the static diffraction patterns of LSMO single crystal sample 

taken with our FED and a commercial TEM. The results clearly show that the quality of 

diffraction patterns obtained by FED is comparable to that of conventional TEM. This 

FED diffraction pattern was recorded with a total number of electron of ~ 4 × 107. 

 38



For time resolved electron diffraction, snapshots of diffraction patterns at each 

delay time relative to the pump beam laser were recorded with the imaging system. By 

analyzing the peak center, intensity, and FWHM of these diffraction patterns, thorough 

structural information can be derived. In left panel of Figure 2.25 a typical diffraction 

pattern of poly-crystalline freestanding thin-film aluminum of 20 nm thickness was 

shown. It was recorded with ~2×107 electrons at 60 keV beam energy (λ = 0.0487 Å) and 

at ~1.5 mJ/cm2 laser excitation fluence. On the right panel of Figure 2.25 the 

corresponding radial averaged intensity curve as a function of diffraction angle 

(momentum transfer S = 2 sin θ / λ) was shown. 

 

        
 

Figure 2.24. La0.8Sr0.2MnO3 Diffraction patterns taken with FED (left) and TEM (right). 
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Figure 2.25. Diffraction pattern of poly-crystalline free-standing thin-film aluminum of 20-nm 
thickness (Left Panel) and its corresponding radial averaged intensity curve (Right Panel). It is 
recorded with ~2x107 electrons of 60 keV beam energy (l = 0.0487 Å) at approximately 1.3 mJ/cm2 
laser excitation fluence. Inset of Right Panel: A typical fit of (311) Bragg peak to a Gaussian profile. 
The peak center position is determined to be 0.81780 ± 0.00003 (Å-1) (474.99 ± 0.02 pixel). 



2.5.4 Diffraction Patterns Taken with Single Electron Pulse 

 

In irreversible processes such as melting of a thin film, the sample is permanently 

damaged after a single pump laser pulse. In that case only one measurement can be made 

at a selected delay time, and high quality single-shot diffraction patterns are required to 

capture the irreversible structural change. Single shot diffraction patterns along with 
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A. Single shot diffraction pattern of 20nm Al film with 1680 e- 
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B. Single shot diffraction pattern of 20nm Al film with 4200 e- 
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C. Single shot diffraction pattern of 20nm Al film with 6300 e- 

 

Figure 2.26. Single-shot electron diffraction patterns of 20nm Al film (Left Panel) and it 
corresponding radial averaged intensity curves (Right Panel). Total number of electron was A. 1680, 
B. 4200, and C. 6300. 
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corresponding radial curve of polycrystalline Al film are shown in Figure 2.26. It is clear 

that a diffraction pattern with sufficient signal-to-noise ratio to display the long-range 

lattice order can be obtained with only ~ 4000 electrons (~ 700 fs pulse width). 

 

2.6 Synchronization of Femtosecond Laser and Electron Pulses with 

Sub-Picosecond Precision 

 

One of the most critical issues in time-resolved diffraction is the synchronization 

of the femtosecond excitation laser (pump) and probe electron pulses in the interaction 

region on the sub-ps timescale [63]. Apparently, accurate determination of this time zero 

point is crucial for the study of non-reversible structural dynamics such as laser-induced 

melting of thin films. In these types of experiments, laser-induced sample damage limits 

the total number of available diffraction patterns and prevents the extensive search for 

time zero. In the cases where sample damage is less crucial, such as reversible structural 

changes in solids [9, 43, 44] and photoreactions in gas-phase, time-zero can be, in 

principle, extracted from the temporal evolution of structural changes under investigation. 

Nonetheless, an independent and accurate determination of time zero, will undoubtedly 

help narrow down the scan range and ultimately result in higher SNR for more accurate 

structure determination in a given experimental time span. 

 

2.6.1 Methodology 

 

In contrast to all-optical time-resolved experiments, the accurate determination of 

time zero with sub-ps accuracy in time-resolved electron diffraction is non trivial. In 

principle, approaches based upon the direct interactions of electrons with photons, such 

as pondermotive scattering [64-66], Thomson scattering [26], second harmonic 

generation [67] and Kapitza-Dirac scattering [68, 69], can provide an exact cross-

correlation for accurate time zero measurement. However, they require either very high 

density of electrons and photons in the interaction region, or special setups not inherent to 

a typical time-resolved diffraction experiment. In practice, these approaches are further 
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constrained by extremely small electron numbers, since in most cases the average number 

of electrons is limited to a few thousand per pulse by the space-charge effect. Among the 

above direct approaches, pondermotive scattering holds the potential to produce readily 

detectable deflection of the incident electron beam. Nevertheless, its effectiveness and 

feasibility for the stringent sub-ps electron diffraction conditions, such as extremely low 

electron number and 30-60 keV high beam energy, remains to be experimentally verified. 

An alternative approach of finding time zero is to monitor the dynamics of 

electron-photon interactions via an intermediary. Similar approaches have been routinely 

used for finding time zero in femtosecond all optical pump-probe experiments, such as 

using the photoexcited transient states in molecules as an intermediary [56]. Along this 

line, a pair of streaking plates were installed at the sample position in the first ps electron 

diffraction study of laser-melting of thin aluminum films [34] and was used to generate a 

transient electric field following the activation of a GaAs photoconductive switch by laser 

pulses. By recording the correlation between the electron beam deflection and the timing 

of switching laser pulse, time zero was determined to within 5 to 10 ps. 

Another elegant example of this indirect approach was photoionization-induced 

lensing (PIL) in gas-phase ultrafast diffraction [37], which was conducted with a nearly 

identical experimental setup. In PIL, the nascent photoelectrons generated by multiphoton 

ionization of gas molecules escape the ionization region, leaving behind a cylindrical 

column of positively charged ions along the pump laser path. The transient electric field 

associated with this newly-formed plasma acts as an effective lens and induces change in 

the electron beam shape. By monitoring the corresponding electron beam profile change, 

the time zero was determined with a few ps accuracy, limited primarily by the relatively 

slow buildup time of the positive plasma field. Later, the accuracy of this PIL was 

improved to nearly 1 ps by intentionally letting the excitation laser beam clip the 

stainless-steel gas nozzle tip [38, 70]. It appears that this co-excitation of the gas and the 

nozzle tip somehow accelerates the build-up of transient positive electric field near the 

tip, facilitating a more accurate determination of time zero. 

The method of synchronization presented here is also based on real time imaging 

of the profile change of an electron beam via its interaction with an intermediary, in this 

case a transient space-charge field resulting from the laser excitation of a metal surface in 
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a high or ultra-high vacuum. Following intense fs laser excitation, the majority of low 

energy electrons ejected from the metal surface via both multiphoton photoemission [71] 

and subsequent thermionic emission stay and accumulate at the photoexcited surface 

area. The resulting high density electron cloud creates a strong local electric field, 

commonly referred to as the space-charge effect. This transient space-charge field, if 

sufficiently large, will perturb a beam of charged particles (such as electrons). Real time 

and quantitative measurement of this perturbation to the charged particle permits accurate 

determination of time zero on the timescale primarily determined by dynamics of the 

transient field’s buildup. 

The timescale for the onset of space-charge field buildup is ultrafast and 

determined by multiphoton photoemission. To overcome the 4.26 eV work function at the 

Ag surface [72], an electron at the Fermi level need to absorb at least three photons to 

escape. The kinetic energy of this photo-excited electron is 10 eV, equal to the 5.5 eV 

Fermi energy [73] plus the triple-photon energy. The corresponding electron velocity is 

1.9 nm/fs. The skin depth of three-photon absorption for Ag at 790-nm wavelength is 

unknown. We will use the value of ~11.4 nm [74] for single-photon absorption to 

estimate the upper bound of space-charge field buildup time, since the skin depth of 

three-photon absorption should be much shorter due to its non-linear nature. Given that 

the mean free path of photoelectrons is ~10 nm at a few eV above EF [75] (comparable to 

the skin depth), the majority of photoelectrons will escape without suffering any 

collisions. Under this nearly ballistic transport condition, the average electron escape 

time would be about 10 fs or less. During this time, the escaped photoelectrons can move 

only ~ 3 nm, considering that the velocity of a photoexcited electron drops from the 

initial 1.9 nm/fs to 0.3 nm/fs (0.24 eV kinetic energy) after crossing the Ag surface. 

Spatially squeezed by more than a factor of six compared to inside of the Ag surface, 

these photoelectrons accumulate as lone charges outside the Ag metal without any 

positive ion cores to balance them. As a result, a significant space-charge field could be 

created. Since the timescale of multiphoton photoemission is essentially instantaneous, 

the onset of this field, or equivalently the recorded onset of the perturbation of the 

charged particle beam, defines the time zero.  
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2.6.2 Experimental Design and Results 

 

The time zero measurement was 

carried out in situ on the femtosecond 

electron diffraction apparatus [42]. To avoid 

any potential walk-off, the time zero 

measurement was conducted in nearly 

identical experimental conditions as used in 

the FED, with the same electron (~300 µm) 

and laser (~1 to 2 mm) beam sizes and the 

same beam crossing angle of less than 10º. 

After spatially overlapping the pump laser 

and probe electron beams with a pinhole, a 

silver needle mounted at the far end of the 

sample holder was brought into the 

interaction region to form a shadow image by blocking part of the e-beam (Figure 2.27). 

Shadow images both with and without the pump laser were then recorded at different 

time delays. To minimize the effect of pulse-to-pulse fluctuations in the electron beam 

intensity and beam pointing jitters, each image was averaged 500 shots. The intensities of 

pump laser and probe electron pulses could be adjusted continuously using two separate 

half wave plates in each optical arm.  

Ag needle

e-

Laser

Detector

 
 

Figure 2.27. The experimental setup for fs laser 
and electron pulses. The electron beam is 
partially blocked with the Ag needle tip 
forming a shadow image. The pulse laser is 
focused at the needle tip to generate a transient 
space-charge field. 

Typical shadow images as a function of pump-probe delay times are shown in 

Figure 2.28. They were recorded with 0.5-s integration time containing 500 pulses per 

image and using the excitation laser fluence of 30.6 mJ/cm2. The average number of 

electrons per pulse was ~500, with the corresponding temporal width less than 350 fs as 

measured by the streak camera [42]. From these images, it is clearly seen that after the fs 

laser excitation the initial needle shadow started to expand in two dimensions, 

predominantly along the vertical direction. This indicates that the space-charge cloud 

builds up mostly in the forward direction along the needle tip and expels high energy 

electrons in the e-beam via Coulomb repulsion. The expelled electrons, after gaining 

excess lateral kinetic energy, stroked the outer region, which is clearly shown as the 
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concurrent expansion of the electron beam recorded in these images. This two 

dimensional expansion became progressively stronger initially as delay time increased. 

Then the shadow started to fade out at about 25 ps after excitation, with the simultaneous 

contraction of the electron beam size back to its original shape. The whole process 

persisted more than a few hundred ps.  

    

-10.1 ps 0 ps 1.6 ps 3.2 ps 

    

6.4 ps 12.8 ps 25.1 ps 50.1 ps 

Figure 2.28. Temporal evolution of electron shadow images of the silver needle. Each image was 
recorded using fs electron pulse containing an average of 500 electrons per pulse with 0.5-s integration 
time. The image size is 30 µ 30 pixels and each square pixel corresponds to a dimension of ~33 µ 33 
µm2. The excitation laser fluence was 30.6 mJ/cm2 and the corresponding time delays are shown at the 
bottom of each image. 

The time zero point was determined from quantitative evaluation of the temporal 

evolution of these shadow images. At each time delay, the image change was calculated 

by summing the square of the intensity difference (SSD) in each corresponding pixel 

(x,y) between two images recorded with and without pump laser. 

( )2

,

),(),(∑ −=
yx

npp yxIyxISSD    (2.20) 

where I p(x,y) is the pump-on pixel intensity, I np(x,y) is the pump-off pixel intensity. 

The temporal evolution of SSD curves measured at several different excitation 

laser fluences are displayed in Figure 2.29. A few features are immediately noticeable. 

Clearly, a laser fluence larger than a threshold, which is about 10 mJ/cm2 in the current 

experiment, is required to significantly change the SSD value. This threshold is directly 
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associated with the requirement of a minimum number of emitted electrons to produce a 

sufficient space-charge field for detectable perturbation of the e-beam. Apparently, its 

actual value depends critically on several experimental parameters, such as electron beam 

size and energy, the shape, texture and material of the needle, the alignment of beams 

with the needle, and the spatial resolution of the imaging system. Additionally, the 

leading edge and the rising time of these curves do not show any significant dependence 

on the laser fluence within the range of 10 to 30 mJ/cm2. This observation is consistent 

with the model’s assumption that the transient field is created by electrons ejected via 

both multiphoton and thermionic emission, since neither dynamics was expected to 

undergo any significant changes within the applied excitation laser fluence.  
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Figure 2.29. Temporal evolution of the SSD curves at different excitation laser fluences. The time step 
is ~ 530 fs. Positive time delays correspond to the electron pulses arriving after excitation laser pulses. 
The time zero is defined by the crossing point of two linear fittings, one for the background (horizontal) 
before laser excitation and the other for the rising edge, shown in the SSD curve at fluence of 30.6 
mJ/cm2. 

The turning point of the SSD curve, defined here as the time zero measured by the 

ultrafast shadow imaging, was determined as the intersection point of two linear fittings 

of the curve, one for the background before photoexcitation and the other for the rising 

edge. The typical uncertainty of the time zero point is less than 600 fs, which is 
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calculated by the convolution of the errors in two linear fittings using standard error 

propagation rules [76].  

The rising time of the SSD curve ( tz) reflects the dynamics of the electric field 

buildup and its interaction with the electron beam. It also sets the upper limit of the 

accuracy in the time zero measurement. Its value is determined by the convolution of the 

pump laser ( pump = 50 fs) and probe electron ( probe ≈ 350 fs) pulse widths, the effective 

buildup time of the transient electric field  ( E) as seen by the probe electron beam, and 

the temporal degradation ( mismatch) due to the finite interaction volume. The magnitude of 

mismatch in a typical experiment is estimated to be ~0.5 ps [13], using the values of 1 mm 

for pump laser beam diameter, a probe e-beam size of 300 µm, an effective needle 

diameter of ~150 µm in the interaction region and a 10˚ crossing angle of electron and 

laser beams. Considering that mismatch is much smaller than the effective value of tz at 4.8 

± 0.4 ps, which was obtained by fitting the rising edge in the SSD curve with a single 

exponential function, we may approximate E as essentially the same as tz. Assuming the 

transient electric field reaches its maximum strength instantaneously after the completion 

of electron emission, the shortest E achievable would be the electron-phonon 

thermalization time (~ 1 to 2 ps in noble metals). This is because the thermionic electron 

emission is nearly completely quenched after the electrons have transferred their energy 

to the lattice. Apparently, reducing the electron beam size to a dimension less than the 

laser-excited needle area (~150 µm) will reduce E to this ultimate value. Conversely, 

larger size electron beam will increase E. Such an effect has been observed with a 

defocused electron beam of ~ 2 mm in diameter, where E as large as 50 ps was observed.  

To evaluate the effects of set-to-set fluctuation and long-term drift of the FED 

apparatus on the time zero measurement, five sets of SSD curves were recorded in a 

three-hour time period. These sets were taken in identical experimental conditions by 

simply blocking the laser beams between each set. The excitation laser fluence was 31 

mJ/cm2 and the e-beam averaged of 650 electrons per pulse. The time zero points for 

each of these curves were first extracted following the procedure described above. Then 

the averaged time zero position and the corresponding uncertainty were calculated 

according to the laws of error propagation [76] by assuming each set was statistically 

 47



independent to the others. The uncertainty (one standard deviation) for the averaged time 

zero measurement is less than 700 fs.  

Ideally, the true time zero could be extracted from the temporal evolution of SSD 

curve by using a proper deconvolution scheme, provided that the spatial and temporal 

functional form of the transient space-charge field is known. However, in contrast to the 

conventional ultrafast optical pump-probe experiments where the transient commonly 

exhibits an exponential function of delay time, the actual function form for the transient 

field buildup is unknown. In addition, it is apparent that this function will not be uniquely 

defined since it relies on many factors such as the texture and geometry of the needle and 

also the alignment of the beams and the needle, which could be changed from experiment 

to experiment. All these factors complicate the determination of actual time zero using a 

conventional deconvolution approach. In contrast, the approach using the intersection of 

two linear fits outlined above can provide a quick and reliable reference point for the true 

time zero with a high precision of 700 fs. The true time zero should be 200 to 300 fs after 

this intersection point, corresponding to one third to one half of temporal scale of 

convolution resulting from finite electron pulse (< 350 fs) and velocity mismatch (~500 

fs). Nonetheless, this shift is within the reported uncertainty of 700 fs. In addition, it is 

expected that this systematic deviation should be a fixed number for the given 

experimental conditions and will not alter the ~700 fs precision. 
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CHAPTER 3 

DIFFRACTION DATA ANALYSIS 

 

After establishing the temporal overlap of femtosecond laser and electron pulses, 

it is ready to study ultrafast structural dynamics with FED system. This ultrafast process 

is monitored by recording the electron diffraction patterns at certain relative time delays 

to pump laser pulse, which initiates the process. The diffraction patterns at each time 

delay are captured by the imaging system and stored in computer for further analysis. 

This chapter focuses on the interpretation of these diffraction patterns and its analysis 

methods.  

 

3.1 Interpretation of Diffraction Patterns 

 

In order to understand the information included in the diffraction patterns, several 

points should be clear. First of all, at what conditions the diffraction patterns can be 

formed on the detecting system. Secondly, how the 3-D structural information of lattice is 

transferred to 2-D diffraction patterns on the detecting system. Additionally, the relation 

between the Ewald sphere and thin-foil effect (or reciprocal lattice rods) of the sample is 

discussed, since it is important to understand how diffraction is allowed for over a range 

of angles even though the diffraction condition is not satisfied precisely. The preparation 

method and the condition of thin Al sample used in the FED experiment are also 

described briefly.  

 

3.1.1 Scattering from a Pane of Atoms 

Laue Conditions 
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Let us consider plane waves only. An initial 

wavefront, WI, is scattered by two planes of atoms to 

produce a diffracted wavefront, WD (Figure 3.1). 

There is no restriction for the direction of WD. But at 

some conditions the individual diffracted waves can 

be in phase and it is called Laue conditions. To 

analyze the situation let’s simplify the diagram as 

shown in Figure 3.2. These diagrams define the wave 

propagation vectors or the wave vectors, k.  

W I

WD

 
 
Figure 3.1. Scattering from two 
planes of atoms. WI and WD are the 
incident and diffracted wavefronts, 
respectively Considering plane wavefronts as shown in the 

diagram of Figure 3.2, the vector relation is 

ID kkK −=       (3.1) 

where kI and kD are the k vectors of the incident and diffracted waves, respectively. The 

vector K is thus the change in k due to 

diffraction.  

If the energy of the electron is 

unchanged during diffraction, elastic 

scattering process, we can rewrite it as 

kkk ===
λ
π2

DI   (3.2) 

From Figure 3.2 we can write down an 

expression for θ as 

I

2/
sin

k

K
=θ    (3.3) 

k I
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k I

kD

2θ

K

|kI|
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|K|

2

θ

A B C

 
 
Figure 3.2. Definition of the scattering vectors: 
A. the incident wavefront normal is kI, the 
diffracted wave normaol is kD. B. K is the 
difference vector. C. sin θ is defined as K/2kI

 

Bragg’s Law 

Let us consider the interference between waves scattered from two points which is 

shown in Figure 3.3. We can define two planes, P1, and P2, to be normal to the vector CB, 

which has distance d. The distance traveled by ray R1 is then larger than that traveled by 

ray R2 by the path difference AC + CD. It shows that 

θsin2CDAC d=+   (3.4) 
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When the path difference AC + CD 

becomes nλ, where n is any integer, it is 

constructive interference and it becomes 

θλ sin2dn =    (3.5) 

It is the Bragg’s law. From equations (3.3) 

and (3.5) 

K
1

πλ
θ

2

sin2
==

d

n
  (3.6) 

So at the Bragg angle, the magnitude of 

the vector K with n = 1 is given a value, 

KB, 

d

π2
B =K    (3.7) 

θ
| | = kD

= |kI|
2π
λ

|K|

2
2π θsin

λ=

2π
λ

 

Figure 3.4. The geometric relationship between 
kI, kD, K, θ, and λ . 

WI

WD

d
A B

C

D
θ

P2

P1 R1 R2
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R 1

 
 
Figure 3.3. Two beams are scattered from two 
points, C and B, which lie on different planes, P1, 
and P2. The rays travel different distances, giving 
a path difference of AC + CD. 

And thus KB vector can be defined to be g 

so that 

 KB = g     or generally     K = g (3.8) 

It represents the Laue equations and then 

we can reconstruct the diagram of Figure 

3.2 as like Figure 3.4. 

 

3.1.2 Reciprocal Space 

 

In order to make it easier to understand the information in a diffraction pattern, 

the reciprocal lattice is used. From equation (3.8) Bragg diffraction of electrons by 

crystals occurs when K is equal to g. Thus the vector K is reciprocally related to d. The 

reciprocal lattice concept allows us to define a lattice where all the lattice points 

correspond to the possible g vectors. In the reciprocal lattice, sets of parallel (hkl) atomic 

planes are represented by a single point located a distance 2π/dhkl from the lattice origin. 

 

The Reciprocal Lattice 

In real space, any lattice vector, rn, can be expressed by 
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cbar 321 nnnn ++=      (3.9) 

where the vectors a, b, and c are the unit-cell translations in real space while n1, n2, and 

n3, are all integers. 

Any reciprocal lattice vector, r*, can be defined in a similar way 

**** 321 cbar mmm ++=     (3.10) 

where a*, b*, and c* are the unit cell translations in reciprocal space while m1, m2, and 

m3 are all integers. These two vectors are related by 

0****** =⋅=⋅=⋅=⋅=⋅=⋅ bcaccbabcaba    (3.11) 

a* is normal to both b and c, etc. And we can define that 

π2=⋅=⋅=⋅ c*cb*ba*a     (3.12) 

Equation (3.12) defines the length of the vector a* is 1/a. 

From these relations reciprocal lattice vectors can be rewritten as 

c)(ba

cb
a*

×⋅
×

= π2 , 
c)(ba

ac
b*

×⋅
×

= π2 , 
c)(ba

ba
c*

×⋅
×

= π2   (3.13) 

It shows that a* is orthogonal to the vectors b and c. However, just as a, b, and c need not 

be normal to one another, a*, b*, and c* are also not necessarily normal to one another. 

 

The Reciprocal Lattice Vector g 

As it is shown before any 

vector in reciprocal space can be 

defined as a combination of a*, b*, 

and c* as 

*c*b*aK 321 mmm ++=  (3.14) 

A reciprocal lattice vector ghkl is 

defined as 

*c*b*ag lkhhkl ++=   (3.15) 

where h, k, and l are all integers. 

The plane (hkl) is defined as 

that it cuts a, b, and c axes at 1/h, 1/k, 

and 1/l, respectively as shown in 

A

B

C

O

N

OA = h
a

OB = 
k
b

OC = 
l
c

 
 
Figure 3.5. The plane ABC has Miller indices (hkl). 
The vectors OA, OB, and OC have lengths a/h, b/k, 
and c/l. The vector ON is normal to the plaen (hkl). 
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Figure 3.5. The vectors AB, BC and CA all lie in the plane (hkl) and each is normal to 

ghkl. The unit vector, n, parallel to g is g/|g|. Therefore, the shortest distance from the 

origin O to the plane is the dot product of n with vector OA or OB, OC. 

g

a

g

*c*b*aa

g

ga
n

π2
=⋅

++
=⋅=⋅

h

lkh

hh
       (3.16) 

This equation gives the distance between parallel (hkl) planes, thus 

g

π2
=hkld       (3.17) 

 

The Ewald Sphere 

Let’s draw a sphere of radius 2π/λ (i.e. |kI|) in reciprocal space so that it passes 

through the origin of the reciprocal lattice, point O as shown in Figure 3.6. This sphere is 

known as the Ewald sphere. Wherever a reciprocal point corresponding to the set of 

planes intercepts the sphere, Bragg condition is satisfied and hence the diffraction 

intensity is strong. CO represents the incident beam and CG is a diffracted beam. The 

angle between them must be 2 θB to form a constructive interference as discussed in 

kI

kD

2θB

radius = 2π
λ

K g(or ) 

Ewald Sphere

O

C

G

 
 
 
Figure 3.6. The Ewald sphere is intersecting an array of reciprocal lattice points. O is the origin of 
the reciprocal lattice and the vector CO represents kI, the wave vector of the incident wave. kD is any 
radius vector. When the radius of the sphere cuts through the reciprocal lattice point the Bragg 
condition is satisfied. 
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Bragg’s law. OG is the g vector and thus has magnitude 2π/d. Since |k| = 2π/λ we have 

d
B π

λ
θ 2

  
sin  2

OG ==      (3.18) 

It is the Bragg equation with n = 1. 

 The projection of intersections between the Ewald sphere and reciprocal lattice 

points represents the diffraction spots in diffraction patterns. 

This concept of Ewald sphere is very important when we work with thin foil 

sample. Bragg’s law and the Laue conditions predict diffraction at only precise Bragg 

angles for an infinite crystal. For TEM, diffraction experiments are carried out on 

specimens which are thin in at least one dimension. The effect of small dimensions 

allows diffraction over a range of angles close to the Bragg angle. This is the same effect 

as if the relative reciprocal lattice points (relpoints) are stretched out and become rods 

(relrods) in the direction of thinness of the sample. The detailed discussion is presented in 

Chapter 3.5. 

 

3.1.3 Structure Factors 

 

For a primitive cell, the scattering from the whole unit cell which is given by the 

structure factor F, is the same as the scattering from one single atom which is given by 

the atomic scattering factor f. The scattering from each atom in the unit cell can be 

described using plane wave equation as: 

ii
ii efA rK⋅=       (3.19) 

where fi is the scattering factor for a single atom and iK·ri is the phase of the wave with 

respect to the wave scattered from the origin of the cell. ri is a vector which defines the 

location of each atom within the unit cell. 

   cbar iiii zyx ++=      (3.20) 

Now we are interested in the case when K = g since this is a perfect crystal 

   *c*b*aK lkh ++=      (3.21) 

If diffraction occurs from the (hkl) plane, then the phases are such that scattering from an 

atom n at cell position xyz can be given by:  
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( iii lzkyhxi
ii efA ++= π2 )

)

     (3.22) 

The structure factor F is given by summing the scattering from all the atoms of the unit 

cell:  

(∑∑ ++==
i

lzkyhxi
i

i
ihkl

iiiefAF π2    (3.23) 

The structure factor is also important since the intensity of the beam diffracted by all the 

atoms of the unit cell is proportional to |F|2. 

 

Body-Centered Cubic (BCC) Structure 

Consider the BCC lattice with single atoms at each lattice point, its unit cell can 

be reduced to two identical atoms. Atom 1 is at (0,0,0) with scattering factor f, and atom 

2 is at (½,½,½) with a scattering factor f. The structure factor for the bcc unit cell is 

therefore:  

{ })(1 lkhiefF +++= π      (3.24) 

For diffraction from a plane where the sum of h+k+l is odd, the second term is -1, so  

F = f(1-1) = 0       (3.25) 

If h+k+l is even, the second term is +1, so 

F = f(1+1) = 2f     (3.26)

Thus, diffractions from bcc lattice where h+k+l is odd are of zero intensity, which means 

no diffraction spot will be appeared in diffraction pattern for those planes. 

 

Face-Centered Cubic (FCC) Structure 

The coordinates of the atoms for FCC structure are 

(x,y,z) = (0,0,0), (½, ½, 0), (½,0, ½), (0, ½,½)  (3.27) 

The structure factor for the fcc lattice is therefore:  

{ })()()(1 lkilhikhi eeefF +++ +++= πππ     (3.28) 

If all three are either odd or even, all of the exponential terms are e2nπi. Therefore, all the 

phases of the diffracted waves are multiples of 2π and are in phase. If h, k, l are mixed 

even and odd, then two of the three phases factors will be odd multiples of π, giving two 

terms of -1. 

For diffraction from a plane where the sum of h, k, l are even or odd,  
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F = 4f        (3.29) 

If h, k, l are mixed even and odd,  

F = 0       (3.30) 

Thus no reflections can occur for which the Miller indices are partly even or partly odd 

for fcc lattice. 

 

3.1.4 The Shape Effect 

 

Bragg’s law and the Laue equations predict diffraction at only precise Bragg 

angles for an infinite crystal. However, in real cases, the diffraction over a range of 

angles close to this angle is also allowed. This is because the reciprocal lattice points 

become reciprocal lattice rods (relrod) in finite size samples and consequently the Ewald 

sphere can still intercept with relrods even when it misses the actual reciprocal lattice 

points. Diffraction can then still occur at reduced intensity and the real diffraction pattern 

spots from crystals are deviated from the ideal case. The other shape effects such as 

wedge-shaped specimens, planar defects, or dislocation cause distorted, strained, 

unexpected spots, or diffuse intensity in diffraction patterns. But considering the usual 

electron beam diameter of ~ 300 µm in FED which is much larger compared to that of the 

commercial TEM (µm to nm), most shape effects can be ignored except thin-foil effect.  

 

Calculation of Total Amplitude 

A small thickness in real 

space gives a large length in 

reciprocal space. It is valid in all 

directions, not just parallel to the 

electron beam. The intensity in the 

diffracted beam is generally 

strongest when K = g, but we still 

have intensity when K is not exactly 

equal to g. The deviation is measured 

by a vector, s,such that 

x

z

y

N by

N ax

N cz

 

 

Figure 3.7. A thin foil specimen modeled as a 
rectangular slab made up of rectangular unit cells of 
sides a, b, and c. There are Nx cells in the x direction, 
and etc. 
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K = g + s       (3.31) 

where s is also called excitation error or the deviation parameter.  

Let us model the specimen as a thin rectangular slab which has a rectangular unit 

cell with sides a, b, c and there are Nx cells in the x direction, etc (Figure 3.7). To 

determine the total diffracted amplitude, the amplitudes from each cell must be added, 

allowing for the phase factor, because the cells are displaced from on another. Each cell 

has the same structure factor F. 

The total amplitude, A, of the diffracted beam can be expressed as the sum of 

contributions from all the individual cells in a parallel-sided specimen 
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where nx, ny, and nz are integers. nx is from 0 to Nx − 1 and the same way with ny and nz. 

The location of each unit cell is defined by the vector rn

cbar zyxn nnn ++=       (3.33) 

By using a geometric series, 
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Summing from nx = 0 to nx = Nx − 1 we obtain 
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To calculate the intensities, multiply this sum by its complex conjugate using 

trigonometric relationships 
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The intensity is related to 
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Then the total intensity is 
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If  is an integer, then the first of these terms is unity. This is the Bragg condition and 

the intensity is maximum. There are also subsidiary maxima or minima (x direction for 

example) when  

aK ⋅

C
N x

22

aK π
=

⋅
 or 

xN

Cπ
=⋅aK    (3.39) 

where C is an integer. Equation (3.39) is the basis of the shape effect and it leads to the 

idea of the reciprocal lattice rod. 

 

The Thin-Foil Effect 

Since the thickness is the smallest of the three dimensions for a thin-foil, we may 

only consider the shape effect in the direction of thickness (which is also the electron 

beam axis) and neglect the other two directions. 

 The Figure 3.8 shows the Ewald sphere cutting the relrod in the electron beam 
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Figure 3.8. The relrod at ghkl when the beam is ∆θ away from the exact Bragg condtion. The 
Ewald sphere intercepts the reload at a negative value of s which defines the vector K = g + s. 
The intensity of the diffracted beam as a function of where the Ewald sphere cuts the relrod is 
shown on the right of the diagram. 
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direction and the corresponding intensity distribution along the relrod implied by 

Equation (3.39). If the specimen is tilted slightly from incident electron beam axis the 

resulting diffraction spots will move from its original position and  the intensity will also 

be changed. 

 

3.1.5 Diffraction Patterns from Polycrystalline Materials  

 

Electron diffraction pattern from polycrystalline specimen is the same as X-ray 

diffraction pattern from powders. For a completely random polycrystal, we rotate the 

reciprocal lattice about all axes and produce a set of spheres. When these spheres are 

intersected by the Ewald sphere the ring patterns are generated. If there is one special 

plane which is nearly common to all the grains, the polycrystal is textured. In this case, 

we rotate the reciprocal lattice about this plane vector and produce a set of circles. The 

diffraction rings are also generated with this plane vector parallel to the electron beam 

direction. The difference comes when the specimen is titled. For a completely random 

polycrystal, the diffraction rings remains while for a textured one, the rings become arcs 
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φ
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Figure 3.9. The generation of a set of circles in reciprocal space by a textured polycrystal. When the 
reciprocal lattice is rotated about a particular direction, each Laue zone produces a set of concentric 
circles for each allowed reflection in each zone. The Ewald sphere intercepts the sets of circles in 
reciprocal space. The projection image of ring patterns becomes arcs. 
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Figure 3.10. Diffraction pattern of poly-crystalline free-standing thin-film aluminum of 20-nm 
thickness. The Al samples were prepared by thermal evaporation in high vacuum on freshly cleaved 
(100) direction of NaCl single crystal substrates. The lattice constant mismatch between (100) direction 
of NaCl and (110) direction of Al is ~ 1.4 %, thus Al tends to grow in (110) direction. The third ring, 
(220) direction where (220) and (110) are parallel each others, shows a stronger intensity compared to 
second ring, (200) and fourth ring, (311). 

as shown in Figure 3.9.  

In FED experiment the polycrystalline thin film Al samples were prepared by 

thermal evaporation in high vacuum on freshly cleaved (100) direction of NaCl single 

crystal substrates. Let us consider the lattice constant mismatch between NaCl and Al. 

The lattice constant of (100) direction of NaCl is 5.63 Å with the distance of 2.815 Å 

between Na+ and Cl− and the (110) plane distance of Al is 2.86 Å (= 4.04 Å 

/ 222 011 ++ ). Therefore the lattice constant mismatch between (100) direction of NaCl 

and (110) direction of Al is ~ 1.4 % which is much smaller than the mismatch with all 

other directions of Al. Thus Al tends to grow in (110) direction. Hence the Al 

polycrystalline film used in FED is usually textured. This can be simply checked by 

tilting the specimen. As shown in Figure 3.10 the third ring which is (220) direction 

shows a stronger intensity compared to second ring, (200) and fourth ring, (311). If the Al 

sample is purely polycrystalline, the intensity of (200), (220), and (311) are 47, 22, and 

24 % respectively when we set the intensity of (111) as 100 % [77].  

 

3.2 Method of Polycrystalline Diffraction Data Analysis 

 

A thorough characterization of transient structural changes can be obtained by 

analysis of the snapshots of diffraction patterns taken at different delay times. As shown 
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in Figure 3.1 [11], the laser-induced lattice spacing (d) change, either contraction or 

expansion, can be traced by following the associated changes in Bragg peak position. 

Inhomogeneity in the lattice spacing or lattice strain that can be induced by the uneven 

sample expansion and compression tends to broaden the Bragg peak width, and can be 

monitored through the temporal evolution of the peak FWHM. By analyzing the temporal 

evolution of Bragg peak intensity changes, the dynamics of thermal atomic motions and 

the associated vibrational energy (lattice temperature Tl) can be measured. In many 

instances a complex mixture of these idealized cases can be observed. It is then possible 

to model the profiles of strain and disorder in the sample [12, 24, 78]. Therefore by 

measuring the center, full width at half maximum (FWHM) and the intensity of the peak 

from diffraction patterns as a function of delay time, a thorough characterization of 

structural dynamics can be monitored. In the following sections the steps of extracting the 

information of polycrystalline diffraction patterns are discussed in more details. . 

 

Figure 3.11. Different types of transient distortions and their effects on the Bragg peak.

 

3.2.1 Extraction of Intensity Curve from Polycrystalline Diffraction Patterns 

 

Diffraction patterns of polycrystalline, liquid and amorphous substances have 

circular symmetry around the center of primary electron beam (undiffracted). Once this 

center pixel coordinates  (xc, yc) are determined,  a one dimensional radial intensity 

profile curve can be generated by averaging the intensity of pixels at a given radius in a 
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two dimensional diffraction pattern.  The radius (rxy), which is the distance from the 

center to a pixel located at (x, y) coordinate, can be calculated by:  

22 )()( yyxxr ccxy −+−=     (3.40) 

The conversion of 2D diffraction pattern to 1D intensity profile curve I(r) is done by a 

home-made software, where the initial (xc, yc) is fed in to generate the first I(r). The 

initial (xc, yc) value are determined by measuring the centroids of primary beam in an 

unsaturated image obtained using short exposure time. Then, the software maximizes a 

given Bragg peak intensity, for example (111) peak intensity, by adjusting the values of 

(xc, yc). Due to the circular symmetry, the highest (111) peak value in I(r) corresponds to 

the ture center of diffraction pattern, assuming there is no distortion or saturated points 

within a given radius. Then, the final radial profile curve is generated with this diffraction 

center for further data analysis.  

 

3.2.2 Background Correction of Time-Resolved Diffraction Patterns 

 

In a FED experiment, there are several different types of background that tend to 

deteriorate the diffraction pattern. The sample can scatter the pump laser beam. When the 

pump intensity is high, X-ray, UV and IR, secondary electrons, or ions can be generated 

from the sample. These particles once detected in the MCP will pass through the imaging 
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Figure 3.2. The radial profile of freestanding Al film before and after correction of background. Left 
panel: Top curve shows the radial profile of freestanding Al film. Bottom curve is radial profile curve 
of background. Right panel: Background subtracted radial profile curve. 
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system and register as background. There are also different types of backgrounds in CCD 

camera such as dead pixels and thermal noise. With proper treatment of the radial profile 

curve, in most cases these backgrounds can be corrected (see Chapter 3.2.3). 

One effective method of background removal is through the subtraction. This is 

done in FED experiments by taking two images at each delay time, one with probe e-

beam and one with e-beam blocked, then obtaining the difference intensity profile curve 

between them. Taking the background images by blocking the electron beam assures the 

same experimental condition and avoids the possible artifact. In this way, most 

backgrounds including photons, dead pixels in CCD camera can be removed in time-

resolved diffraction patterns. The radial profile of time-resolved and background data 

with the same center are shown in left panel of Figure 3.12. After ~ 300 pixels in radius 

the intensity of the background increases, thus the radial profile curve too. Right panel is 

the background subtracted radial profile graph. From this figure we can see that the 

background can be removed effectively by this method. 

 

3.2.3 Background of Radial Profile Curve 

 

After the removal of background in the radial profile curve, the peaks must be 

separated from the broad background for further data analysis. Several factors, such as 

incoherent scattering and independent coherent scattering, contribute to this background 

[79]. This background intensity is removed by fitting the radial profile to either a 

biexponential function at selected points or a tangential line (linear background 

subtraction) to the background, as shown in Figure 3.13. For a biexponential function the 

background which is mentioned in the previous section must be corrected first since 

when the radius is larger, the background is stronger thus the broad background cannot fit 

to the biexponential function. For the linear background subtraction the background 

correction process is not necessarily required. This is valid only if the background is a 

smooth function and the signal is much stronger than the background. The advantage of 

the linear background subtraction is that most background can be effectively removed 

without taking the background images. Also by reducing one process at each delay time 
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A. Biexponential function fitting. 
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B. Linear background subtraction. 
  
 
Figure 3.13.  The original radial profile curve (Left Panel) and the corresponding background free curve 
(Right Panel). A. biexponential function is used to fit the background. B. linear background subtraction. 
C. linear background subtraction for single peak. Compare to the biexponential fitting, some signal are 
lost after the linear background subtraction. 

since the background images should be taken under the same experimental condition, the 

sample can endure longer time than normal. 

 

3.2.4 Fitting the Radial Profile Curve to Peak Functions 

 

After removing the background, the Bragg peak can be fit to a peak profile 

function to determine the peak center, FWHM and intensity. Let us think of diffraction 

pattern from a statistical point of view. Each electron in the probe beam diameter is a 

center of diffraction. Their distribution can be considered as a normal distribution since 
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Figure 3.14. Lorentzian and Gaussian shapes are used to fit the radial profile. Inset: detailed view of 
profile curve. Lorentzian shape in general give a better overall fitting result than Gaussian shape. The 
biexponential function is used to fit the background.  

the shape of unscattered electron beam is Gaussian. Thus the resulting peak shape can be 

usually considered as a normal distribution or Gaussian. But there is always extraneous 

broadening due to causes such as small particle size, imperfect focusing, or the 

wavelength spread [79-81] which are grouped under instrumental broadening except the 

small particle size. The radial profile for the sample is a convolution of all these 

broadening effects. Thus, in most cases, the curves are neither pure Gaussian nor pure 

Lorentzian, and vary from sample to sample, so that it is very unsafe to make any use of 

relations involving assumed shapes for the curves [80]. 

Both Lorentzian and Gaussian shapes are used to fit the radial profile. Their 

function forms are given in Equation (3.41):    

Lorentzian shape: 0 2
0

2

4( )

A
y y

x x 2

σ
π σ

= +
− +

   (3.41.a) 

where y0 is base line, x0 is a center of peak, A is intensity of a curve, and σ is a 

FWHM. 

Gaussian shape: 

2
0
2

( )

2
0

2

x x
A

y y e σ

σ π

−
−

= +    (3.41.b) 
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where y0 is base line, x0 is a center of peak, A is intensity of a curve, and 

2 2ln 2σ  is a FWHM. 

In a diffraction measurement, the average grain size can be estimated by 

removing the instrumental broadening through deconvolution. The instrumental 

broadening at a particular Bragg peak can be calibrated using a high quality single crystal 

sample with its size large enough to essentially eliminate the effect of particle-size 

broadening. Since the electron beam size in FED experiment is quite large (~300 µm) and 

the domain size distribution in poly-crystalloine sample is quite broad, we use a different 

approach to measure the laser-induced lattice strain dynamics. The diffraction patterns 

without the pump laser are also recorded at each time delay and used as a reference for 

data analysis. Then, the ratios of peak fitting results between diffraction patterns with and 

without pump at each delay time are used to monitor the expansion, contraction and 

inhomogeneity in the lattice.  

The fitting results of a typical radial profile curve I(r) to Lorentzians (blue line) 

and Gaussians (red line) are presented in Figure 3.14. The I(r) curve is obtained from a 

freestanding 20 nm thick Al film using 60 kV electron pulse. It appers that the Lorentzian 

shape gives an overall better fitting than the Gaussian shape. However, the ratios between 

the values of peak fitting parameters (peak center, FWHM, and intensity) between 
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Figure 3.15. Left panel: Temporal evolution of peak center.  The top curve is without pump and the 
bottom curve is with pump. The curve without pump shows the extraneous change as a function of time, 
deviates from a straight line. Right panel: Normalized peak center as a function of delay time. The 
extraneous change has been corrected. 
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diffraction patterns with pump and without pump do not depend significantly on which 

shape profiles are used. 

Another advantage of using the ratio of peak fitting parameters to follow the 

lattice dynamics is that it can correct any extraneous changes, such as probe electron 

beam walking, long-term system drift, residue heating effect, etc, as shown in Figure 

3.15. In left panel, the top curve is without pump and the bottom curve is with pump. The 

top curve shows the extraneous change, which is not related to the time-resolved 

experiment. In an ideal case, it should be a straight line. In our experiment it can be 

considered as a noise that must be removed. By normalizing these two curves, this 

extraneous change is removed, as shown in the right panel. 

 

3.2.5 The Temporal Evolution of Thermal Lattice Motions 

 

The temporal evolution of thermal lattice motions, or lattice temperature Tl, can 

be determined from the fitted peak intensity change as function of pump-probe delay 

times. At a finite temperature, the diffraction signal is affected by the random motions of 

atoms in the crystal. Thermal motion tends to destroy the phase coherence of diffraction 

beam and results in the decreasing of intensity of Bragg peak, dubbed as Debye-Waller 
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Figure 3.16. Normalized peak center for Al as a function of temperature. The fitting value of linear 
expansion coefficient was (22 ± 3)×10-6 m/K which is essentially the same with bulk value 23.1×10-6 
m/K. 
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effect. To extract the absolute lattice temperature requires the accurate calibration of 

Debye-Waller factor. For calibration, three different methods were used to determine the 

lattice temperature jump (∆Tl) induced by pump laser beam for the. In the first approach, 

∆Tl is estimated by measuring the amount of absorbed optical energy and dividing it by 

the film heat capacity (Cl) assuming Cl has the bulk value. For a 200 Å thick Al film 

excited with 40 µJ energy per pulse and 2 mm beam diameter at 800nm (fluence is 1.27 

mJ/cm2), the absorbed energy is 3.63 µJ assuming 9.08 % absorption [74]. Using the 

specific heat of 0.904 J/g/K and density of 2.7 g/cm3 [82], the temperature change is 

estimated to be 23.7 K. 

The second method uses the peak center change divided by the thermal expansion 

coefficient to derive the temperature change induced by the laser excitation. To ensure 

the accuracy of temperature measurement, we first calibrate the thermal expansion 

coefficient of Al film by varying its temperature over a large range with our static TEM 

heating stage. The data and the fitting results are shown in Figure 3.16. The fitting value 

is (22 ± 3)×10-6 m/K which is essentially the same as the bulk value of 23.1×10-6 m/K 

[82]. By measuring the lattice expansion at its new equilibrium position and dividing it 

with the linear expansion coefficient of aluminum (Figure 3.17), the temperature change 

was 20.5 K, which is good agreement with that obtained using heat capacity.  
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Figure 3.17. Temporal evolution of averaged peak centers with new equilibrium position. By 
measuring the lattice expansion at its new equilibrium position and dividing it with the linear expansion 
coefficient of aluminum, the temperature change was determined to be 20.5 K. 
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The third method uses the Debye-Waller factor. The thermal motion of atoms in 

crystal tends to destroy the phase coherence of the diffracted beam and leads to a 

decreasing in Bragg peak intensity, which can be expressed as: 

 2 212( , , )exp ( )
3

I F h k l u T
hkl

⎡ ⎤∝ − < >⎢ ⎥⎣ ⎦
K    (3.42) 

where <u2(T)> is the mean-square displacement of an atom, and K is the momentum 

transfer vector which equals to 1/dhkl. In this method, the sample is mounted in the 

temperature controllable sample holder, and the Debye-Waller factor can be determined 

by measuring the Bragg intensity drop as a function of sample temperature. This should 

be performed with the same sample under the identical experimental condition since the 

diffraction intensity is determined by the grain size and thin-foil effects which are sample 

dependent (Chapter 3.1.4).  

To measure the sample temperature using the Debye-Waller factor, we use the 

value of relative Bragg peak intenisty to eliminate any extraneous change that might be 

introduced from the frame-to-frame diffraction intensity fluctuation and long-term FED 

system drift. We use intensity of (111) peak as a reference, since its intensity attenuation 

due to Debye-Waller effect is much smaller than that of (311) peak. The lattice 
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Figure 3.18. Calibratiion of the Debye-Waller factor by varying film temperature. Intensity of (311) 
peak was normalized to intensity of (111) peak as a function of temperature. 
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temperature data were obtained by first calculating the (311) peak intensity then 

normalizing to that of the (111) peak for each diffraction intensity curve at a given delay 

time. Then, this normalized intensity was converted to lattice temperature using the 

Debye-Waller factor, which is calibrated by taking static diffraction data at different film 

temperatures. 

Assuming the intensities of (111) and (311) Bragg peaks are: 

(111)0
(111) (111)( )

a T
I T I e

−=      (3.43.a) 

(311)0
(311) (311)( )

a T
I T I e

−=      (3.43.b) 

By dividing these two equations we get: 

0( ) aTI T I e−=       (3.44) 

where (311)

(111)

( )
( )

( )

I T
I T

I T
= , 

0
(311)0
0
(111)

I
I

I
= , and (311) (111)a a a= −  

This equation can be linearized by taking the logarithm on both sides: 

0ln ( ) lnI T I aT= −      (3.45) 

By fitting the static temperature dependent data to this equation, we can get I0 and a, as 

shown in Figure 3.18. To determine sample temperature evolution, we first measure the 

averaged diffraction intensity for a given Bragg Peak before time zero, , and the 1( )I T

-10 0 10 20 30
5600

6000

6400

6800

7200

 

 

(3
1

1
) 

In
te

n
si

ty
 (

 a
.u

. 
)

Time Delay ( ps )

-10 0 10 20 30

0.078

0.080

0.082

0.084

0.086

0.088

0.090

 

Time Delay ( ps )

N
o

rm
a
liz

e
d

 (
3

1
1

) 
In

te
n

si
ty

 (
 a

.u
. 

)

30

25

20

15

10

5

0

-5

∆
T

 ( K
 )

Figure 3.19. Temporal evolution of (311) peak intensity. Left panel:Original (311) peak intensity data. 
Right panel: (311) peak intensity after being normalized to (111) peak. The corresponding temperature 
change is also shown.  
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corresponding intensity after time zero : 2( )I T

20
2( ) aTI T I e−=       (3.46.a) 

10
1( ) aTI T I e−=       (3.46.b) 

By obtaining their ratio: 

2

1

( )

( )
a TI T

e
I T

− ∆=       (3.47) 

the sample temperature T2 =∆T+ T1 at any given delay time,  can be calculated with the 

calibrated a value using Equation (3.47).  

The temporal evolution of the (311) peak before normalization is shown in left 

panel of Figure 3.19. It displays quite large intensity fluctuations. The (311) peak 

intensity normalized to the (111) peak for each diffraction intensity curve is shown in the 

right panel. In contrast, the intensity fluctuation has been corrected after the 

normalization. 
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CHAPTER 4 

DIRECT AND REAL-TIME PROBING OF BOTH COHERENT AND 

THERMAL LATTICE MOTIONS 

 

The study of structural dynamics on the fundamental level (100 fs ~ 1 ps) requires 

directly monitoring the atomic motions on milli-ångström length scale and on the relevant 

time scale of 10-12 s or less. Previously, only femtosecond (fs) time-resolved optical 

measurements could provide adequate temporal resolution, albeit with indirect sensitivity 

of structural arrangement [56]. Recent developments in time-resolved diffraction 

including X-ray [23, 25, 26, 57] and electron diffraction [29, 34, 36, 38, 39, 42, 45, 58-

60] have led to the capability of directly observing the laser-induced loss of long-range 

order [25, 27, 45, 61, 62]. However, a clear picture of lattice dynamics initiated by fs 

optical excitation remains obscure. This chapter presents a direct and real-time 

measurement of both coherent and thermal atomic motions in thin-film aluminum using 

femtosecond electron diffraction (FED) [43] with an unprecedented spatial and temporal 

resolutions. We demonstrate a coherent lattice oscillation with a period of 6.4 ps starting 

immediately after optical excitation with concurrent lattice heating, reaching a final 

equilibrium temperature 1.9 ps later. 

 

4.1 Experimental 

 

The polycrystalline thin-film aluminum samples with nominal thickness of 20 ± 

3.0 nm were prepared by thermal evaporation of Al in high vacuum on freshly cleaved 

NaCl single-crystal substrates. They were detached in a solvent and transferred to TEM 

grids as free-standing films. To ensure a uniform excitation of probed sample volume, the 

excitation optical beam size (~2 mm) was set about six times larger than that of the probe 
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electron beam (~300 µm). In each FED experiment, the electron pulse width was 

measured by a homemade streak camera. Assuming Gaussian shape, the electron pulse 

width is: 22
unstrse WWk −⋅=∆τ , where ks (~150 fs/pixel) is the streaking speed, and Wstr 

and Wun are the respective full width at half maximum (FWHM) of electron beam sizes 

for streaked and un-streaked pulses. For the low electron beam intensity (<1000 e-/pulse) 

used in the experiment, the temporal pulse width was determined to be less than the 400-

fs resolution of our streak camera. The overall temporal resolution, convoluting the 

excitation laser pulse width, probe electron pulse width and the temporal degradation 

[13], was less than 500 fs [42]. To avoid any possible sample damage after extended 

exposure to the pump laser pulses, the laser excitation fluence was kept lower than 3 

mJ/cm2. In addition, the diffraction patterns without the pump laser were also recorded at 

each time delay and used as a reference to correct any extraneous changes, such as 

electron beam walking and inherent long-term system drift. 

 

4.2 Coherent Lattice Motions 

-5 0 5 10 15 20 25 30 35

0.00

0.04

0.08

0.12

0.16

0.20

0.24

0.28
 

 

C
h

a
n

g
e
 o

f 
B

ra
g

g
 P

e
a
k
 P

o
si

ti
o

n
 (

 %
 )

Time Delay ( ps )

 (111)

 (311)

 
Figure 4.1. Temporal evolution of (111) and (311) Bragg peak positions. Positive time delays 
correspond to probe electron pulses arriving after the excitation laser pulses. The error bars represent 
one standard deviation from the Gaussian peak profile fitting. Solid lines are fits to the data using a 
damped oscillator model. 
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Figure 4.2. The Fourier transform of 
vibration data for the (111) Bragg ring. 
A single peak centered at ~ 0.16 THz, 
which is corresponding to 6.4 ps. 

The temporal evolutions of (111) and 

(311) Bragg peak positions as a function of delay 

times are summarized in Figure 4.1. A few 

features are immediately noticeable. First, the 

Bragg peak starts an oscillatory motion centered 

at a newly established and reduced Bragg ring 

radius (expanded equilibrium lattice constant). 

Second, the vibration has a maximum 

displacement at time zero and displays a nearly 

cosine time dependence, indicating a displacive 

excitation mechanism [84]. Third, all Bragg peaks 

oscillate perfectly in phase with one another with the same vibrational period. We fitted 

the vibration data with a damped oscillation formula [85-88] and obtained the same 

vibrational period of 6.4 ± 0.5 ps and damping time constant of 20 ± 2 ps for all the 

Bragg peaks to within one standard deviation. The Fourier transform of vibration data for 

the (111) Bragg ring that is shown in Figure 4.2 gives a single peak centered at ~ 0.16 

THz, which is in excellent agreement with a 6.4-ps vibration period and indicates only a 

single mode of acoustic wave was launched. We also conducted power-dependent 

measurements and found that the vibration amplitude is proportional to the excitation 

laser fluence (Figure 4.3) with no observable change of the vibrational period in the 
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Figure 4.3. The power-dependent measurements of Bragg peak position. The fluence range was from 
1.38 to 2.29 mJ/cm2. The vibration amplitude is proportional to the excitation laser fluence with no 
observable change of the vibrational period.  
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fluence range of 1.38 to 2.29 mJ/cm2. 

The Bragg peak oscillations observed with FED are correlated with the actual 

breathing motion of the Al film along the surface normal generated by impulsive fs 

optical excitation. After excitation, nearly uniform ultrafast heating across the thin film is 

induced, both from enhanced hot electron transport [9] and strong electron-phonon 

scattering [89]. This establishes a new, expanded, equilibrium lattice position in a 

timescale shorter than the lattice response time. Under this nearly impulsive and 

displacive excitation [84, 90], a coherent lattice vibration (coherent longitudinal acoustic 

phonons) centered at the new equilibrium position is launched along the direction of the 

surface normal. In the free-standing film with open-boundary conditions, a one-

dimensional (1-D) standing wave is formed with the corresponding vibrational period  

given by, T = 2L/v, where L is film thickness and v is the longitudinal sound velocity [91, 

92]. This breathing motion generates an uneven stretch and compression to the film along 
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Figure 4.4. A breathing motion along the surface normal. The uneven stretch will reduce the angle θ 
between a given Bragg plane and the surface normal while l is remained as a constant. This causes the 
interplane spacing d expanding. Consequently the radius of Bragg ring, r, is reduced by ∆r. 
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the surface normal, that is, the atoms at the center of the film remain stationary, while the 

atoms at the two open surfaces experience the biggest vibration. This uneven stretch will 

reduce the angle θ between a given Bragg plane and the surface normal as shown in 

Figure 4.4. As a consequence, the inter-plane spacing d is expanded and resulting in 

contraction of the Bragg peak radius. This can be quantitatively expressed as d = l cosθ, 

since l is maintained as a constant while θ will be changed during stretching and 

compression. In the diffraction pattern, this periodic breathing motion will be exhibited as 

an oscillation of the Bragg ring radius for polycrystal films. The vibrational period of 6.4 

ps recorded with FED is in very good agreement with the 1-D standing wave condition, 

by using the nominal average film thickness (L) of 20 ± 3.0 nm and sound velocity of 

6420 m/s [83]. Importantly, the observed in-phase oscillation of all the Bragg peaks 

supports the single phonon mode resulting from nearly uniform film heating, and is 

distinct from the widely used surface heating excitation approach [91, 93, 94]. In surface 

heating, since the film thickness is much larger than the light penetration depth, thermal 

expansion into the film launches a longitudinal acoustic pulse propagating normal to the 

plane of the film with many wavevector components, up to the inverse of the optical 

excitation depth. 

The above results also demonstrate the ability to determine the lattice constant 

change with sub-milli-ångström accuracy on the ultrafast timescale with FED. For small 

angle diffraction with Bragg angle less than 1.6° in the current experiment, the relative 

change of linear Bragg peak position (Bragg ring radius ∆r/r ) recorded in the diffraction 

pattern equals the relative change of lattice plane spacing (∆d/d ) according to Bragg’s 

Law. This detection sensitivity of 0.02% relative Bragg peak position change corresponds 

to a spatial resolution less than a milli-ångström. 

 

4.3 Thermal Lattice Motions 

 

To gain a more complete picture of the lattice dynamics, we also measured the 

temporal evolution of thermal lattice motions (lattice temperature Tl) by monitoring the 

associated Bragg peak intensity attenuation with FED. The temporal evolution of lattice 

temperature measured with FED is displayed in Figure 4.5. These data were obtained by 
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first calculating the (311) peak intensity then normalizing to that of the (111) peak for 

each diffraction intensity curve at a given time delay. Then, this normalized intensity was 

converted to the lattice temperature using the Debye-Waller factor [55], calibrated by 

measuring the lattice expansion at its new equilibrium position and dividing it with the 

linear expansion coefficient of aluminum [83]. This approach is valid under the 

kinematical diffraction theory, which holds well in the current experiment considering 

that the mean free path for elastic scattering of 60 KeV electrons in Al is more than 50 

nm [95]. The time constant of τe-ph = 600 ± 100 fs for the lattice thermalization was 

obtained by fitting the data with an exponential function (solid line in the Figure 4.4). 

Importantly, the time for the lattice to reach its final equilibrium temperature (~1.9 ps) is 

comparable to one quarter of the vibrational period. At this time the coherent lattice 

vibration nearly reached its new equilibrium with highest vibration speed. These 

observations clearly show that the two modes of lattice motions, namely both coherent 

vibration and random thermal motions, are taking place concurrently after the optical 

excitation.  

In contrast to the large intensity modulation in poly-atomic single crystals 
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Figure 4.5. Temporal evolution of lattice temperature as a function of delay times. The solid line is a fit 
to the data using an exponential function with a time constant τe-ph = 600 ± 90 fs. 
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previously observed under strong excitation conditions [12, 96], no Bragg peak intensity 

oscillation associated with coherent lattice vibration was detected under the current lower 

optical excitation (~ 2.3 mJ/cm2).  We believe that because Al is a mono-atomic crystal 

with only one atom per unit primitive cell, the Bragg peak intensity (proportional to the 

square of structural factor) is solely determined by the atomic scattering factor. In general 

this is a slow decaying function of diffraction angle [55]. Consequently, the intensity 

modulation induced by the coherent breathing lattice vibration is minimal, in contrast to 

the much larger intensity modulation arising from the large structural factor change due 

to the interference effect between different scattering centers in poly-atomic crystals [12, 

96]. 

The time constant of actual lattice thermalization (τe-ph) as measured by FED is 

several times longer than that predicted by the two-temperature model simulation (TTM) 

[97], using an optical absorption depth of 7.4 nm [74] and the parameters for Al [89]. As 

pointed out by a previous study [89], by assuming instantaneous electron thermalization, 

TTM tends to significantly overestimate the e-ph coupling strength and predicts a much 

faster lattice heating rate. The lattice thermalization time measured with FED is in very 

good agreement with a more recent theoretical study using a refined model combining 

both TTM and molecular dynamics simulation [98] and a recent measurement of ultrafast 

heating of Al using transient optical reflectivity, where approximately 2-ps lattice heating 

time was observed [99].  

 

4.4 Conclusion 

 

The results presented here provide a new approach to identify the mechanisms of 

laser-induced ultrafast solid-liquid phase transition, either thermal or non-thermal 

melting, by directly probing the different temporal evolution of their diffraction patterns. 

For laser-induced thermal melting, the phase transition proceeds by nucleation and 

subsequent cluster growth and the energy is transferred from electrons to the lattice in the 

form of heat. The time scale for this type of phase transition will be in the range of a few 

picoseconds [45, 100], longer than the electron-phonon thermalization time. On this time 

scale large coherent lattice motions induced by the high excitation fluence required for 
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melting will be launched before the solid elasticity has been destroyed by the melting. 

Accordingly, the temporal evolution of diffraction patterns will proceed with progressive 

Bragg peak shifting and concurrent intensity attenuation until the Bragg peak finally 

disappears due to the loss of long-range-order. In contrast, non-thermal melting is related 

to band structure collapse and lattice instability resulting from a strong electronic 

transition from bonding to anti-bonding states [101, 102], so this melting will complete in 

a few hundred fs. Since no coherent lattice motions are involved, the diffraction patterns 

will only show continuous Bragg peak intensity attenuation with possible width 

broadening. Currently, the experiments for identifying these different melting pathways 

in poly-crystalline Al thin film under different excitation fluences are being conducted 

using the sub-ps single-shot diffraction equipment in our lab. 
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CHAPTER 5 

OPTICAL CONTROL OF COHERENT LATTICE MOTIONS 

PROBED BY FEMTOSECOND ELECTRON DIFFRACTION 

 

Coherent control utilizes classical or quantum interferences to manipulate the 

electronic and structural responses of atoms, molecules and crystals. It provides a unique 

way of driving samples into non-equilibrium states not accessible by conventional means. 

The most widely used control schemes correlate the involved states with excitation 

photons, either by adjusting their state properties via manipulating parameters of the 

excitation optical field [103], or by adjusting the phases of the states by controlling 

arrival times of ultrashort optical pulses [104, 105].  Specifically, a pulse shaper has been 

used in the former method to change the field’s spectral and temporal characteristics 

[103]. Optical control of coherent lattice vibrations in crystals using the latter approach 

has been reported using time-resolved optical spectroscopy to monitor the associated 

periodic modulation of reflection or transmission signals, thus controlling the coherent 

phonons via indirect probes [106-109]. Recent advances in time-resolved diffraction have 

provided the capability of direct measurement of the coherent lattice vibrations by 

monitoring the corresponding diffraction signal change on the ps and sub-ps time scale 

[12, 42, 45, 60, 92, 96]. Coherent control of acoustic phonons using Bragg peak intensity 

change recorded with ps x-ray diffraction has been demonstrated [94]. In the following 

sections the optical control of coherent lattice motions in a thin-film Al sample probed 

with femtosecond electron diffraction are presented [9]. 

 

5.1 Experimental 

 

The coherent lattice vibrations were excited by ultrafast heating of the Al film with 50-fs 

near infrared (790 nm) laser pulses. To avoid any possible sample damage after extended 
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exposure to the pump laser pulses, the laser excitation fluence was kept lower than 1.5 

mJ/cm
2
. In addition, the diffraction patterns without the pump laser were also recorded at 

each time delay and used as a reference to correct any extraneous changes, such as 

electron beam walking and inherent long-term system drift. The polycrystalline thin-film 

aluminum samples were prepared by thermal evaporation of Al in high vacuum on 

freshly cleaved NaCl single-crystal substrates, then detached and transferred in a solvent 

to TEM grids as free-standing films. The film thickness of 25 ± 5.0 nm was measured 

with an in-situ quartz crystal thickness monitor.  

Following the time-domain two-pathway-interference approach [94, 104, 110], a 

Michelson interferometer was set in the laser path leading up to the sample to generate 

two excitation laser pulses separated by a well defined time delay. In the interferometer, 

each incoming optical pulse was divided into two equal parts by a 50-50% beam splitter 

and their time delay after exiting the interferometer was adjusted by changing the length 

difference between the two arms. Additionally, a quarter wave-plate was added in one 

arm and used in combination with a polarized beam splitter after the interferometer for 

controlling the energy ratio between the two beams (see Figure 5.1). 
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Figure 5.1. Schematic of experimental setup for coherent control of lattice vibrations. A Michelson 

interferometer was set in the laser path leading up to the sample to generate two excitation laser pulses 

separated by a well defined time delay. In the interferometer, each incoming optical pulse was divided 

into two equal parts by a 50-50% beam splitter and their time delay after exiting the interferometer was 

adjusted by changing the length difference between the two arms. Additionally, a quarter wave-plate 

was added in one arm and used in combination with a polarized beam splitter after the interferometer 



5.2 Optical Control of Coherent Lattice Motions 

 

The temporal evolution of (200) and average of all Bragg lattice plane spacing 

with a single pulse are shown in the Figure 5.2. After optical excitation, the Bragg plane 

starts an oscillatory motion centered at a newly established and expanded equilibrium 

lattice position. The vibration has a maximum displacement at time zero and displays a 

nearly cosine time dependence, indicating a displacive excitation mechanism [84]. The 

solid curves in Figure 5.2 are fits to the experimental data with a model of damped 

oscillation [85-88]. For (200) data, the oscillatory part gives a vibrational period of 8.7 ± 

0.2 ps (~0.115 THz) and a damping time constant of 59 ± 7 ps. The Fourier transform of 

(200) peak oscillation is also shown in Figure 5.3 with a single peak centered at 0.114 

THz, which is consistent with the oscillation period of 8.7 ps obtained from the fitting. 

Using the nominal average film thickness (L) of 25 ± 5.0 nm and sound velocity of 6420 

m/s [83], this 8.7 ps is in good agreement with the vibrational period of a 1-D standing 
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Figure 5.2. Temporal evolution of crystal plane spacing. The averaged data are obtained by arithmetic 
averaging of all the Bragg peak vibration data. The time step is 530 fs. Positive time delays correspond 
to the arrival of probe electron pulses after the excitation laser pulses. The error bar represents the one-
standard deviation in the Gaussian peak profile fitting. The solid curves are fits to the experimental 
data. 
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wave T = 2L/v.  

As shown in the Figure 4.3 power-

dependent measurements show the vibration 

amplitude to be proportional to the excitation 

laser fluence with no observable change of the 

vibrational period. This makes it possible to 

control the lattice dynamics with a sequence 

of pulses by adjusting their relative intensities 

and time delays. The coherent lattice motions 

generated with the two-pulse excitation 

scheme are shown in Figure 5.4. By setting 

the time delay between the two optical pulses equal to one vibrational period, 

constructive interference was created between the two acoustic waves in the film. 

Compared with the single pulse data in Figure 5.2, the vibrational amplitude was nearly 

doubled at a given time delay, indicating in-phase constructive interference. In contrast, 
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Figure 5.3. The Fourier transform of the 
temporal evolution of the (200) Bragg peak 
oscillation. The peak frequency is ~ 0.114 
THz, corresponding to 8.7 ps vibrational 
period.  
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Figure 5.4. Coherent control of lattice vibrations using a pair of excitation laser pulses. The upper curve 
corresponds to the in-phase condition, with the time delay between the two pulses equals to one 
vibrational period. The lower curve corresponds to the out-of-phase condition with a time delay of one 
half of the vibrational period. 
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by setting the time delay equal to a half vibrational period and the second pulse energy 

equal to approximately 92% of the first pulse to match the amplitudes of the two acoustic 

waves at a half vibrational period, the lattice vibration was completely silenced due to 

out-of-phase destructive interference. In this out-of-phase condition, the lattice was 

driven to a new equilibrium position within 10 ps. This ability to steer the lattice to a new 

equilibrium position in less than 10 ps can be used for ultrafast optical switching, such as 

slicing a portion of x-ray pulse generated at synchrotrons, which was recently 

demonstrated on the 100 ps time scale [111]. 

 

5.3 Summary 

 

The coherent lattice vibrations excited with fs optical pulses were directly probed 

using femtosecond electron diffraction with sub milli-ångström spatial resolution and on 

the sub-ps time scale. Using a sequence of excitation pulses, we demonstrated that the 

coherent lattice vibration can be either amplified or suppressed, which opens doors to 

control the heat and coherent excitation in solids using fs laser pulses. These observations 

show that FED now has the potential to be used as a time-domain phonon spectroscopy 

tool for investigating the interaction of phonons with electronic and other excitations in 

solid materials, where coherent phonons, optical or acoustic, can be generated via 

impulsive optical excitation. 
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CHAPTER 6 

MECHANISM OF COHERENT ACOUSTIC PHONON 

GENERATION UNDER NONEQUILIBRIUM CONDITIONS 

 

Coherent phonons in solids can be generated by impulsive optical excitation and 

their generating mechanisms have been studied extensively. In transparent media, 

coherent optical phonons are initiated via impulsive stimulated Raman scattering (ISRS) 

[112, 113]. In absorbing materials, several mechanisms have been proposed, including 

displacive excitation of coherent phonons (DECP) [84, 114] and, more recently, resonant 

ISRS [90]. For coherent acoustic phonons the most widely used generation scheme is 

through ultrafast heating of thin films [91] and nanoparticles [115-117].  In these cases 

associated acoustic phonons are standing waves with phonon period proportional to the 

particle radius or film thickness. Previously, optical pump-probe studies [89, 115, 118] of 

acoustic phonons generated via ultrafast heating indicate that the electron pressure might 

play an important role in driving coherent acoustic phonons. However, quantitative and 

direct measurements of the contributions of electron and lattice heating in driving 

coherent acoustic phonons have, to date, remained elusive.  

 

6.1 Coherent Acoustic Phonon 

 

The mechanism of coherent acoustic phonon generation was investigated using 

FED by directly monitoring the relevant lattice dynamics in real time. The coherent 

acoustic phonons associated with a single-mode one-dimensional (1-D) standing wave 

were generated by fs optical excitation of a thin polycrystalline Al film [9]. The thin-film 

samples were prepared by thermal evaporation of Al in high vacuum on freshly cleaved 

NaCl single-crystal substrates, then detached in a solvent and transferred to TEM grids as 
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free-standing films. A film thickness of 20 ± 3.0 nm was measured during evaporation 

with a quartz crystal thickness monitor. The pump laser pulses, with wavelength centered 

at 790-nm and 50-fs temporal duration, were focused down to a ~2 mm spot on the film 

surface at an incident angle less than 10°. After the absorption of optical pulses, a new 

and expanded equilibrium lattice position was established from the nearly uniform and 

ultrafast heating of thin film [43], thus causing a highly stressed state in a timescale faster 

than the lattice can respond. Consequently, a coherent lattice vibration centered at the 

new equilibrium position was launched in the form of acoustic waves [9, 12, 89, 92, 115, 

118]. Since the linear dimension of the excitation laser beam (~ 2 mm) is much larger 

than the film thickness, this lattice motion can be treated as one-dimensional along the 

direction of surface normal with open-end boundary conditions (free-standing film). This 

leads to the creation of a 1-D longitudinal standing sound wave (a breathing motion along 

the surface normal) in the Al film with a vibration period of T = 2L/v, where v is the 

longitudinal sound velocity of 6420 m/s [83]. 

 

6.2 Experimental 

 

Structural dynamics associated with the coherent acoustic phonons were probed in 

real time with transmission femtosecond electron diffraction [42] inside a UHV chamber 

with a base pressure less than 3×10-10 torr. The probe electron beam with a diameter of 

330 µm was directed normal to and spatially overlapped with pump laser beam on the 

film surface. Delay times between the pump and probe pulses were controlled by varying 

their relative optical path length difference. To maintain optimal temporal resolution, the 

probe electron beam intensity was set very low; containing less than 1000 e-/pulse. The 

corresponding temporal pulse width was less than 400-fs as determined in-situ with our 

streak camera [43]. The overall temporal resolution, convoluting the excitation laser 

pulse width, probe electron pulse width and the temporal degradation, was less than 500 

fs [43]. In the FED measurements, the laser excitation fluence was kept less than 3 

mJ/cm2 and no sample damage was observed even after extended exposure to pump laser 

pulses. Additionally, diffraction patterns without the pump laser were also recorded at 
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each time delay and used as a reference for data analysis to correct any extraneous 

changes, such as probe electron beam walking and long-term system drift.  

 

6.3 Two Modes of Lattice Motions 

 

The temporal evolution of (311) Bragg peak positions is shown in Figure 6.1. 

After optical excitation (2.3 mJ/cm2), the peak starts its oscillation centered at a reduced 

Bragg ring radius (expanded equilibrium lattice constant). The vibration has a maximum 

displacement at time zero and displays nearly a cosine time dependence similar to the 

DECP excitation [84]. The corresponding Fourier transform of vibration data yields a 

single peak centered at 0.16 THz. The corresponding 6.3 ps vibrational period is in 

excellent agreement with the 1-D standing wave condition T = 2L/v, by using the nominal 

average film thickness (L) of 20 ± 3.0 nm and sound velocity of 6420 m/s. The temporal 

evolutions of all the other Bragg peak positions were also analyzed and found to oscillate 
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Figure 6.1. Temporal evolution of (311) Bragg peak positions. Positive time delays correspond to probe 
electron pulses arriving after excitation laser pulses. The error bar represents one-standard deviation in 
the Gaussian peak profile fitting for determining the peak centers. The solid line is the fit to the 
experimental data using equation (6.2). The dashed curve is a fit excluding σe, which lags behind the 
data with a phase shift of approximately 18˚.  Inset: Detailed view of the above two fitting results in the 
range of -0.5 to 2.5 ps.  
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perfectly in phase with one another with the same vibrational period. This in-phase 

oscillation of all the Bragg peaks indicates that a single phonon mode correlated with the 

breathing motion along the surface normal was generated from nearly uniform heating of 

the film [9].  

To gain a complete picture of the lattice dynamics, we also measured the temporal 

evolution of lattice temperature Tl by monitoring the associated Bragg peak intensity 

attenuation as a function of pump-delay time, as displayed in Figure 6.2. These data were 

obtained by first calculating the (311) peak intensity then normalizing to that of the (111) 

peak for each diffraction intensity curve at a given time delay (see Chapter 5). We then 

converted this normalized intensity to lattice temperature using the Debye-Waller factor 

[55] calibrated with the static diffraction data by varying the film temperature in the 

range of 320 to 530 K (Figure 5.9.). The time constant of τe-ph = 600 ± 100 fs for lattice 

thermalization, together with the timezero uncertainty of 90 fs, were extracted by fitting 

the data with an exponential function (solid line in the Figure 6.2). The corresponding 

lattice heating time of 1.8 ps is in excellent agreement with more recent studies of 

ultrafast heating of Al using transient optical reflectivity, where a approximately 2-ps 
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Figure 6.2. Temporal evolution of the lattice temperature. The solid line is a fit to the data using an 
exponential function. The time constant for lattice thermalization is determined to be 600 ± 100 fs.   
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time was observed [99, 119]. Importantly, this 1.8 ps timescale is comparable to one 

quarter of the vibrational period. By this time the coherent lattice vibration has nearly 

reached its new equilibrium position with highest vibration speed. These observations 

clearly show that the two modes of lattice motions, namely coherent vibration and 

random thermal motions, are taking place concurrently after excitation.  

 

6.4 The Roles of Electron and Lattice Heating in Driving the Coherent 

Acoustic Phonons 

 

For a non-magnetic metal, the stress responsible for thermal lattice expansion 

consists of two independent contributions: the thermal stress related to the lattice 

anharmonicity (σl ) and the thermal pressure from hot free electrons (σe) [120]. Assuming 

the electrons and phonons maintain separate states of equilibrium characterized by 

temperature deviations of δTe and δTl , the combined stress due to these two effects in 

absorbing solids excited with ultrashort optical pulses can be written as [12, 89, 93, 121] 

llleeele TCTC δγδγσσσ −−=+=     (6.1) 

where Ce and Cl  are specific heat for electrons and phonons, γe and γl are the 

corresponding Grüneisen constants. Here the spatial dependence in σ can be dropped 

since the linear dimension of the excitation laser beam (~ 2 mm) is much larger than the 

film thickness (20 ± 3 nm), the lattice motion can be treated as one-dimensional motion. 

This leaves σ as a function of delay time only and solely determined by the temporal 

evolutions of electron and lattice temperatures. While the lattice contribution to stress 

dominates after the electron-lattice equilibrium at room temperature and above, the 

transient electron heating (Te ≥1200 K) well above the lattice temperature could make the 

electrons contribute significantly to driving coherent lattice motion at short times. Under 

this non-equilibrium condition, the critical parameter is the ratio of lattice thermalization 

time (~3τe-ph) over the quarter period T/4 of coherent lattice vibration. If 12τe-ph/T << 1, 

the lattice contribution takes control of coherent motion. The fact that the coherent lattice 

oscillations were launched much earlier before reaching its thermal equilibrium with hot 
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electrons implies that electron pressure might play a significant role in driving coherent 

lattice motion. 

The roles of electron and lattice heating in driving the coherent acoustic phonons 

were analyzed by fitting the vibration data with the differential equation of a damped 

harmonic oscillator driven by both lattice and electron heating. For sufficiently small 

lattice vibrations in a single acoustic mode, the temporal evolution of the coherent 

phonon field Q (displacement of coherent lattice vibration) can be described by a 

classical simple harmonic oscillator as [84, 85, 87, 88, 114] :  

( )
2

2
02

2
d Q dQ

Q C t
dtdt

β ω σ+ + =      (6.2) 

where ω0 is the phonon angular frequency,  is a phenomenological damping 

constant, and C is a scaling factor used to match the magnitude of σ to the oscillation 

amplitude. Assuming that the total energy deposit into a unit volume (Etotal) by the optical 

pulse is conserved on the ps time span, we have ( )e e l l totalC T C T E g tδ δ+ = , where ( )g t  is a 

normalized function representing the temporal profile of the 50-fs pump pulse. Under this 

condition, the lattice heating can be expressed as . Accordingly, 

the temporal evolution of stress σ can be uniquely determined by the experimentally 

measured τe-ph as:  

/
(1 )e pht

l l totalC T E e
τδ −−= −

/
( ( ) 1 ) (1 )e ph e pht

e l e total l totalE g t e E e
τσ σ σ γ γ−−= + = − − + − − /t τ −−    (6.3)  

The solid curve in Figure 6.1 displays the least-square fit of vibration data to a 

damped harmonic oscillator using equations (6.2) and (6.3), and with values of l = 2.16, 

e = 1.6 [120]. In the fitting, the electron-phonon thermalization time constant (τe-ph = 600 

± 100 fs) and timezero (t0 = 0 ± 90 fs) were fixed to the values measured by FED, and the 

three other parameters, ω0,  and C were floated. The fitting result, with phonon angular 

frequency ω0 = 0.99 ± 0.01 THz and the damping constant 1/  = 15 ± 1 ps, is in very 

good agreement with the coherent lattice vibration data. The fitted value of ω0 is the same 

as that obtained with direct Fourier transform.  

The transient stresses from the lattice and the electron heating obtained from the 

above data analysis are plotted in Figure 6.3. σ l and σ e have similar strengths but display 

different transient behaviors. σl exhibits a step-like temporal dependence, the same as that 
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of δTl , and determines the new equilibrium lattice position; while σ e displays a δ-like 

function form and only plays a significant role in the early heating stage before electrons 

and phonons reach their thermal equilibrium. To quantitatively evaluate the role of 

electronic heating, we fitted the vibration data using only lattice heating as a driving 

force. The fitting results are shown as the dashed line in Figure 6.1 with angular 

frequency ω0 = 1.01 ± 0.01 THz and the damping constant 1/  = 16 ± 1 ps. While both 

models give good fits to the experimental data after 10 ps time delay, it is apparent that 

the fit which includes both σ l and σ e is significantly better than that excluding σ e at early 

times before 10 ps. In particular, the latter creates a significant phase lag of 

approximately 18 ± 5° with respect to the vibration data (inset of Figure 6.1). These 

results provide direct and unambiguous evidence that electronic thermal expansion is 

essential to drive coherent acoustic phonons, and plays a significant role for the first 

quarter cycle of lattice vibration.  
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Figure 6.3. Temporal evolution of the stress from electron (σe) and lattice (σl) heating.  
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6.5 Summary 

 

We have measured in real time the transiently generated structural dynamics in Al 

films with sub milli-ångström spatial resolution using femtosecond electron diffraction. 

The damped single-mode breathing motion of an Al film along the surface normal was 

recorded as the coherent oscillation of Bragg peak positions. The concurrent lattice 

temperature evolution (transient driving force) was measured by following the associated 

intensity attenuation of the Bragg peaks. These data were fitted with the differential 

equation of a damped harmonic oscillator driven by both lattice and electron heating. The 

results show that the pressure of hot free electrons contributes significantly as a driving 

force under the conditions that electrons and phonons have not reached their thermal 

equilibrium [44].This study is distinct from previous experiments [12, 89, 115, 118]  in 

its new capability, namely that both coherent and thermal lattice motions were directly 

measured and differentiated. In particular, quantitative analysis using a classical 

harmonic oscillator model provides direct and unambiguous evidence that the pressure of 

hot electrons contributes significantly in driving coherent acoustic phonons.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

7.1 Summary of Results 

 

We have developed a FED system for direct measurements of atomic motions in 

sub-picosecond temporal resolution and sub-milli-angstrom spatial resolution [42]. For 

laser-induced reversible structural changes, the FED can be operated at kHz repetition 

rate and in non-space-charge limited regime with 2000 or fewer electrons per pulse. The 

corresponding temporal resolution is better than 400 fs. The diffraction images at each 

delay time can be integrated over time for optimal signal-to-noise ratio for the complete 

determination of transient structures. For nonreversible structural changes, by recording 

diffraction images with a single femtosecond electron pulse, a temporal resolution of 

~700 fs can be retained to measure order-disorder structural changes. We believe that the 

capability of FED in recording complete diffraction images on femtosecond time scale 

represents a significant step forward in direct determination of transient structures. This 

ability makes possible the measurement of detailed atomic motion in solid materials. 

 

With FED we studied the transiently generated structural dynamics in 20-nm Al 

film. Both coherent and random lattice motions were directly measured and differentiated 

[43], which provides a clear view of laser-induced lattice dynamics. The damped single-

mode breathing motion of the Al film along the surface normal was recorded as the 

coherent oscillation of the Bragg peak positions with a period of 6.4 ps. The concurrent 

lattice temperature evolution with a time constant of 600 fs was measured by tracking the 

associated Bragg peak intensity attenuation. These observations show that FED now has 

the potential to be used as a time-domain phonon spectroscopy tool for investigating the 

interaction of phonons with electronic and other excitations in solid materials, where 
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coherent phonons, optical or acoustic, can be generated via impulsive optical excitation. 

The results also provide a new approach to identify the mechanisms of laser-induced 

ultrafast solid-liquid phase transition, as well as thermal or non-thermal melting, by 

directly probing the different temporal evolution of their diffraction patterns.  

 

By using a pair of optical excitation pulses and varying their time delay and 

relative pulse intensities, we demonstrated the successful control of coherent lattice 

motions in less than 10 ps [9]. The coherent lattice vibration can be either amplified or 

suppressed, which opens doors to control the heat and coherent excitation in solids using 

fs laser pulses.  

 

The capability of FED in probing both coherent and thermal lattice motions also 

provide new insights into the mechanism of coherent acoustic phonon generation by 

ultrafast heating. We showed that the coherent phonon dynamics can be well-fitted with a 

classical harmonic oscillator model using a driving force which includes both electronic 

and lattice contributions. In particular, the pressure of hot free electrons contributes 

significantly in driving the coherent acoustic phonons under non-equilibrium conditions 

when electrons and phonons are not thermalized [44].  

 

7.2 Mechanism of Laser-Induced Melting in Metals 

 

The structural phase change in metals induced by the short-pulse laser has been an 

interesting subject in microelectronics and material processing, as well as fundamental 

scientific studies. In 1974, Anisimov proposed a two-temperature model [122] to describe 

the heat transfer during ulatrshort-pulsed laser heating of a metal. Since the heat capacity 

of electrons ( ) is much smaller than that of lattice ( ), the electrons can be heated to 

very high temperature after absorbing the ultarshort laser radiation energy. This 

thermalization process is usually completed within 100 fs after excitation, considering 

very strong electron-electron scattering. Then, the hot electrons ( ) transfer energy to 

eC lC

eT
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the cold lattice ( ) through electron-phonon collisions. This process is described by a 

coupled differential equations as [122]:  

lT
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where  is the temperature dependent electron heat capacity,  is the lattice heat 

capacity, 

)( ee TC lC

eκ  is the electron thermal conductivity, is the laser heating source term 

(the absorbed power density), and g is the parameter characterizing the electron-phonon 

coupling.  

),( trA

This two temperature model has been shown not to be strictly valid during the 

first few hundred femtoseconds following laser excitation [123, 124], since this model 

assumes an infinite speed of energy transport which is contradictory to the observed finite 

speed of energy propagation [125]. Qui and Tien have rigorously derived the generalized 

model, the parabolic two-step radiation-heating model, from the Boltzmann transport 

equation to provide a physical basis for the applicability of the thermal conductivity in 

the short-time-scale regime [126]. But in most cases, the thermalization of the hot 

electrons can be assumed to occur instantaneously due to the short electron-electron 

interaction time, and therefore the overall picture of a nonequilibrium system in metals is 

normally described as constituting two subequilibrium systems, the hot electrons and a 

cold lattice. 

For ultrashort laser-induced melting, three possible types of melting processes are 

expected depending on the excitation conditions. First is heterogeneous melting process, 

in which the liquid phase is nucleated at the surface and a melting front proceeds from the 

surface into the material with a velocity limited by the speed of sound [79, 127, 128]. 

This melting is similar to the normal thermal melting and occurs on the timescale a few 

ps or longer after the electron-phonon thermalization. Second is the fast homogeneous 

nucleation under strongly superheated conditions induced by the intense fs laser 

excitation. For sufficiently high superheating, a solid may melt completely within a finite 
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time scale shorter or comparable to the time scale of electron-lattice thermalization [100]. 

The last possible melting process is nonthermal by nature, during which the loss of  

lattice long range order is believed due to the excitation of high-density electron-hole 

plasma [129]. For nonthermal melting the lattice becomes unstable prior to the heating of 

the phonon system, the time scale will be shorter than electron-lattice thermalization time 

[78, 130-132]. Heterogeneous and superheated melting processes are highly depending 

on the excitation laser intensity and pulse width. Laser intensity, initiation dependant 

melting process of gold, silver and aluminum is under investigation in our laboratory. 

With low-intensity laser whole process could be reversible because of low fluorescence. 

Therefore we can expect the recrystallization of the sample. How the recrystallization is 

affected by the initiation conditions (pulse width, photon energy and pulse energy) can be 

also interesting part of study using FED. 

Aluminum is an ideal material to study nonthermal melting. Compared to the Au 

and Ag, Al has a strong interband transition around 1.55eV, resulting from a parallel-

band structure in planes parallel to the (200) faces of the Brillouin zone in fcc Al [133, 

134]. When a substantial number of electrons are excited into the upper antibondinglike 

band from the bondinglike band, the lattice structure should be weakened and structural 

instability should occur. Such an effect has been studied indirectly in optical pump and 

probe experiments in Al [135], as well as in semiconductors [136-139]. For Al, in 

contrast to the high heating damage fluence at 3.1eV, the threshold fluence to melt Al at 

1.55eV is found to be significantly less than the value needed for ultrafast heat-induced 

melting. This lower transition threshold and the shorter time scale compared to those 

observed in the heat-induced melting suggests that the structure phase transition in Al 

induced with excitation at 1.55 eV is due to band structure collapse and lattice instability 

induced by the strong electronic excitation [140]. A direct time resolved structural 

measurement with FED will provide an unambiguous evidence for the melting processes. 

Laser intensity and wavelength dependence will be carried out to compare the nonthermal 

melting with thermal melting.  
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7.3 Measurement of the Electronic Grüneisen Constant 

 

Currently we are working on the measurements of the electronic Grüneisen constant 

( e) using FED. e defines the dimensional changes of a solid in response to the heating of 

its conduction electrons [141, 142]. Like the electronic specific heat capacity, e is an 

important physical quantity directly related to the density of electronic states at the Fermi 

level (nEF) [143]. Conventional means of measuring e utilize either high precision 

dilatometry [120, 144] or thermoelastic stress pulses [145, 146] at a sample temperature 

of a few tens of Kelvin or less. At such low temperatures, however, dimensional changes 

associated with magnetic ordering set in, which make the measurement of e in many 

magnetic materials virtually impossible [120, 141, 147].  

Instead of cooling down a sample under thermal equilibrium conditions, we 

transiently heat its free electrons well above the lattice temperature using femtosecond 

optical pulses. By directly probing the associated thermal expansion dynamics in real 

time using femtosecond electron diffraction, we are able to separate the contributions of 

hot electrons from that of lattice heating to the thermal expansion, and make an accurate 

measurement of e of aluminum at room temperature. We will extend the measurements 

of electronic Grüneisen constants to magnetic materials, in particular transition and rare 

earth element metals. The e values in these materials have not been accurately 

determined so far, primarily due to the complication related to magnetostriction which 

obscures the interpretation of thermal expansion data obtained in conventional low-

temperature measurements [120, 141, 147]. 

 

7.4 Gold Nanoparticles 

 

Nanoparticles consist of aggregates of atoms and molecules. Their physical 

properties, such as electronic, optical and magnetic properties, are size dependent and 

different from those of corresponding bulk materials. How these physical properties are 

 97



affected by their sizes, and in particular, how the behavior of the bulk material is 

approached, is of great scientific interest. 

With FED, several issues associated with the structural phase transition can be 

addressed. By measuring the time required to complete the transition for different size 

particles, a scaling law can be established as a function of nanoparticle size. Cleveland et 

al. predicted structural isomerization as a precursor before melting in Au nanoparticles on 

ultrafast timescale by theoretical molecular-dynamic (MD) simulation [148, 149]. In their 

MD simulation, the structural evolution of nanocrystalline clusters is punctuated by 

diffusionless solid-to-solid structural changes (isomerization). Since these structural 

isomerization processes are usually radiationless conventional optical pump-probe 

method can not be used to study. Each isomer in structural evolution gives distinct 

diffraction pattern, the isomerization timescale and possible pathways can be investigated 

directly with FED.  

Another interesting phenomenon we intend to investigate with FED is the laser-

induced acoustic vibrational mode in nanoparticles. Several groups have studied the 

acoustic vibrational mode in nanoparticles using electronic and optical properties of 

nanoparticles (indirect method), such as transient absorption measurement [86, 117, 150, 

151]. The low frequency acoustic breathing modes are impulsively excited by the rapid 

heating of the nanoparticle lattice occurring after laser excitation. In these studies the 

measured frequencies of the acoustic modes where intensity modulation was measured 

indirectly are found inversely proportional to the particle radius. The study of structural 

dynamics with FED will be carried out on Au nanoparticles to examine the possible size 

dependence mentioned above. 
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