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Statement of Work for Project 

 

The work performed in this project is aimed at developing routine methods for the 
operation of an optimized DTEM to study strongly driven materials, aging and corrosion 
and nanoscale materials.  There are three main aspects of this work.  The first aspect 
concerns the performance of advanced measurements on several materials systems using 
the DTEM at Lawrence Livermore National Laboratory (this aspect of the project is 
being performed at UC-Davis). The aim for the the first year of work at UC-Davis was to 
identify a graduate student to work on the project and the design of experiments to 
optimize the performance of the DTEM.  The aim for the second year of work at UC-
Davis was to develop the techniques for coherent diffractive imaging (CDI) in the DTEM.  
The second aspect of this project that is being performed at UIC is aimed at improving 
the temporal and spatial resolution of the microscope.  The plan for year this aspect of the 
project included the construction of a versatile ultrafast electron microscope (UEM) test 
column, and interface the column with both the available, state-of-the-art, diode-pumped, 
ultrashort-pulse laser system and parts from a decommissioned JEM 100CX electron 
microscope (the magnetic electron lens, scintillator, and sample holder stage). The third 
aspect of this project that is being performed at ASU, aims to test the viability of a pulsed 
photo-field-emission source.  The goal for this aspect of the work included the 
construction of a test chamber for this emitter.  The aim of this third year of work for all 
of the collaborating institutions was to complete the final tests of the systems and perform 
experiments using the ultrafast electron systems.  These analyses would be completed 
and written up for publication in peer reviewed journals. 

 

 
1.      A narrative discussion of accomplishments 

UC-Davis: Year 1  

Work performed at UC-Davis in year attempted to identify the limitations in 
temporal and spatial resolution in the DTEM and design experimental procedures to 
improve them.  In order to directly image structural changes taking place in metallic and 
semiconducting nanostructures in the DTEM it is desirable to overcome spatial and 
temporal limitations induced by Coulombic effects as an electron pulse travels through 
the microscope column. These effects become particularly detrimental to image 
resolution at crossover points present when the electron lenses are set to imaging mode. 
One approach to solving this problem is to collect data in diffraction mode (where the 
crossovers are much less compact) and reconstruct images from the recorded diffraction 
patterns using iterative phase retrieval algorithms. This method known as Coherent 
Diffractive Imaging (CDI) utilizes an iterative cycle in which constraints placed on the 
data in both reciprocal and real space allow for a unique solution of the lost phase 
information. Thus far we have successfully employed several iterative phase retrieval 
algorithms, including the charge flipping algorithm and the more familiar hybrid input-
output algorithm, to reconstruct simulated and experimental data.  

The test samples used were cube shaped Co3O4 nanoparticles approximately 
100nm on edge dispersed on holey carbon grids (see figure 1). Such particles are 



typically used as catalysts for the formation of silicon nanowires and CoSi2 self aligned 
nano-structures. Selected area electron diffraction experiments were performed on the 
DTEM at LLNL using image plates and on the JEOL 2500SE FEG microscope at UC 
Davis using a CCD. Convergent reconstructions were obtained using data from both 
microscopes however in each case the low resolution data was not reconstructed due to 
problems with the dynamic response of the recording mediums. 

 
 

Figure 1: TEM image of a Co3O4 nanoparticle and a reconstructed image from diffraction data 
  
Images of simulated cobalt nanoparticles were produced using electron structure 

factors to calculate the charge density (see figure 2). These images were then Fourier 
transformed and the resulting data set was stripped of its phase information. Images were 
reconstructed from these simulated diffraction patterns using the same techniques 
employed for the experimental data. In all cases convergent reconstructions were 
obtained that accurately represented the original image.  These results demonstrate that in 
principle these methods can be employed on the DTEM. 

 
Figure 2: Left: Simulated cobalt nanoparticle from calculated electron density Right: reconstruction from 
its Fourier transform with phases removed. 



In addition to the work performed on the development of CDI for the DTEM, an 
in-situ stage has also been developed.  This stage is being purchased with funds separate 
from this project (supplied by ExxonMobil corporation), but will play a key role in the 
ability to observe materials properties under dynamic conditions.  The requirements for 
the stage have been set and delivery is expected during year 2 of the funding (September 
2007).  This stage will be utilized to control the rate of reaction in nanostructures will 
imaging and diffraction is performed.  The experiments that will be performed in 
collaboration with Lawrence Livermore National Laboratory and Sandia National 
laboratory will make use of this in-situ stage. 

UC-Davis: Year 2 

Work performed at UC-Davis in year 2 continued to develop the Coherent 
Diffractive Imaging (CDI) approach that utilizes an iterative cycle in which constraints 
placed on the data in both reciprocal and real space allow for a unique solution of the lost 
phase information.  Thus far the CDI work done for this project has been performed using 
the familiar Hybrid Input Output algorithm. The tendency of this algorithm to stagnate in 
local minima in hyper-dimensional search spaces is a well documented problem. Recent 
algorithm development work has focused on incorporating global search algorithms with 
HIO to help avoid these stagnation issues. Initial attempts involved the use of genetic 
algorithms with little success; however recent attempts to incorporate Particle Swarm 
Optimization (PSO) have led to some promising results.  PSO algorithms are a class of 
global search algorithms that seek out global minima by emulating social behavior such 
as bird flocking or fish schooling. The combination of these two techniques, tentatively 
called Swarm Optimized Phase Retrieval (SOPR), initializes the “particles” by assigning 
a random set of phases for the known modulus of the diffraction pattern. Each particle is 
then run through a series of iterative phase retrieval algorithms, specifically the Hybrid 
Input Output (HIO) algorithm and the Error Reduction (ER) algorithm. The error metrics 
for these algorithms can then be used to choose a personal best solution for each particle 
and global best solution from all of the particles. These solutions drive a velocity 
equation that shifts the position of each particle in the search space. As shown by 
equation 1, this velocity update equation drives particles out of the search paths defined 
by HIO towards the global and personal best solutions, thereby allowing individual 
particles to escape local minima (the r coefficients are randomized at every iteration). 
This final step allows particles to escape local minima in the search space and thereby 
avoid the stagnation problems common to HIO and ER (a schematic of the operation is 
shown in figure 3). 

The most promising initial results have been obtained using simulated data with a 
circular support, a problem that is notoriously difficult for the standard iterative phase 
retrieval algorithms. As the symmetry of the support area is increased the likelihood of 
stagnation in local minima drastically increases. Thus CDI of a circular support region, a 
case that is likely to arise in DTEM studies of catalyst nanoparticles, is particularly likely 
to suffer from stagnation in local minima. The images reconstructed from these stagnated 
solutions are characterized by low resolution sinusoidal striations covering low intensity 
areas. Figure 4 shows a comparison of the performance of SOPR vs. HIO on simulated 
data with a circular support.  While these results are promising, a significant amount of 



analysis is still required to determine how robust SOPR is compared to HIO/ER. All 
global search algorithms (and particularly ones such as SOPR with a complicated 
parameter space), are all subject to a problem known as “no free lunch”. This essentially 
means that a given parameter set will not be optimal for every problem. Since SOPR 
involves over 10 parameters a huge amount of analysis will have to be done on both 
simulated and experimental data before it can be conclusively stated that SOPR 
outperforms HIO. 
 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Flowchart of the steps involved in the SOPR algorithm including the generic 
cycle for iterative phase retrieval algorithms which are at the core of SOPR 

In addition to the work performed on the development of CDI for the DTEM, an 
in-situ stage has also been developed.  This stage is being purchased with funds separate 
from this project (supplied by ExxonMobil corporation), but will play a key role in the 
ability to observe materials properties under dynamic conditions.   The commissioning of 
the environmental holder from Fischione Instruments is now nearly complete. In initial 
tests on the JEOL 200CX at LLNL (comparable in resolution and properties to the 
DTEM) the holder showed strong promise for fast exchange and viewing of 
nanostructure evolution. Specifically, pump down time for the holder was comparable to 
traditional TEM holders. Resolution was limited by the SiN windows, however we were 
able to resolve nanowires and nanoparticles less clearly to ~1nm in BF and STEM modes. 
Compared to the prototype, a change in the overall design was implemented, and the 
holder incorporated new seals to prevent leakage, and changed the sample placement to 
the ‘bottom’ window to improve resolution. The holder experienced zero leakage, and 
much improved resolution with the new window configuration. Additionally, we found 
that there was minimal drift during gas flow. Figure 5 shows AuMgO particle 
aggregation on a lacey carbon grid during flow of 5% H2 in N2 at room temperature. The 
images indicate time and flow rate, which was controlled with mass flow controllers (run 
in a labview interface). Figure 6 shows more AuMgO nanoparticles on lacey carbon. In 
this case, we started the sample at a high flow rate of % H2 in N2 at room temperature, 
and held it at this rate for 9 minutes, then closed the valve completely, switching to a 0 
flow rate. Though there was some drift, we could still view the particles without moving 
the sample at all. The results are extremely promising for environmental in situ 
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experiments in the DTEM.  Final configuration changes to the holder are currently being 
implemented with the holder expected to be in place at Davis in April 2008. 

 

 

Figure 4. Comparison of SOPR and HIO performance on a highly symmetric support. A. 
Original image. B. Graph of the object domain error metric for HIO and SOPR 
algorithms run over 100 iterations. C. Global best result from SOPR using 10 particles. D. 
Best result from HIO out of 10 random starting phases. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 5.  Images obtained in tests of the in-situ stage during flow rates of a H2/N2 gas 
mix of 0 to 5 SCCM at room temperature. 
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Figure 6.  Images of AuMgO aggregation in 5 SCCM H2/N2 at room temperature. 

UC-Davis: Year 3 

One of the issues that has been addressed by work at UC-Davis has been the ability to 
control the beam in the DTEM and optimize the issues related to beam coherence and 
signal levels for image interpretation.  In previous years, the coherent diffractive imaging 
process was developed to improve interpretation from diffraction patterns obtained in 
pulsed mode.  In year 3, an alternative approach was considered – annular dark field 
imaging.  In typical DTEM imaging experiments large convergence angles are required 
to achieve sufficient signal to background ratios. Since signal to background ratios are 
vastly higher in ADF-DTEM the convergence angle of the beam can be reduced. Since 
high convergence angles increase spherical aberration it may be possible to achieve 
improved spatial resolution using this technique. ADF-DTEM may also be a significantly 
better method for achieving sub-nanosecond time resolution since small convergence 
angles are required to avoid excessive stochastic blur in such time regimes.  

 

 

 

 

 

 

Figure 7: (a) Optical microscope image of a typical ADF aperture after plasma etching 
and (b) Overlaid selected area diffraction patterns from Au nanoparticles with and 
without the ADF aperture inserted. The exposure without the ADF aperture was 10 times 
shorter than the exposure with the aperture. 



Annular apertures with an outer diameter of 264µm and an inner diameter of 137µm 
were fabricated from 12.5µm thick tantalum foils using a one mask photolithography 
process. A 1µm layer of aluminum was deposited on the foils to serve as a hard mask 
during the etching step. A 7µm layer of SPR220 positive tone photo resist was spun on 
the aluminum, exposed using a single mask and immersed in CD-26 developer for 10 
minutes. This developer also etches away the exposed aluminum layer leaving behind 
exposed tantalum. The tantalum in the exposed areas was subsequently removed using 
reactive ion etching in sulfur hexafluoride plasma to produce an annular dark field 
aperture with three support arms as shown in figure 7. The dry etch was carried out at 80 
mtorr, with an SF6 flow rate of 12 sccm, and a power of 0.95 W/cm2. Previous studies on 
ADF imaging have employed focused ion beams to produce ADF apertures. The 
aforementioned method of etching refractory metals is ideal in that it is significantly less 
time consuming, it can be performed in almost any micro-fabrication facility and it can 
produce a large number of apertures of varying geometries in a single run. 

In the DTEM at Lawrence Livermore National Laboratory this geometry corresponds 
to an angle of 20mrad at the edge of the central disc and an angle of 40mrad at the edge 
of the outer aperture hole. This acceptance angle is expected to produce images that are 
qualitatively similar in contrast to those produced by High Angle Annular Dark Field 
Scanning TEM (HAADF-STEM). A major difference between the two techniques is that 
more coherent scattering contributes to the image contrast in ADF-TEM since not all 
Bragg reflections are blocked by the aperture and the signal is not averaged at each pixel 
as in STEM. Figure 1 also shows overlaid diffraction patterns from gold nanoparticles on 
a holey carbon film with and without the ADF aperture inserted. The aperture blocks the 
first 5 orders of Bragg reflections allowing only extremely weak reflections to contribute 
to the image formation. 

 

 

 

 

 

 

 

Figure 8: From left to right: Conventional TEM image, 15ns pulsed bright field image, 
15ns pulsed ADF image. The scale bar is 400nm 

A catalyst sample consisting of gold nanoparticles ranging in size from 1 – 100nm 
dispersed on a holey carbon film was used to test the performance of the microscope. 
Figure 8 shows a conventional TEM image of the sample area as well as single shot 
pulsed images at 15ns time resolution in both bright field and dark field. In the time 
resolved bright field images most particles below 50 nm are not resolved due to limited 
signal and low contrast. In the time resolved dark field equivalent almost every 50nm 
particle and many 30nm particles are clearly visible. The stark difference between these 



two images clearly demonstrates the efficacy of annular dark field imaging when dealing 
with samples with feature sizes near the resolution limit of DTEM. While the resolution 
is not significantly improved, the ability to image smaller particles widens the range of 
systems that can be usefully studied using DTEM. 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 9:  Conventional TEM images of the nanoparticles before (left) and after (right) 
scale bars are 200nm 

Another aspect of the development work at UC-Davis is the incorporation of in-situ 
stages into the DTEMN that permit different the effect of different gaseous environments 
on the speed of dynamic processes.  To test the in-situ stage capabilities, the 
decomposition of Co3O4 nanoparticles to pure cobalt particles was studied with DTEM in 
both vacuum and in the presence of forming gas (97% Ar, 3% H2). This experiment 
marks the first demonstration of environmental DTEM imaging. While the presence of 
the gas did not discernibly affect the kinetics of this particular reaction, most importantly, 
it did not significantly degrade the quality of the images either.  Figure 9 shows 
conventional TEM images of a cluster of Co3O4 nanoparticles before and after 
decomposition. The decomposition, which typically occurs above 950ºC, was driven by a 
15ns, 5.63µJ laser pulse with a wavelength of 1064nm. Figure 10 shows single shot, 15ns 
pulsed images before, 24.2ns after and several minutes after the laser shot. The early 
stages of the melting and decomposition of the particles are clearly captured in the second 
image. Figures 11 and 12 show comparable images of the same experiment carried out in 
a conventional sample holder under vacuum. The laser energy in this case was 5.65µJ and 
the time delay between the drive pulse and the electron pulse was 23.0ns. It clear from 
this data that the presence of gas and the SiN windows in the environmental stage have 
negligible effects on the pulsed image quality. 

 

 

 

 



 
 
 

 

 

 

 

 

 

 

 

 

Figure 10: Pulsed images before (left) 24.2ns after (center) and minutes after (right) the 
laser pulse, scale bars are 200nm 
 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 11: TEM images of the nanoparticles before (left) and after (right), scale bars are 
200nm 
 

 
 

Figure 12: Pulsed images before (left) 23.0ns after (center) and minutes after (right) the 
laser pulse, scale bars are 200nm 



UIC: Year 1 

The accomplishments in Year 1 of the UIC portion of the three-year research project can 
be separated into three key categories:  
 

• Investigations into linear and nonlinear (i.e., one- and two-photon) photoemission 
from different planar large-area photocathode materials in a test-bed, picosecond 
laser-driven, electron gun. 

• Modeling of the propagation and focusing dynamics of short electron pulses to 
establish the basic design criteria for an ultrafast electron microscope (UEM). 

• Preparation for Year 2; nano-patterned photocathode design and preparation for 
fabrication, RF cavity and drive circuit design, and analysis and development of 
coherence measurement techniques. 

 
This work has set the necessary fundamental framework for the development of a 

functional prototype UEM test column employing available parts from a decommissioned 
JEM 100CX electron microscope (the magnetic electron lens, scintillator, and sample 
holder stage) and interfaced with a high-power, ultrashort-pulse laser system.   
 
The picosecond photo-electron gun  
 

A test-bed, picosecond laser-driven, photo-electron gun has been constructed and 
used to investigate linear and nonlinear (i.e., one- and two-photon) photoemission from 
different planar large-area photocathode materials.  The electron gun is driven by a 
60MHz, 8W, mode-locked Nd:GdVO4 laser producing ~10ps pulses at 1063nm [1].  
Nonlinear optical frequency conversion techniques are used to produce the green 532nm 
(second harmonic) and ultraviolet 266nm (fourth harmonic) ultrashort pulse radiation 
required for the photoemission studies.  The design of the photo-electron gun will easily 
allow incorporation of an Einzel lens (to act like a Wehnelt in an electron microscope) 
and an RF acceleration cavity for electron pulse compression, so that it can be readily 
interfaced to the available JEM 100CX column to produce an operational UEM.   
 

A schematic of the pulsed electron gun is shown in Figure 13.  The large-area 
planar photocathode is irradiated from the front side by a p-polarized laser beam incident 
at an angle of ~75º.  For most photocathode materials, this geometry ensures that the 
maximum number of incident laser photons enter the photocathode material; the tangent 
of the incident angle is approximately equal to the real part of the photocathode 
material’s refractive index – the definition of the polarization (or Brewster) angle.  To 
compensate for the steep angle of incidence and hence generate a near circular laser spot 
on the photocathode, cylindrical optics are employed to pre-shape the spatial profile of 
the laser beam.  Figure 14 shows that this optical beam shaping technique is successful 
for single-photon photoemission from Tantalum (Ta) (work function, Φ = 4.25eV) when 
irradiated by ~10ps pulses at a wavelength of 266nm (ħω = 4.67eV).  When the linear 
polarization of the incident 266nm ultraviolet laser radiation is rotated by 90º, there is a 
clear reduction in the photoemission efficiency – a result that is consistent with the larger 
reflection coefficient for s-polarized radiation at an incident at an angle of ~75º.   



 

 
 

Figure 13: Schematic of the picosecond laser-driven, 5-20kV, test-bed electron gun 
constructed at UIC.  Two quartz windows allow the ultra-violet (UV) 266nm and green 
532nm laser radiation to be incident at ~75º on the front side of the photocathode from 
two opposite sides.  Also shown are the future positions of an Einzel lens to collimate or 
focus the pulsed electron beam and the RF acceleration cavity for electron pulse 
compression.   

 
When amorphous Copper (Cu, Φ = 4.65eV), n-type (100)-Silicon (Si, Φ ≈ 4.5eV), 

and Molybdenum (Mo, Φ = 4.60eV) photocathode materials were used as the 
photocathode material, significantly less (sometimes no) single-photon photoemission 
was observed with the 266nm UV laser radiation.  This result is readily explained, since 
the excess electron energy, ħω - Φ, which is largest for Ta, provides a rough measure of 
the number of electronic states that can be accessed for photoemission by 266nm photons.  
Similar studies using Silver (Ag, Φ = 4.26eV) and Gold (Au, Φ = 5.1eV) planar cathodes 
are also planned.  The photoemission properties of noble metals are of particular 
importance as the proposed large-area photocathodes will use nano-particle phased arrays 
of these metals (especially Au) on Si substrates to produce the needed spatial coherence 
in UEMs.  In this respect, the null result for n-type Si is important since any pulsed 
photoemission from the substrate is likely to be spatially incoherent.  

The different planar photocathode materials (Ta, Si, Cu, and Mo) were also 
irradiated by ~2.5W of p-polarized green (532nm) light from the frequency-doubled, 
mode-locked picosecond Nd:GdVO4 laser.  In this case, only a thin Ta foil (~200µm-
thick) produced an observable electron beam on the YAG crystal scintillator (Figure 15).  
The clear and abrupt threshold of this signal at an incident laser power of about 1.5W is 
consistent with a nonlinear optical (e.g., a third-order or two-photon) photoemission 
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process.  Clearly, two 2.34eV green photons at 532nm are required to overcome the 
4.25eV workfunction of Ta.   

  
 
 

 

 

 

Figure 14: Single-
photon photoemission 
from a Ta metal piece 
(~1.5mm thick) at 
20kV.  The near 
circular electron beam 
profile on YAG crystal 
scintillator is due to 
pre-compensation of 
UV (266nm) laser 
beam shape for the 
~75º angle of 
incidence. 

 
 

Scanning electron microscope (SEM) images of the thin Ta foil (Figure 16) show 
that the foil is covered with nano-crystallites (200-300nm in size), mostly embedded in 
the grain boundaries of the surface.  Energy dispersive x-ray spectroscopy (EDS) 
elemental analysis of the nano-crystallites revealed the presence of Na, Cl, and O.  The 
presence of oxygen is expected since Ta will typically have a thin layer (a few 
monolayers) of oxide on its surface.  Moreover, it is known that NaCl (salt) has a 
workfunction of around 3eV, which again means that two 532nm photons are required to 
photo-emit electrons.  More interesting perhaps, is the fact that the salt nano-crystals 
could form field-emission tips, so that the observed photoemission may be due to two-
photon enhanced field-emission.  This is exactly the nonlinear optical coherent control 
process that has been proposed for the generation of a spatially-coherent electron pulse 
from a large-area nano-patterned photocathode.   

In contrast to Figure 16, SEM images of the 1.5mm-thick Ta piece did not show 
the presence of salt nano-crystallites, only a uniform surface roughness with a 
characteristic feature size and spacing of ~100nm.  When optically polished, these 
features were removed and again the Ta piece did not produce observable two-photon 
photoemission.  Even an attempt to generate nanometer-sized field emission points by 
non-uniform polishing (i.e., polishing the Ta piece along two orthogonal directions) 
proved unsuccessful.   
 



 

 

 

 

Figure 15: Evidence 
for two-photon 
photoemission from a 
thin Ta foil at 20kV.  
The deformation of the 
Ta foil due to heating 
under the intense ~2W 
green (532nm) laser 
irradiation may be 
responsible for 
producing the distorted 
electron beam profile 
visible on the YAG 
crystal scintillator.  

 
 

 

 

 

 

Figure 16: SEM image 
of the Ta foil which 
produced two-photon 
photoemission (Figure 
3).  EDS measurements 
reveal that the nano-
crystallites aggregating 
a t  t h e  T a  g r a i n 
boundaries are either 
NaCl (salt) or NaClO 
(Sodium Chlora te) .   

 
The results to date have clearly demonstrated that two-photon photoemission is a 

viable process for the generation of ultrashort electron pulses for the UEM.  This means 
that nonlinear optical techniques, together with field-emission enhancement, could be 
employed to produce a spatially-coherent electron pulse from a large-area nano-patterned 
photocathode – as originally proposed.  However, the results have also shown that there 
is an intensity threshold (~1MW/cm2 for the salt nano-crystals on Ta foil) for the 
observation of two-photon photoemission.  Two steps will be taken to ensure that two-
photon photoemission can be more efficiently monitored.  First, an Einzel lens will be 
installed immediately after the anode of the electron gun to collimate the diverging 



accelerated electron pulse or focus it onto the YAG crystal scintillator.  This should 
improve the signal-to-noise of the luminescence caused by the electron pulse.  Second, 
the project will be provided access to a more powerful ultrashort pulse Yb:KGW laser 
system operating at 1040nm [2], which is presently under construction.  The ~10W, 0.1-
1ps pulses produced by this 50-100MHz repetition-rate laser should improve the 
efficiency of two-photon photoemission by at least two-orders of magnitude, due to the 
intensity-squared dependence of two-photon processes.   
 
Ultrashort electron pulse propagation and focusing 

Key to the development of a functional UEM is an understanding of the 
propagation and focusing dynamics of ultrashort electron pulses.  In particular, it must be 
understood how space-charge effects (i.e., electron-electron repulsion) influence the 
achievable space-time resolution of an UEM.  Accordingly, we have developed a 
versatile numerical model for electron pulse propagation [3] with a modular nature to 
allow future analysis of electron pulse propagation in the entire UEM column.  The 
model employs a Green’s function approach to evaluate the local field at the 1/e points of 
a three-dimensional Gaussian pulse (x,y, and propagation direction z = vτ, where v is the 
velocity of the pulse and τ is its half-width 1/e temporal duration), which is used to 
determine its space-time dynamics in the self-similar approximation (i.e., the electron 
pulse is assumed to maintain its Gaussian shape).  This type of analysis is known to be a 
good approximation for times shorter than or of the order of the inverse of the pulse’s 
characteristic plasma frequency [4].     

The first step in designing an operational UEM must be to understand the effect 
that space-charge has on the space-time dynamics of such differently shaped pulses as 
they propagate to the sample in the microscope column.  Clearly, strong perturbation of 
the shape of the electron pulse by space-charge effects can deteriorate the performance of 
UEMs.  Figure 17 illustrates the propagation dynamics of three radially-symmetric 
(spatial 1/e waist w = wx = wy), electron pulses all with N = 5,000 electrons, the same 
initial peak on-axis charge density, and a velocity ≈108m/s (corresponding to an 
acceleration voltage of 30kV), but different initial space-time eccentricities w/vτ.  The 
initially nearly spherically symmetric pulse with an initial spot size of w = 100µm and 
pulse duration τ = 1ps shows the expected isotropic space-charge induced spreading that 
increases both w and τ by a factor of about 1.8 after 2ns of propagation.  When τ(t = 0) is 
increased to 10ps and w(t = 0) decreased to 31.6µm, producing a prolate spheroid 
Gaussian (or ‘cigar-shaped’) initial charge distribution with w/vτ ≈ 0.032, temporal pulse 
broadening is insignificant, but space-charge effects cause the spot size to increase at 
about twice the rate of the spherical case.  On the other hand, for an initial charge 
distribution in the form of an oblate spheroid (or ‘disk-shaped’; τ0 = 0.1ps and w0 = 
316µm, giving w/vτ ≈ 32), the spatial broadening is negligible while τ increases by a 
factor of over four over the 20cm propagation distance.   
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Figure 17: Space-time dynamics of radially-symmetric 5,000-electron pulses with 
durations of 0.1ps (green), 1.0ps (black), and 10ps (red) and the same initial peak charge 
density ρ0: (a) normalized transverse beam waist w and (b) normalized pulse duration τ as 
a function of propagation time. 

 
The clear dependence of the evolutionary dynamics of the electron pulse on its 

initial geometrical shape should have important consequences for the development of 
UEMs.  In particular, for oblate spheroid pulses with the short dimension in the 
propagation (temporal) direction, the lack of significant spatial broadening may imply a 
reduced deterioration in the initial spatial coherence; that is, possibly allowing for better 
spatial resolution in a UEM than with initially prolate spheroid electron pulses.  In part, it 
is this realization that has led to the decision provide the project with a sub-picosecond 
Yb:KGW-based laser radiation source, so that the condition w >> vτ can be readily 
achieved at modest acceleration voltages when w ≈ 1mm.  Moreover, for sufficiently 
small durations of the initial oblate spheroid pulse (τ << 1ns), the model indicates that the 
temporal broadening could be compensated for by an appropriately phased RF 
acceleration cavity in the UEM column as the pulse’s resulting velocity chirp is relatively 
linear [4,5].  
 

For electron pulses that also have spatial eccentricity (wx ≠ wy), the trend evident 
in Figure 17 continues; namely, the smallest of the three spatial dimensions (wx, wy, or vτ) 
experiences the largest relative increase in size.  This means that as long as the temporal 
dimension (vτ) is significantly smaller than the two (x,y) spatial dimensions, temporal 
broadening dominates.  Consequently, some spatial eccentricity (e.g., in the illuminating 
laser spot) can be tolerated in ultrashort pulse UEMs.   
 

As in a conventional electron microscope, the spatial resolution of an UEM will 
be dependent upon how well the electron pulse can be focused onto the specimen with 
the spherical objective lens.  Normally, the spatial resolution is determined by the quality 
of the focusing lens and the degree of spatial coherence in the electron beam; that is, by 
the ‘optical’ properties of the electron beam and the focusing magnetic lens(es).  In a 
UEM, however, an additional effect is expected due to increasing electron-electron 
repulsion as the charge density in the electron pulse rapidly increases under spatial 



focusing.  The resulting space-charge effect could significantly reduce the spatial 
resolution by not allowing a tight focal spot to be formed.   
 

Figure 18 shows the calculated electron pulse space-time dynamics for three 
different spherical focusing (i.e., fx = fy) cases.  In each case, the initial number of 
elections and pulse widths are the same: N = 10,000, w = 1mm, and τ = 1ps, so that vτ = 
100µm for the 30kV acceleration voltage.  The plots show an interesting, if expected, 
phenomenon.  For sufficiently strong focusing (Figure 16(a) and (b) for f = 10 and 
100mm, respectively), the pulse simply ‘crosses over’ in the radial direction; that is, the 
electron pulse converges through a focal point and diverges thereafter.  This means that 
the impulse of the charge density induced repulsion is insufficient to overcome the 
convergent radial electron momentum associated with the focusing.  This interpretation is 
also consistent with the fact that the temporal widths of the electron pulse are not greatly 
affected by the space-charge effects before the focal point is reached.  We note here that 
the focusing to a point predicted by our analysis does not imply infinite spatial resolution 
since both the electron quantum wavelength and spatial beam coherence (or degree of 
incoherence) has not been included.   
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Figure 18: Space-time propagation dynamics for 
spherically-focused, oblate (w0 = 1mm, vτ = 
100µm), 10,000-electron pulses: (a) f = 10mm, 
(b) f = 100mm, and (c) f = 1000mm.  In each case, 
the normalized spatial waist size (black line), and 
the front (red line) and back (green line) temporal 
pulse widths are shown.  The expected focal 
position (i.e., time for the 30kV acceleration 
voltage) is indicated by the vertical line.   
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(c) 

 
The third plot (Figure 18(c) for f = 1000mm) shows the case where the focusing is 

weak enough to allow the space-charge effects to become dominant.  In this case, we see 



a rapid expansion in the temporal direction well before the expected focal point.  In fact, 
the time-integrated space-charge effects are so great that a point focus (cross-over) is 
never attained – the radial width simply reaches a relatively large minimum value well 
after the expected focus and then again begins to expand.  The same dynamics can also 
be duplicated at the shorter focal lengths by increasing the number of electrons per pulse.  
Specifically, for N greater than ~105 (i.e., an initial electron number density greater than 
about 1015m-3), space-charge effects begin to become important even for f = 10mm.  To 
some extent, these problems can be overcome by increasing the acceleration voltage 
since this reduces the flight time to the focal point and, consequently, reduces the time 
period over which the high space-charge density is experienced by the pulse.  Of course, 
at acceleration voltages above ~100kV, relativistic effects will start to contribute.   
 

The temporal pulse dynamics revealed in Figure 8 are worthy of further comment.  
For the two longer focal lengths (Figure 18(b) and (c)), it is clear that the temporal 
broadening is asymmetric – the front of the pulse experiencing less broadening than the 
back.  This asymmetric space-charge effect is initiated before the focal point, where the 
focusing action of the spherical lens produces a higher localized charge density in the 
front half of the electron pulse.  As a result, the back of the pulse experiences a larger 
axial space-charge field than the front.  The opposite is true after the focal point since the 
pulse is now spatially diverging.  However, since the asymmetric space-charge impulse 
before the focal point is initiated first, it dominates the asymmetric contribution to the 
temporal pulse dynamics.   
 

Also evident from Figure 18(b) is that for the shorter focal lengths, nearly all the 
temporal expansion occurs after the electron pulse passes through the focal point.  This is 
an important observation for the functionality of UEMs.  It means that the temporal 
resolution of an UEM will not be compromised by tight spherical focusing.  After the 
specimen, the electron pulse duration is not as important due to the temporal integration 
automatically performed by most electron detectors and imaging elements for sub-
nanosecond pulse durations. 
 

One-dimensional cylindrical focusing has also been investigated using the pulse 
propagation model.  As expected, similar space-time dynamics are observed, but the 
strength of the space-charge effects are much reduced since the charge density at a line 
focus is significantly less than that at a spherical point focus.  This means that CS-
correctors, which predominantly employ cylindrical focusing, could be used in UEMs, 
allowing for the possibility of correcting for spherical aberration from the objective lens 
or even from the photocathode (i.e., photoemission process) itself.  Clearly, this 
conclusion alone may have profound consequences for the space-time resolution that can 
be achieved by UEMs operating with oblate spheroid electron pulses, provided that a 
spatially coherent electron pulse can be generated from a large-area, nano-patterned 
photocathode.   

UIC: Year 2 

The accomplishments in Year 2 of the UIC portion of the three-year research 
project can be separated into five categories:  



 
• Stationing of the electron gun and DTEM development project into dedicate 

laboratory facilities.   
• Development, characterization, and installation of a new femtosecond drive laser 

for the DTEM – a diode-pumped, thermal lens shaped (TLS), soliton mode-
locked (ML) Yb:KGW laser.   

• Re-design of the DC photoelectron gun for improved performance in an ultrafast 
electron microscope (UEM).  

• Acquisition and testing of hexaboride crystals (low work function) and plane 
holographic gold gratings (plasmon-enhanced photoemission) to find high-
performance and low emittance photocathodes.    

• Determination of the appropriate RF cavity design for electron pulse compression 
in the UEM. 

 
This work has solved and will solve some of the problems encountered in the 
development of a functional prototype UEM test column employing available parts from 
a decommissioned JEM 100CX electron microscope (the magnetic electron lens, 
scintillator, and sample holder stage) and interfaced with a high-power, ultrashort-pulse 
laser system.   
 
Dedicated UEM laboratory 
 

In September 2007, the research project was moved into a dedicated ultrafast 
electron microscopy laboratory in the Research Resources Center – East (RRC-East) of 
the University of Illinois at Chicago (UIC), which also houses a number of other electron 
microscopes associated with the Electron Microscopy Services (EMS) of UIC.  The 
dedicated laboratory space was selected to ensure that a suitable environment for the 
UEM.  Specifically, the laboratory has low intrinsic floor vibrations (below 10 
microns/s/√Hz) above ~100Hz and its walls are already fitted with panels of acoustic 
foam damping.  To further reduce the influence of vibrations, the custom U-shaped 
optical table acquired to couple the microscope column to the laser radiation source is 
placed on active vibration isolation legs to damp efficiently vibrations below 100Hz.  
Together with the air-conditioning (e.g., temperature) control, this laboratory provides a 
very suitable environment for the development of a high time-space resolution UEM. 

Figure 19 depicts the dedicated UEM laboratory with the frequency-doubled 
(green light) laser system in the background and the 10-50kV electron gun in the 
foreground.  The custom 4x7 ft. U-shaped and vibration isolated optical table is designed 
to hold the projected ~1000 lbs microscope column in the 2x2 ft. open center section; our 
laser-driven electron gun on top of the bottom imaging section of a JEM 100CX column 
from decommissioned microscope.   
Femtosecond drive laser for photo-electron gun  

The first year’s experimental and theoretical work on the development of a laser-
driven ultrashort pulse electron gun for a DTEM clearly showed that the initial electron 
pulse shape strongly dictates the subsequent space-charge induced space-time pulse 



dynamics upon propagation down the microscope column.  In particular, as shown in 
Figure 20, an electron pulse with an initial spatial diameter (2w) much greater than its 
longitudinal length (vτ, where v and τ are the pulse velocity and temporal duration, 
respectively) mainly suffers space-charge induced temporal pulse broadening.  
Conversely, a pulse with initially vτ >> 2w will predominantly broaden in the transverse 
spatial direction.  In other words, the shortest initial electron pulse dimension undergoes 
the largest space-charge induced acceleration due to the fact that the internal space-
charge field is greatest in this direction.  Accordingly, if one intends to study and 
optimize the spatial electron emission characteristics of a laser-driven photo-electron gun, 
an operational regime that segregates the space-charge effects into the longitudinal 
propagation direction is clearly strongly preferred; that is, one requires vτ << 2w in order 
for the space-charge effects not to interfere with the optimization of the spatial emittance 
of an ultrafast electron gun.  Moreover, as discussed below, the consequent longitudinal 
temporal pulse broadening can be compensated and corrected for through the use of a 
suitably phased RF accelerator cavity.   

 
 
 

 
 
 

Figure 19. The dedicated 
UEM laboratory in RRC-
East with the U-shaped 
optical table and 
frequency-doubled 
femtosecond Yb:KGW 
laser system (back right).  
The future position of the 
ultrashort pulse electron 
gun on top of the JEM 
100CX electron 
microscope column is also 
shown. 
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Figure 20.  Space-time dynamics of Gaussian, radially-symmetric, 5,000-electron pulses 
with durations of 0.1ps (green), 1.0ps (black), and 10ps (red) and the same initial peak 
charge density: (a) normalized transverse beam waist w and (b) normalized pulse duration 
τ as a function of propagation time.  

The above argument, coupled with the requirement to reduce overall space-charge 
effects by reducing the pulse charge density, implies that the largest possible electron 
pulse diameter (2w) should be used in a UEM.  However, unlike beams for high-energy 
physics particle accelerators, for a functional UEM one is restricted generally to electron 
beam diameters of ~1mm – the maximum acceptance aperture of modern electron optics 
(i.e., magnetic lenses).  As a result, for typical electron velocities v ≈ c/2 (c is the speed of 
light), the required condition that vτ << 2w means that the electron pulse duration τ, and 
hence the incident laser pulse duration generating the electron pulse, should be less than 
about 1ps.  This realization has led us to replace the previously employed 60MHz, 8W, 
mode-locked Nd:GdVO4 laser producing ~10ps pulses at 1063nm [1] with a laser 
radiation source generating pulses with sub-picosecond durations.  A schematic of this 
latter home-built, diode-pumped, high-power, femtosecond Yb:KGW (Yb-doped 
potassium gadolinium tungstate) laser resonator [2,3] is shown in Figure 21.  As with the 
Nd:GdVO4 laser, the successful thermal lens shaping (TLS) technique [4] is employed in 
the pumping of the Yb:KGW gain medium to ensure an astigmatism-compensated optical 
cavity for fundamental TEM00-mode operation.   
 

 
 

Figure 21. Schematic of the femtosecond TLS Yb:KGW oscillator (LD = laser diode, 
OC = output coupler, SBR = saturable Bragg reflector). 
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In the configuration shown in Figure 21 with z ≈ 42cm and a net round-trip 
negative group velocity dispersion (GVD) of −5200fs2 introduced by the two 50cm radius 
of curvature z-fold mirrors, the Yb:KGW laser exhibited self-starting soliton mode-
locking for output powers above ~2W.  The maximum (or optimum) mode-locked output 
power obtained without the emergence of DC spectral components was 3.5W, with a 
sech2 pulse duration of 250fs (Fig. 8(a)).  The insertion of two further plane dispersion 
compensation mirrors each with a GVD of −700fs2 into the short arm of the cavity 
generated higher mode-locked output powers with longer pulse durations.  For example, 
with two reflections off each mirror (an additional −5600fs2 of round-trip GVD), the 
pulse duration increased to 347fs (Fig. 22(b)) at an optimum mode-locked output power 
of 5.0W.  This trend is consistent with the expected ‘soliton’ mode-locking regime; that is, 
the SBR only initiates the mode-locking mechanism, which is quickly dominated by self-
phase modulation in the Yb:KGW gain medium balanced by the net negative GVD in the 
cavity [5]. 
 

  

 
 
 
Figure 22. Second harmonic autocorrelation measurements of the laser pulse duration 
and fits assuming a sech2 pulse shape; (a) for the cavity depicted in Fig. 3 and (b) with an 
additional −5600fs2 of round-trip GVD 
 

The data shown in Figure 23 illustrates the performance characteristics of the 
femtosecond TLS Yb:KGW laser in the resonator configuration of Figure 7.  A clear 
~250mW increase in the fundamental output power at 1040nm is observed when the laser 
switches from continuous-wave (CW) to ML operation, indicating an increase in the net 
quality (or Q) of the cavity oscillation for pulsed operation that is consistent with the 
stability of the laser under ML operation.  Also shown in Figure 23 is the green power at 
520nm obtained by frequency doubling the ML laser output in a 2mm-thick, Brewster-cut 
and critically phase-matched lithium triborate (LBO) crystal.  A clear saturation in the 
doubled green power at 1.65W for diode currents above 30A is consistent with the 
observed emergence of CW spectral components in the fundamental output in this 
regime; that is, for operation above the ‘soliton power limit’ of the laser.  Frequency 
doubling efficiencies in excess of 60% are observed for our z-fold doubling geometry, 
which employs a crystal length of the same order as the confocal parameter of the 
focused fundamental wave and is optimized to minimize the effects of group velocity 
mismatch and spatial beam walk-off.   
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Figure 23. Output power performance of the TLS femtosecond Yb:KGW laser as a 
function of diode laser current: CW (black squares) and ML (red circles) fundamental 
output power; second harmonic power (green triangles) and conversion efficiency (line) 
f r o m  a  2 m m - t h i c k ,  B r e w s t e r - c u t ,  LB O  f r e q u e n c y  d o u b l i n g  c r ys t a l .           

The sub-picosecond green laser pulses generated by frequency doubling the 
output from the ML Yb:KGW laser are ideally suited for driving the photocathode in our 
electron gun.  Their ~200fs duration clearly fulfills the requirement that vτ << 2w for an 
incident laser beam diameter of ~1mm.  Moreover, for the ~1W of average power at the 
laser repetition rate of 63MHz (implying a peak pulse power of 80kW), the oscillating 
laser field strength on the surface of the photocathode will be ~10MV/m.  This is well in 
excess of the ~10kV/cm DC field strength of our electron gun.  Consequently, with a 
suitable photocathode material, such as a nano-patterned photocathode, it should be 
possible for the laser field to assert some linear or nonlinear control over the electron 
photoemission process, thereby decreasing the emittance of our electron gun.   

DC photoelectron gun re-design 
 

In the second project year, we have also re-designed the anode and cathode shapes 
and configurations in our DC photoelectron gun with a view to improving the overall gun 
performance.  The new DC gun design shown in Figure 24 is based on that employed by 
Togawa et al. [6] in their 500kV, CeB6 (cerium hexaboride), large-area (3mm diameter) 
and high-current, thermionic emission gun.  The use of both polished and cleaned 
stainless steel and the curved features on the anode and Wehnelt encapsulating the 
photocathode allow high DC field strengths to be obtained.  In addition, the use of a 
relatively large anode beam orifice and the specific 1:1 ratio between the radius of the 
exit hole in the anode and the radius of its curved surface ensures that the anode is a 
minimally divergent electrostatic lens (Fig. 24(b)) for our electron beam diameters of 



~1mm.  The design also allows for incident laser beam angles θ of between 45 and 60 
degrees (Fig. 24(a)) and can readily accept photocathode area sizes up to 0.5x0.5 inches.   
 
 
 
 
 
Figure 24. (a) 
Schematic of the re-
designed 10-50kV DC 
photoelectron gun 
based on the work of 
Togawa et al. [6]. (b) 
Simulation of the 
equipotentials in the 
500kV gun design of 
Togawa et al. [6] with 
the 3mm-diameter 
electron beam (solid 
black). 
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Photocathodes: Hexaborides and plane holographic gold gratings 
 

Work is currently underway to study the emission properties of two types of 
photocathodes using the powerful ~200fs green (520nm) pulses from the frequency 
doubled, ML Yb:KGW laser: (i) the semi-metallic hexaborides LaB6 (100) and CeB6 
(310) and (ii) plane holographic (i.e., sinusoidal) gold-coated diffraction gratings with 
750 lines/mm.  In all cases, cylindrical optics are used to ensure that a circular area is 
illuminated on the photocathodes (i.e., to compensate for the ~50º angle of incidence) and 
a YAG scintillation crystal is employed to determine electron beam ellipticity.  
Additionally, a Faraday cup charge detector equipped with a retardation grid (Kimball 
Physics model FC-73A) is used to measure both the electron charge per laser pulse and 
the photoelectron energy spread. 
 

The two hexaborides have work functions Φ of about 2.7 and 2.4eV, respectively.  
When compared to the 2.39eV photon energy of 520nm radiation, this means that one 
might only expect minimal single-photon photoemission from the (310)-cut CeB6 crystal 
due to the finite bandwidth (∆E ≈ 10meV) of the femtosecond green laser pulses and the 
thermal tail (kBT = 25meV) of the Fermi distribution function at 300K.  However, the 
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Schottky effect, the suppression of the work function due to the applied surface field Es 
(e.g., the DC gun field), must also be taken into account; 
 

0
. 2 πε

−Φ=Φ s
eff

eEe
 ,        (1) 

 
where e is the fundamental electron charge and ε0 is the vacuum permittivity.  For a DC 
field of 10kV/cm, the effective work function Φeff. is 38meV lower than Φ, which already 
allows single-photon photoemission from CeB6 (310) with an average electron excess 
energy of about 20meV.  Furthermore, this analysis does not take into account the 
stronger ~10MV/m laser field amplitude at the surface of the photocathode, which 
induces an additional oscillating change in the work function of ∆Φ ≈ ±0.12eV.  This 
variation is sufficiently large to both ‘switch-off’ the photoemission process when the 
laser field is oriented to oppose the applied DC field and to enhance the photoemission 
efficiency (proportional to the square of the excess energy) in one radiation period 
(~1.7fs at 520nm).  If the photoemission process is indeed instantaneous, this effect will 
be observable through a change in the photoelectron energy spread as a function of the 
incident laser power.   
 

For the LaB6 (100) crystal, the larger 2.7eV work function should prohibit single-
photon photoemission even in the presence of the oscillatory Schottky effect.  It therefore 
represents a control experiment.  However, two-photon photoemission and photo-assisted 
field emission [7,8] are possible.  If electron emission is observed, these two processes 
can be distinguished through their significantly different energy spreads.  We also note in 
passing that efficient single-photon photoemission from CeB6 (310) driven by 520nm 
femtosecond laser pulses, in the absence of space-charge effects, would produce a very 
useful pulsed electron source for a UEM since its intrinsic energy spread would be less 
than 0.1eV.   
 

Plane holographic gold gratings have interesting and anomalous multi-photon 
photoemission properties under visible or near-infrared irradiation when a surface 
plasmon resonance with the periodicity of their sinusiodal surface structure is excited.  
This is because the local dipole field associated with the surface plasmon can be many 
orders of magnitude stronger than the incident driving laser field.  As a result, 
photoemission properties are greatly perturbed by the collective electronic plasmon 
oscillation; for example, the oscillatory Schottky barrier suppression (equation (1)) can 
exceed 1eV.  As gold has a work function of 5.1eV, this will allow plasmon-enhanced 
two-photon photoemission with our femtosecond 520nm (2.39eV) laser pulses.   
 

The condition for first-order resonant excitation of a surface plasmon on a grating 
with period a is 
 

a
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where θ is the angle of incidence of the laser light of wavelength λ, and ε is the real part 
of the dielectric function of the grating – the noble metal coating in our case.  For a gold 
grating with 750 lines/mm irradiated at 520nm, the surface plasmon phase-matching 
condition of equation (2) gives θ ≈ 50º.  In addition, p-polarized incident laser radiation is 
required in order to couple to the surface plasmon oscillation perpendicular to grating 
surface.   Both of these conditions can be achieved with our re-designed laser-driven DC 
gun.  We will also employ well-known optical techniques to tilt the pulse front of the 
femtosecond laser pulse to 50º to compensate for the large angle of incidence; that is, 
ensure that the temporal distortion due to propagation of the pulse front across the ~1mm 
laser beam diameter on the photocathode is not a factor in the initial photo-generated 
electron pulse duration. 
 

In addition to enhancing the photoemission efficiency, the surface plasmon field 
also affects the angular distribution of the photoemission.  Specifically, the pondermotive 
force experienced by the emitted electrons in the strong local plasmon field restricts their 
transverse momentum distribution perpendicular to the grating grooves [9].  This effect, 
which generates an elliptical spatial electron beam profile (with the major axis parallel to 
the grating grooves), should be readily observable with a YAG scintillation screen.  On 
the other hand, the longitudinal energy spread of the electrons is also increased by 
roughly the pondermotive potential energy associated with the oscillating plasmon field 
[10,11].  This effect can produce energy spreads of the order of 10eV.  Fortunately, it 
may be possible to compensate for the resultant temporal electron pulse distortion and 
significantly reduce the energy spread of the electron pulse at the specimen using an RF 
cavity, as discussed below.   
 

The natural extension of the inherently one-dimensional grating is to employ a 
two-dimensional sinusoidal grating structure – a ‘criss-cross’ grating with an array nano-
emission points.  Such optical elements are available commercially and their performance 
as a photocathode will also be assessed.  The idea here, of course, is to reduce the 
momentum distribution in both transverse dimensions and thereby substantially decrease 
the emittance of the DC electron gun.  The study of a criss-cross grating plasmon-
enhanced photoemitter will also serve as a natural precursor to the planned investigations 
of nano-patterned photocathodes based on periodic arrays of gold nano-disks on a silicon 
substrate – a component that is currently being manufactured at the Northern California 
Nanotechnology Center (NC2) at UC-Davis.  In addition, we plan to investigate the 
reported ~103-fold enhancement in photoemission efficiency when a thin 30-50nm-thick 
gold layer is deposited on a plane sinusoidal holographic Al grating [11].  In this case, the 
two plasmons at the air-Au and Au-Al interfaces coherently couple to further enhance the 
plasmon-enhanced photoemission mechanism.  Clearly, such a large enhancement in 
photoelectron generation efficiency will benefit the development of an operational UEM.   

Longitudinal space-charge effects and RF cavity pulse compression 
 

The modeling of ultrashort electron pulse propagation initiated in the first year of 
the project has been extended to describe the electron pulse dynamics from the DC gun to 
the specimen in the preferred operational limit of a UEM with ‘disk-like’ pulses (i.e., 2w 
>> vτ).  In this limit, one may safely neglect the influence of space-charge on the spatial 



pulse dynamics.  In other words, the space-charge field ESC is assumed to be solely axial 

with a magnitude equal to 
02ε

σ
, where 

2w

Ne

π
−=σ  is the surface charge density of the 

electron pulse containing N  electrons.  This then allows the formulation of a simple non-
relativistic model of the electron pulse propagation dynamics down the microscope 
column.    
 

 
(a) 

 

 
(b) 

 
Figure 25. (a) Schematic of the modeled UEM column; (b) Electron pulse duration 
(green) and energy spread (red) at the specimen as a function of RF field strength for VDC 
= 30kV, ħω – Φ = 1eV, ESC = 100V/m, νRF = 1.4GHz, and L = 28.8cm. 
 

The model evaluates the effects of the axial space-charge field and the initial 
energy spread upon photoemission on the front and back of the electron pulse as it 
propagates down the canonical UEM column (photocathode to specimen) shown in 
Figure 25(a).  As expected, the model shows that the energy spread due to photoemission, 
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pulse broadening in the DC gun since this produces the greatest initial electron velocity 
distribution.  In fact, for ∆E ≈ 1eV, this effect alone introduces a pulse broadening of 
about 1ps for a 30kV DC photoelectron gun with a 1cm acceleration gap.  After the DC 
gun, the longer time of flight down the UEM column allows the continual acceleration 
due to the pulse’s internal space-charge field to affect the propagation dynamics.   
 

In nearly all cases, the propagating pulse quickly develops a relatively linear 
velocity chirp which can be compensated for by an appropriately phased RF acceleration 
cavity in the UEM column [12,13].  The modeled UEM column therefore includes a RF 
cavity positioned 10cm after the DC photoelectron gun to study the conditions required to 
produce the shortest compressed electron pulse at the specimen.  The RF cavity is chosen 
to be of the standard cylindrical design for oscillation on the fundamental TM010 mode at 
a frequency νRF = Ω/(2π) = 1.4GHz and to have a small (<< λRF) 1cm propagation length 
for the electrons through a small axial hole.  The RF field experienced by the electron 
pulse can then be described by  
 
 )sin(0 φ+Ω= tEERF  ,       (3) 
 
where the phase φ of the RF field relative to the electron pulse in the cavity is set to 
preferentially accelerate the slower electrons at the back of the pulse.  For a sufficiently 
strong RF field strength E0, our analysis indicates that it is always possible to produce a 
short compressed pulse at the specimen a distance L = 10-100cm after the RF cavity – a 
result that is in agreement with prior analyses [14-16].  In other words, electron pulse 
broadening due to both longitudinal space-charge effects and the initial energy spread 
upon photoemission can be compensated for by the insertion of an RF cavity.   
 

The model also revealed that another important and practical condition can also 
be met if the specimen is placed at a specific distance L behind the RF cavity: namely, 
that it is possible to arrange simultaneously for the electron pulse to have both the 
shortest pulse duration and the minimum energy spread at the specimen.  An example of 
this condition is shown in Figure 25(b).  For a DC gun voltage of 30kV over a 1cm gap, 
∆E = ħω – Φ = 1eV, and a space-charge field of 100V/m (corresponding to ~104 
electrons/mm2), a 1.4GHz RF cavity with a field strength of 6.85MV/m can 
simultaneously compresses the electron pulse to less than 20fs and reduce its energy 
spread to significantly less than 1eV at a distance L = 28.8cm.  Clearly, this type of probe 
pulse for a DTEM could allow, for example, dynamic high-resolution electron energy 
loss spectroscopy (EELS) to be performed.   
 

Unfortunately, operation of TM010 RF cavities of this type requires large RF 
power supplies.  This is because machining tolerances on the internal copper walls of the 
cylindrical cavity restrict the cavity quality factor Q to ~1000.  As a result, in order to 
provide the ~6.8MV/m field strength for the 1cm-long, 1.4GHz RF cavity described 
above, an RF power in excess if 100kW would be required.  To a certain extent, this 
power requirement can be reduced through the use of higher RF frequencies [15] and re-
entrant RF cavity designs [16].  However, the required RF powers are still well outside 



the scope of this research project and, hence, probably outside the realm of a practical 
UEM.   
 
Doubly-resonant and dielectric-loaded TM010 RF cavity 
 

Current work on the design of an RF cavity for electron pulse compression is 
focusing on a dielectric-loaded λ/2-resonant TM010 cavity design.  Such a cavity, in the 
form of a metal-coated dielectric cylinder with a 3-4mm-diameter hole down the axis for 
the electron beam, has some enormous potential advantages over the simpler, ‘thin’, and 
empty (evacuated) TM010 cavity described above.  First, optical polishing techniques can 
be used to dramatically reduce the surface roughness, which will result in a significant 
enhancement of the Q of the RF cavity.  Second, silver, a metal with a higher 
conductivity than copper, can be used to coat the dielectric, thereby further increasing Q.  
Third, electromagnetic boundary conditions dictate that the RF field strength experienced 
by the electron pulse inside the axial hole is εr, the relative permittivity, times larger than 
in the dielectric – a field enhancement.  Fourth, each dimension of the RF cavity is 
reduced by a factor of about √εr (i.e., by the refractive index at the RF frequency) when 
compared to the vacuum case, which reduces the volume and hence total energy stored in 
the cavity at resonance.  All of these factors should contribute to a factor of 103 (or more) 
reduction in the required RF power for effective electron pulse compression in a UEM.   
 

The use of a dielectric-loaded RF cavity has one further advantage over an empty 
cavity for use in a DTEM column where the electron velocities are generally around c/2 – 
corresponding roughly to a 100kV microscope.  In an empty RF cavity, there is a 
mismatch between the phase velocity of the RF field (the speed of light c) and the group 
velocity of the electron pulse.  This implies that there can be a significant ‘slippage’ of 
the optimum pulse compression condition over the electron pulse as it propagates through 
the RF cavity.  In a dielectric-loaded RF cavity, this problem can be essentially removed 
by choosing a dielectric with the appropriate RF refractive index √εr that allows the field 
phase velocity to be closely matched to the pulse group velocity.  This velocity matching 
then also enables a λ/2-resonant TM010 cavity to be employed – a standard accelerator 
cavity in high-energy physics; that is, in our case, a RF cavity with a length d = 
c/(2νRF√εr).  The RF field experienced by the electron pulse in the 3-4mm-diameter hole 
can then be described by 
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where z is the direction of propagation for the electron pulse.  Two suitable dielectric 
(optical) materials that have low loss at GHz RF frequencies and have the appropriate 
refractive index have been identified: fused silica (SiO2; εr = 3.8) and yttrium aluminum 
garnet (YAG; εr = 10.4).  
 
Modeling of the performance of this novel dielectric-loaded TM010 RF cavity is now 
underway.  Figure 26 shows some preliminary data for a 3GHz YAG-loaded cavity for an 
incident electron pulse with a velocity of c/3 = 108m/s and linear negative velocity chirp 



(faster electrons at the leading edge of the pulse).  The fully relativistic model indicates 
that for different RF phases φ between zero and π there exists a field strength that 
reverses the velocity chirp (Figure 26(a)).  The optimum value of φ giving the minimal 
required RF field strength of about 1MV/m for this pulse compression condition is about 
π/2.  Figure 26(b) shows the reversal in the velocity chirp for the electron pulse under this 
optimal condition as it propagates through the 16mm RF cavity length.  Similar results 
are obtained for fused silica.   
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(b) 

Figure 26. Conditions for electron pulse velocity chirp reversal in a λ/2 TM010 RF cavity 
loaded with the dielectric YAG (yttrium aluminum garnet) when the incident pulse 
velocity v0 = c/3: (a) Required RF electric field amplitude E0 as a function of the phase 
angle φ; (b) Reversal of the velocity chirp for five normalized electron velocities in the 
pulse upon propagation through the 16mm RF cavity length when φ = π/2 and E0 = 
1MV/m. 
 

Armed with knowledge of the required RF field strength for velocity chirp 
reversal, an estimate may be made for the RF power that needs to be supplied to 3GHz 
cavity.  For the above case, a YAG-loaded cavity operating with E0 = 1MV/m, a 
conservative estimate using Q = 1000 indicates that less than 10W of RF power would be 
required.  This is well within the capabilities of modern semiconductor-based RF 
amplifiers.  Consequently, efforts are now underway to find a vendor to provide the 
custom polished optic and the electronics required to synchronize the resonant TM010 RF 
cavity frequency to a harmonic of the 63MHz femtosecond Yb:KGW laser employed to 
drive the photocathode.   
____________ 
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UIC: Year 3 

The accomplishments (and activities) in Year 3 of the UIC portion of the three-year 
research project can be separated into four categories:  
 

• Demonstration of a high performance DC photoelectron gun for ultrafast 
(picosecond or femtosecond) dynamic transmission electron microscope (DTEM) 
using simple planar photocathode materials (Ta, Cu(100), and p-type Si(100)).  

• Investigations of plasmon-enhanced photoemission aimed at reducing the 
transverse emittance of the laser-driven ultrashort pulse electron source.  

• Development and preliminary testing of a dielectric-loaded TM011 RF cavity for 
electron pulse compression in an ultrafast electron microscope (UEM). 

• Modeling of ultrashort (femtosecond and picoseconds) electron pulse propagation 
through electron optical elements (magnetic lenses, RF cavities, etc.), which 
allows for a complete simulation of a DTEM column from photocathode to 
specimen.   
 

This work has been performed in a new dedicated UEM laboratory in the Research 
Resources Center – East (RRC-East) of the University of Illinois at Chicago (UIC) and 
employs a home-built femtosecond drive laser for the dynamic transmission electron 



microscope (DTEM) – a novel diode-pumped, thermal lens shaped (TLS), soliton mode-
locked (ML) Yb:KGW laser.  The effort is designed to solve many of the problems 
encountered in the development of a functional prototype ultrafast DTEM test column 
employing available parts from a decommissioned JEM 100CX electron microscope (the 
magnetic electron lens, scintillator, and sample holder stage).  The results obtained in this 
study are pertinent to the development of future ‘single-shot’ DTEMs designed to study 
the ultrafast dynamics of materials under extreme (i.e., non-perturbative and/or 
destructive) conditions.   

 
Ultrafast DC photoelectron gun investigations 
 
A key component in the development of an ultrafast DTEM is a high-performance DC 
photoelectron gun that can be readily incorporated (possibly retro-fitted) into an electron 
microscope column and, under appropriate laser-drive conditions, is capable of delivering 
the 106 to 108 electrons/pulse required for single-shot diffraction and imaging studies.  
After re-design and fabrication in Year 2, we have tested and characterized a simple, yet 
versatile, laser-driven DC electron gun which can meet these requirements.   
 
The new DC gun design shown is based on that employed by Togawa et al. in their 
500kV, CeB6 (cerium hexaboride), large-area (3mm diameter) and high-current, 
thermionic emission gun.  The use of both polished and cleaned stainless steel and the 
curved features on the anode and Wehnelt encapsulating the photocathode allow high DC 
field strengths to be obtained.  In addition, the use of a relatively large anode beam orifice 
and the specific 1:1 ratio between the radius of the exit hole in the anode and the radius of 
its curved surface ensures that the anode is a minimally divergent electrostatic lens for 
our electron beam diameters of ~1mm.  The design also allows for incident laser beam 
angles θ of between 45 and 60 degrees and can readily accept photocathode area sizes up 
to 0.5x0.5 inches.   

Figure 27 summarizes the salient results obtained with this DC photoelectron gun design 
using planar metal (Cu(100) and Ta) photocathodes driven by the second (523nm, ħω = 
2.37eV) and fourth (261nm, ħω = 4.75eV) harmonics of the 63MHz repetition rate 
femtosecond Yb:KGW laser.  For the green second harmonic radiation, the incident laser 
pulse duration is ~200fs, while group velocity walk-off effects in the fourth harmonic 
generation crystal limit the ultraviolet (UV) pulse duration to ~4ps.  All the displayed 
experimental results were obtained using an acceleration voltage of VDC = 20kV over a 
gap d ≈ 2cm and a circular illuminated photocathode area of about 1mm2 at the θ = 55º 
incidence angle.  Further details may be found in a forthcoming publication in 
Microscopy and Microanalysis. 
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Figure 27: Results from the 63MHz ultrashort-pulse laser-driven DC photoelectron gun: 
(a) The beam on the YAG scintillator placed 13cm after the gun anode using a Ta 
photocathode illuminated with ~300mW of picosecond 261nm radiation.  (b) 
Photocurrent and electrons/pulse as a function of p-polarized, 261nm average laser power 
for the polished Ta planar photocathode.  The line is a linear fit - indicating single-photon 
photoemission.  (c) Photoemission current as a function of laser polarization angle φ with 
respect to the plane of incidence at a UV laser power of ~300mW for the polished Ta 
photocathode.  Also shown are scaled theoretical fits using the known complex refractive 
index of Ta at 261nm (dashed line) and including the correction for the fused silica 
vacuum chamber window transmission (solid line).  (d) Photocurrent as a function of 
523nm green average laser power for polished Ta (circles) and Cu (100) (squares) planar 
photocathodes.  The solid lines are quadratic fits -indicating two-photon photoemission. 
 
These results are consistent with the following points: 
 
• The monitored divergence of the electron beam (Figure 27(a)) is in agreement 
with the normalized rms transverse emittance εT evaluated by Jensen et al., 
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for the case of photoemission with a maximum excess energy ∆E = ħω ‒ Φ (where Φ 
is the photoelectric work function) is significantly greater than the thermal energy kBT 
of the electrons.  In equation (1), 〈x2〉 and ħ2〈kx

2〉 are the “moments” of the beam in 
transverse position and momentum space respectively, εF is the Fermi energy of the 
metal photocathode, m is the electron mass, c is the speed of light, and a circular 
Gaussian laser spatial irradiance profile of waist size w, exp[‒(x2 + y2)/w2], is assumed.  
This consistency also means that the employed Togawa DC electron gun design does 
indeed minimize the influence of anode aperture electro-static lens effects. 

• The measured quantum efficiency of single-photon photoemission is accordant with 
expectations for metallic photocathodes; namely, about 10-5 (or less) for excess 
photoemission energies of less than 1eV.  The photoemission efficiency is also 
dependent on the polarization of the incident laser radiation for non-zero angles of 
incidence – p-polarization being preferred (Figure 27(c)) as the transmission of 
radiation into the metal photocathode is increased. 

• Extrapolation of the single-photon data (Figure 27(b)) for metallic photocathodes like 
Ta would indicate that ~108 electron/pulse could be photoemitted by a ~100fs UV 
pulse with an energy of ~100µJ.  The absorption of even a fraction of this incident 
pulse energy in a volume defined by the radiation absorption depth and a 1mm2 
photocathode area will cause a significant increase in the photocathode electron 
temperature, invalidating equation (1) and generating strong thermionic emission with 
a consequent unwanted larger spatial emittance (i.e., lower electron source 
brightness).  Interestingly, extrapolation of the and two-photon data (Figure 27(d)) for 
the generation of ~108 electron/pulse will require a similar 100GW/cm2 incident laser 
pulse irradiance of which may optically damage the photocathode surface.   

 
Similar DC photoelectron gun performance to that of Ta was observed when a p-type 
Si(100) crystal was employed as the photocathode; namely, ~104 electrons/pulse were 
emitted by single-photon photoemission under 261nm UV picosecond pulse laser 
illumination.  In this case, however, the negative electron affinity (surface band bending) 
characteristics of the photocathode coupled with the ~100nm surface oxide layer 
appeared to reduce the electron beam divergence by a factor of about two.  The cause of 
this effect is still unknown and requires further investigation. 
 
The Microscopy and Microanalysis article in press [4] also contains an analysis of the 
short-pulse Child-Langmuir limit for electron pulse generation from a DC photoelectron 
gun; that is, in the regime where the electron pulse duration is much shorter than the 
time-of-flight in the acceleration region of the DC gun.  This analysis indicates that the 
critical number of photoemitted electrons/pulse before limiting virtual cathode formation 
is given by 
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where e is the electron charge and ε0 is the vacuum permittivity.  For a typical DC gun 
with EDC ≈ 30kV/cm (e.g., VDC = 100kV and d ≈ 3cm), equation (2) reveals that the 
generation of 108 electrons/pulse needed for single-shot imaging applications in a DTEM 
with a 1k×1k CCD detector requires an incident laser beam area πw

2 of about 1mm2 – 
precisely the area employed in our experimental investigations.  Clearly, for such a 
relatively large emitter size 〈x2〉, a significant reduction in the transverse momentum 
“moment” ħ2〈kx

2〉 is required to attain a beam emittance (equation (1)) compatible with 
focusing the beam down to ~1µm with standard objective lenses used in electron 
microscopy – a condition required to obtain 1nm spatial resolution with a 1k×1k CCD 
detector. 

 
Plasmon-enhanced photoemission 
 
An attractive potential approach to reducing significantly the transverse momentum 
“moment” ħ

2〈kx
2〉 (equation (1)) below that of a conventional planar photocathode 

electron source is to employ laser-driven plasmon-enhanced photoemission from a nano-
patterned photocathode.  The idea is to use the strong oscillatory local surface plasmon 
field to ‘control’ the divergence of photoemitted electrons through the combined action of 
photoemission barrier suppression and ponderomotive acceleration.  In particular, with 
the intense second harmonic (523nm; ħω = 2.38eV) ~200fs pulses generated using our 
diode-pumped Yb:KGW laser, it should be possible to suppress the 5.1eV work function 
of gold by ~1eV to allow efficient plasmon-enhanced two-photon photoemission.   
 
For front surface illumination, the condition for first-order resonant excitation of a 
surface plasmon on a metal surface with a sinusoidal modulation period a is 
 

a

λ
−

ε+
ε

=θ
1

sin  ,         (3) 

 
where θ is the angle of incidence of the laser light of wavelength λ, and ε is the real part 
of the dielectric function of the metal.  For example, for gold and a modulation period a = 
1µm, the surface plasmon phase-matching condition of equation (3) gives θ ≈ 40º for 
523nm laser irradiation.  In addition, p-polarized incident laser radiation is required in 
order to couple to the surface plasmon oscillation perpendicular to grating surface.   Both 
of these conditions are readily met in our DC photoelectron gun, and standard optical 
techniques can be used to tilt the pulse front of the femtosecond laser pulse to 40º to 
compensate for the large angle of incidence; that is, ensure that the temporal distortion 
due to propagation of the pulse front across a ~1mm laser beam diameter on the 
photocathode is not a factor in the initial photo-generated electron pulse duration. 
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Figure 28:(a) SEM image of the optical damage to the commercial, gold-coated, 750 
lines/mm holographic grating generated/produced by excitation of the plasmon resonance 
with a high-power (1W) femtosecond green laser (left).  High resolution SEM image of 
the undamaged grating (right). (b) High resolution SEM image of the FIB-milled, ~1µm 
period, sinusoidal nano-structure in single crystal Si – the high thermal conductivity 
substrate for a laser-driven plasmon-enhanced photoemission cathode. 
 



Our initial investigations into the feasibility of a plasmon-enhanced photoemission 
electron source used a gold-coated, 750 lines/mm, commercial holographic optical 
grating as the photocathode.  Although the surface plasmon resonance was clearly excited 
at an angle of incidence of θ ≈ 50º (as evidenced by dramatic changes in the reflective 
properties of the grating), the float-glass/photo-resist grating substrate proved to have 
insufficient thermal conductivity to dissipate the absorbed laser power driving the 
plasmon resonance.  The consequent optical damage to the grating shown in Figure 28(a) 
also confirms the spatial circularity of our green (523nm) drive laser spot on the 
photocathode – cylindrical optics being used to ensure that this is the case for the large 
angle of incidence.   
 
To solve the heat dissipation problem, a collaborative effort with Nestor Zaluzec, Jon 
Hiller, and Dean Miller from the Electron Microscopy Center (EMC) at Argonne 
National Labopratory (ANL) is now underway.  Focused ion beam (FIB) milling of 
single-crystal Si substrates, which possess a substantially higher thermal conductivity 
than float-glass, is being used to produce nano-patterned Si photocathode substrates with 
a ~1µm period and ~10% modulation depth (Figure 28(b)) by defocusing the Ga ion 
beam in the Zeiss 1540XB FIB.  After further characterization by an atomic force 
microscope (AFM) both before and after the deposition of a 300nm-thick gold film, the 
photoemission performance of the nano-patterned photocathode will be analyzed in our 
DC photo-electron gun using the high-power femtosecond green radiation from the 
Yb:KGW laser.   
 
This plasmon-enhanced photoemission study is initially focusing on one-dimensional 
nano-patterning of the photocathode surface since this allows the expected restriction of 
the transverse momentum distribution perpendicular to the ‘grating’ grooves due to the 
strong local plasmon field [8] to be compared to the momentum distribution parallel to 
the grooves where no such effect is expected.  In other words, a markedly elliptical 
spatial electron beam profile (with the major axis parallel to the grating grooves) is 
expected, which should be readily observable with a YAG scintillation screen.  Of course, 
the final nano-patterned photocathode design will need to feature a two-dimensional 
‘criss-cross’ grating-like pattern to ensure reduction of the momentum distribution in 
both transverse spatial dimensions and thereby substantially increasing the brightness (by 
decreasing the transverse emittance) of the laser-driven DC photoelectron gun.   
 
The expected decrease in spatial emittance due to the strong directional and oscillatory 
surface plasmon field is also accompanied by an increase in the longitudinal energy 
spread of the electrons, roughly equivalent to the pondermotive potential energy 
associated with the oscillating plasmon field.  This effect can produce energy spreads of 
the order of 10eV which, like the excess photoemission energy ∆E = ħω ‒ Φ, will result 
in a temporal broadening of the electron pulse upon subsequent propagation down the 
microscope column.   

 
Dielectric-loaded TM011 RF cavity 
 



From the above, it is clear that the development of an ultrafast single-shot DTEM 
employing 106 to 108 electrons/pulse for diffraction and imaging applications [2] will 
likely require a large-area (~1mm2) nano-patterned photocathode irradiated by a 
picosecond or femtosecond laser pulse.  As a result, the electron pulse emitted from the 
DC photoelectron gun is likely to be in the ‘disk-like’ regime; that is, its spatial width 
significantly greater than its longitudinal length.  Space-charge effects, together with the 
effects of largely longitudinal ponderomotive motion (in plasmon-enhanced 
photoemission) and the excess photoemission energy ∆E, will predominantly broaden the 
electron pulse (or bunch) in the longitudinal propagation direction rather than in the 
transverse direction.  This dimensional separation is fortuitous since it will allow the 
optimization of the transverse emittance of the electron source (e.g., with plasmon-
enhanced photoemission) without undue influence of transverse space-charge effects, 
while providing the opportunity to compensate for space-charge, ∆E, etc. induced 
temporal pulse broadening using a synchronized RF cavity – a standard technique in 
accelerator physics. 
 
Currently, a number of RF cavity designs are being investigated for longitudinal electron 
pulse compression, mainly for 20-100kV ultrafast electron diffraction (UED) experiments.  
Unfortunately, operation such vacuum RF cavities typically requires kW-level (and 
above) RF power supplies.  To a certain extent, this power requirement can be reduced 
through the use of higher RF frequencies and re-entrant RF cavity designs.  However, the 
required RF powers are still well outside the scope of this research project and, hence, 
probably outside the realm of a practical UEM.   
 
In contrast, our approach for electron pulse compression is focusing on a dielectric-
loaded λ/2-resonant TM011 RF cavity design.  Such a cavity, in the form of a metal-
enclosed dielectric cylinder with a 3-4mm-diameter hole down the axis for the electron 
beam, has some enormous potential advantages over the ‘standard’ vacuum RF cavities.  
First, electromagnetic boundary conditions dictate that the RF field strength experienced 
by the electron pulse inside the axial hole is εr, the relative permittivity, times larger than 
in the dielectric – a field enhancement.  Second, each dimension of the RF cavity is 
reduced by a factor of about √εr (i.e., by the refractive index at the RF frequency) when 
compared to the vacuum case, which reduces the volume and hence total energy stored in 
the cavity at resonance.  Finally, the use of a dielectric-loaded RF cavity avoids the 
serious mismatch between the phase velocity of the RF field (the speed of light c in a 
vacuum cavity) and the group velocity of the electron pulse – around c/2 for a ~100kV 
electron microscope.  In a dielectric-loaded RF cavity, this problem can be removed by 
choosing a dielectric with the appropriate RF refractive index √εr that allows the field 
phase velocity to be closely matched to the pulse group velocity. The resultant velocity 
matching then enables an efficient λ/2-resonant TM011 cavity to be employed – a standard 
accelerator cavity in high-energy physics; that is, in our case, a RF cavity with a length d 
= c/(2νRF√εr), where νRF is the RF frequency.  All of these factors should contribute to a 
factor of 103 (or more) reduction in the required RF power for effective electron pulse 
compression in a UEM.   
 



Figure 29(a) shows the two polished dielectric inserts chosen for our RF cavity design: 
fused silica (SiO2; εr = 3.8) and yttrium aluminum garnet (YAG; εr = 10.4).  These 
materials have low loss at GHz RF frequencies and provide perfect velocity matching for 
84kV and 27kV electrons, respectively.  A fully relativistic model indicates that an 
appropriately-phased 3GHz YAG-loaded cavity can fully reverse a 1% velocity chirp (∆E 
≈ 600V) on a pulse propagating with a velocity of c/3 = 108m/s (E0 ≈ 30kV) through the 
16mm cavity length using an RF field strength of just 1MV/m.  If the RF cavity 
resonance has a quality factor of Q = 1000 (conservative estimate), this would require an 
RF power of less than 10W.  This is well within the capabilities of modern 
semiconductor-based RF amplifiers.   
 

 

 
 
Figure 29: (a) Polished fused silica (right) and YAG (left) 3GHz RF dielectric cavity 
inserts; 4mm-diameter hole for axial electron beam propagation and side slot for 
inductive RF coupling (using a driven current loop) to the TM011 mode. (b) Resonance of 
a ‘test’ dielectric-loaded TM011 RF cavity with high-quality Plexiglas as the dielectric in a 
polished aluminium ‘slip-fit’ housing. 
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Figure 29(b) shows a preliminary result of measuring the resonance of a ‘test’ dielectric-
loaded TM011 RF cavity with the size of the larger fused silica cavity, but with high-
quality Plexiglas as the dielectric placed in a polished aluminum ‘slip-fit’ housing.  Two 
key features are immediately evident.  First, only a single resonance is observed, 
suggesting that the radial and axial dimensions of the cavity have been correctly 
engineered.  Second, the resonance quality factor Q of ~100 (~0.03GHz width at 
3.52GHz) is quite large considering the use of Al rather than oxygen-free copper (higher 
electrical conductivity) as the housing material and the non-negligible absorption in 
Plexiglass in the 3-4GHz range.  We also note that the 3.52GHz resonance frequency for 
the cavity size implies that Plexiglas has refractive index of about 1.7 (εr ≈ 2.9) at GHz 
frequencies – in agreement with the limited data available.   
 
The promising Al-Plexiglass test cavity result has provided a clear path for the 
fabrication of the required 3GHz dielectric-loaded RF cavities for electron pulse 
compression in an ultrafast DTEM; namely, a polished oxygen-free copper slip-fit 
housing inserted directly into a 2inch-thick CF vacuum flange compatible with our DC 
photoelectron gun set-up.  As indicated below, the development of such a relatively 
simple and small electron optical element will greatly enhance the operational 
capabilities of a DTEM by providing a means of controlling the duration and energy 
bandwidth of the electron pulse interacting with the specimen.   

 
DTEM column modeling 
 
A critical component for the design of a functional ultrafast DTEM is access to an 
accurate simulation of the electron pulse propagation in the microscope column; that is, a 
simulation that successfully accounts for both the internal (space-charge) forces in the 
pulse and the external forces imposed upon it as the pulse propagates through elements 
such as magnetic lenses and RF cavities.  In contrast to particle tracking and ensemble 
Monte Carlo simulations, which are computationally intensive for this application, we 
have chosen to use the self-similar Gaussian electron pulse propagation model developed 
by Michalik and Sipe.  This mean-field theory assumes an N-electron radially-symmetric 
Gaussian distribution function of the form 
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where σi and ηi are the spatial and momentum variances of the electron pulse, 
respectively, in the tranverse (i = T) and longitudinal (i = z) directions, and the parameters 



γi describe the spatial velocity chirp in the pulse.  These six parameters (σi , ηi and γi ) 
evolve in time according to  
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Coulomb interaction (i.e., space-charge) is to increase the spatial velocity chirp in the 
pulse (equation (6c)) as the electrons repel each other, moving away from the center of 
the charge distribution.  As a result, the spatial pulse size is increased (equation (6a)) and 
the local momentum variance (equation (6b)) is reduced.  For most realistic cases, this 
model agrees with a full Monte Carlo analysis to within 10%.   
 
Appropriate initial conditions (at t = 0) for a photoemitted electron pulse are readily 
determined in the approximation that the time-of-flight in the DC photoelectron gun is 
much less than that in the drift region of a microscope column – a good approximation in 
many cases.  For a cylindrically symmetric incident laser pulse of the form I(x,y,t) = 
I0exp{–(x2+y

2)/w2 – t2/τ2}, where x and y are the transverse coordinates, we have σT (t = 
0) = w2/2, γT (t = 0) = 0, σz (t = 0) ≈ mτ2∆E + (qτ2

VDC)/m, γz (t = 0) ≈ 0, and from Jensen 
et al. [5] that  
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The factor of 4 in equation (7) orginates from the fact that excited electrons with a 
velocity component into the photocathode are not photoemitted; i.e., the negative z half-
space of electron momentum is  not involved in photoemission.  The condition of 
negligible initial longitudinal velocity chirp assumes that its development occurs 
primarily in the longer time-of-flight in the drift region and that the influence of the axial 
velocity distribution in photoemission is in comparison negligible.  As an example, in 
Figure 30 we show the spatial and temporal (longitudinal) electron pulse sizes 
theoretically expected at the YAG scintillation screen (after a 2ns time-of-flight) as a 
function of N for our 20kV Ta photoelectron gun illuminated by ~4ps 261nm UV laser 
pulses.  In agreement with experimental observations, space-charge effects are not 
significant for less than 105 electrons/pulse.   



 

 
 

Figure 30:  Analysis of space-charge effects on the electron pulse diameter (solid line, 
full width at 1/e maximum) and longitudinal length (dashed line, full length at 1/e 
maximum) after a 2ns time of flight as a function of the number of electrons/pulse using 
the Gaussian electron propagation model of Michalik & Sipe: input parameters are for 
typical electron pulses generated by our 20kV DC photoelectron gun with a Ta 
photocathode (Φ = 4.25eV, εF = 5.3eV) illuminated by 4ps UV (261nm) pulses – excess 
photoemission energy ∆E = 0.5eV and initial diameter of 1mm.     
 
We have now extended the theoretical treatment of Michalik and Sipe to include the 
action of external forces on the electron pulse.  Specifically, the effect of magnetic 
electron lenses, RF pulse compression cavities, and the electrostatic acceleration field in 
the DC gun on pulse propagation can be incorporated so that the delivery of a picosecond 
or femtosecond electron pulse from the photocathode to the sample in an ultrafast DTEM 
column can be simulated.   
 
As an example, Figure 31 shows the propagation of a pulse with 10,000 electrons through 
a column designed to provide a 1:1 space-time image of the generated electron pulse at 
the front focal plane of the microscope’s objective lens.  The initial conditions are the 
same as those of Figure 10 (a 20kV Ta photoelectron gun illuminated at 261nm: ħω = 
4.75eV, Φ = 4.25eV, and εF = 5.3eV), except that the incident laser spot size w and 
temporal pulse width τ are reduced to 150µm and 170fs, respectively, generating a ‘disk-
like’ pulse with an initial σT/σz ratio of 100.  The essential design feature of the DTEM 
column is the magnetic lens, RF cavity, magnetic lens element combination.  The 
velocity-matched dielectric-loaded 3GHz RF cavity placed between the two magnetic 
lenses reverses the velocity chirp in the pulse (bottom panel of Figure 26) to ensure that 
the original short (τ < 200fs) pulse duration is attained at the front focal plane of the 
objective lens.  The two magnetic lenses surrounding the RF cavity compensate for both 
the intrinsic spatial divergence of the electron pulse and the negative effective lens of the 



RF cavity, caused by the magnetic component of its electro-magnetic resonance when 
operating as a pulse compression element.  This combination of elements for spatial 
control of the electron pulse is therefore the equivalent of the Cooke triplet in optics.  
 

 

 

 

 

 

 

 

Figure 31: Theoretical 
electron pulse 
parameters upon 
propagation from the 
gun to the front focal 
plane of the DTEM 
objective lens through 
a combination of two 
magentic lenses 
surrounding a RF pulse 
compression cavity 
(top).  The transverse 
(T, red) and 
longitudinal (z, green) 
components of the 
spatial pulse width 
(√σi) , velocity 
variance (√ηi) , and 
velocity chirp (γi) are 
shown (i = T, z). 
 

The ability to simulate the ultrafast DTEM column from photocathode to sample with 
this semi-analytical theoretical formalism will allow for rapid assessment and 
optimization of microscope designs for different applications.  In particular, whereas 
Figure 31 provides the conditions for high time resolution (short compressed pulse 
delivered to specimen), high energy resolution time-resolved electron energy loss 
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spectroscopy (TR-EELS) in a DTEM will require that the RF cavity minimize the 
longitudinal velocity chirp across the pulse at the specimen, thereby minimizing the 
pulse’s energy bandwidth and maximizing the energy resolution of TR-EELS.  We note 
that the development of high energy resolution TR-EELS for DTEM should be invaluable 
for the study of Fermi level dynamics or other state energy signatures, such as plasmon 
resonances, signifying material deformations and phase transitions.  In addition, we note 
that our extension to the formalism of Michalik and Sipe will also allow for the treatment 
of “spherical” aberrations of electron lens elements in both transverse space and time, but 
any possible pulse break-up cannot be accurately simulated since the model assumes a 
self-similar Gaussian pulse propagation.   
 
Two scientific articles on this simulation of electron pulse propagation are in preparation.  
The first will deal with the extension of the Michalik and Sipe formalism to external 
forces and hence show how to deal with magnetic electron lenses and RF pulse 
compression cavities.  The second will present a full treatment of pulse generation and 
propagation in gun acceleration region within the context of the analytical model.   
 
ASU: Year 1 

The work performed at ASU aims to develop a fully coherent monochromatic 
photofield electron source, driven by a pulsed laser. Field-emission sources are the 
brightest particle sources in all of Physics, and the photofield effect may allow this 
coherence and brightness to be combined with the speed of fast pulsed lasers. (Recent 
work has demonstrated sub-femtosecond field emission pulses - see PRL 97, 247402 
(2006)). Over the past year we have (i) Found the optimum procedure for GaAs 
photofield tip preparation using a sequence of wafer cleavage, chemical etching, FIB 
shaping, chemical etching and controlled heating in UHV. (ii) This process produces 
photoactive surfaces on intrinsic GaAs field-emission needles, for which we have 
demonstrated a thousand-fold increase in electron current under illumination. Fowler-
Nordheim curves and quantum efficiencies have been measured. (iii) Point-projection 
images and Fresnel biprism fringes have been obtained in our small chamber, which is 
fitted with a tip exchange mechanism and 120 C bake capability. The chamber also 
provides field-emission microscope images of the tips. (iii) A second chamber (bakeable 
to 200C) has been constructed and fitted with tip heating facilities, thermocouple, and 
CHA energy spectrometer.  This spectometer is being used to measure the energy spread 
in the beam as a function of the laser energy. (In the simplest model, the electron beam 
energy is about equal to the difference between the laser energy and the GaAs bandgap. 
Physics student Vecchione is finishing his PhD on this project in early  2008. Two 
companies (FEI and Nion) have shown interest in this photofield electron source for 
applications in electron microscopy. 

In work performed at ASU, we have demonstrated the ability to chemically 
prepare GaAs field emission tips from wafers for instrumentation type research and 
development. Our current processing produces tips that are photo-responsive electron 
field emitters. These tips have been used to obtain I-V characteristic plots and field 
emission images with and without photo-excitation. These results have been compared 
and show orders of magnitude current gain under illumination. Hence electron field 



emission can be generated on the time-scale of a femtosecond laser pulse [7] , but may 
susequently be broadened by coulomb interactions as the beam propagates. Our findings 
have been reported at several conferences, including the International Congress of 
Electron Microscopy in Japan, 2006 and MSA 2006. A new (second) vacuum chamber 
has been constructed for energy analysis, since a second benefit of photofield emisson is 
its highly monochromatic character. In the simplest model, the energy spread of the 
electron beam is equal to the difference between the laser energy and the band-gap of 
GaAs. A variety of solid-state laser energies is available. In May 2007, the second 
chamber was operating after baking at 200C at 9 x 10-11 Torr with a laser-pulsed GaAs tip, 
and the electron spectrometer was about to be fitted. 

1. “Low-threshold, dual-passive mode locking of a high-power, thermal-lens-shaped Nd:GdVO4 laser,” 
S.L. Schieffer, D. Brajkovic, A.I. Cornea, and W.A. Schroeder, Optics Express 14 (2006) 6694-6704. 

2. See, for example, “Mode-locked Yb:KGW laser longitudinally pumped by polarization-coupled diode 
bars,” G.R. Holton, Optics Letts. 31 (2006) 2719-2721. 

3. “Space-Time Propagation and Focusing of Gaussian Electron Pulses,” Joel A. Berger, Ved P. Nayyar, 
Alan W. Nicholls, and W. Andreas Schroeder, Ultramicroscopy (in preparation). 

4. “Femtosecond electron pulse propagation for ultrafast electron diffraction,” B.W. Reed, J. Appl. Phys. 
100 (2006) 034916. 

5. “Ultrafast electron optics: Propagation dynamics of femtosecond electron packets,” B.J. Siwick, J.R. 
Dwyer, R.E. Jordan, and R.J.D. Miller, J. Appl. Phys. 92 (2002) 1643-1648. 

6. “Beobachtung und messungen an biprisma-interferezen mit electronenwellen,” G. Möllenstedt and H. 
Düker, Z. Physik 145 (1956) 377-397. 

7.     P. Hommelhoff et al. Phys Rev Letts. 96, 077401 (2006). 
 

ASU: Year 2 

The work performed at ASU aims to develop a fully coherent monochromatic 
photofield electron source, driven by a pulsed laser. Field-emission sources are the 
brightest particle sources in all of Physics, and the photofield effect may allow this 
coherence and brightness to be combined with the speed of fast pulsed lasers. (Recent 
work has demonstrated sub-femtosecond field emission pulses - see PRL 97, 247402 
(2006)). Over the past year we have (i) Found the optimum procedure for GaAs 
photofield tip preparation using a sequence of wafer cleavage, chemical etching, FIB 
shaping, chemical etching and controlled heating in UHV. (ii) This process produces 
photoactive surfaces on intrinsic GaAs field-emission needles, for which we have 
demonstrated a thousand-fold increase in electron current under illumination. Fowler-
Nordheim curves and quantum efficiencies have been measured. (iii) Point-projection 
images and Fresnel biprism fringes have been obtained in our small chamber, which is 
fitted with a tip exchange mechanism and 120 C bake capability. The chamber also 
provides field-emission microscope images of the tips. (iii) A second chamber (bakeable 
to 200C) has been constructed and fitted with tip heating facilities, thermocouple, and 
CHA energy spectrometer.  This spectometer is being used to measure the energy spread 
in the beam as a function of the laser energy. (In the simplest model, the electron beam 
energy is about equal to the difference between the laser energy and the GaAs bandgap. 
Physics student Vecchione is finishing his PhD on this project in early 2008. Two 
companies (FEI and Nion) have shown interest in this photofield electron source for 
applications in electron microscopy. 
 



ASU: Year 3 

During the final year of this award, the ASU group completed measurements of the 
performance of the laser-driven electron field-emission source, continued their evaluation 
of the low-voltage point-projection mode for imaging organic material within a carbon 
nanotube, and summarized findings in a full-length paper. (The lensless point-projection 
mode minimizes coulomb interactions, which otherwise limit the performance of fast 
electron sources). In addition, based on this work , we have developed a new proposal for 
a truly monochromatic laser-pulsed source by using photofield emission from dopant 
states in GaAs. The ASU source can now be used with an electron microscope for 
femtosecond transmission electron microdiffraction experiments of repetitive phenomena, 
which can be triggered by the same laser, prior to exciting the photofield source for an 
electron diffraction pattern. The speed of the source is limited by the laser or detector.  In 
this final year, the electron spectrometer fitted to the testing chamber was used to obtain 
the energy spectrum of emitted electrons, and the heat-treatment procedure needed to 
produce a photoactive field-emitting needle of GaAs was optimized, so that tip formation 
finally became routine. (Finding such a routine and reproducible procedure has been the 
most challenging aspect of this project). 

Many improvements were made to the UHV tip exchange mechanism in this final year, 
and to the refractory metal materials in contact with the heated tip base.  In addition, a 
more reliable UHV conductive heating arrangement was designed for the tip (since 
plasma-cleaning was found to contaminate the tips) with temperature measurement, and 
simple electron-optical focussing was provided into the electron spectrometer which 
greatly improved count rates. Digital data aquisition facilites and associated software 
were developed, and a small optical bench mounted on the chamber for laser-illumination 
of the tip through a window. We are particulary interested in the effect of laser 
wavelength on emission energy spread. Diode lasers and fiber-optic coupling were used. 

In summary, we found that field-emission current increased by a factor of about 3000 
under laser illumination, with a typical onset voltage of around 400 eV and total currents 
in the range of 5 - 20 nA. (Blunt tips can produce much higher currents, up to a 
microamp). The emission originates from a region of a few nanometers diameter, making 
the beam essentially fully coherent spatially. Our measurements give a similar brightness 
to that of cold tungsten field-emission emitters (109 A/cm2/sr). We found that the energy 
spread in the beam was about 0.7 eV, and did not depend on the energy of the laser. We 
attribute this to the effect of band-bending at the surface of the tip, which bends the 
conduction band below the Fermi energy, creating filled states from which field-emission 
occurs. This bandbending unfortunately prevents the monochromatic emission we had 
hoped to observe, which would otherwise occur, with a controllable energy spread equal 
to the difference between the bandgap and the energy of the laser. 

To avoid this effect, we propose an emitter in which emission occurs from dopant states. 
Photofield emission will then occur from the narrow band of states indicated. The PhD 
student working on this project graduated in May 2009 from ASU Physics and is now 
working at Lawrence Berkeley Laboratory on the development of the femtosecond 



electron source which will be used to drive the Free Electron X-ray Laser planned for 
LBNL under DOE funding. 
 
2.      A comparison of accomplishments with the original goals and objectives 

 The original goal of this research was to increase the functionality of the DTEM 
for materials research.  As part of this development, the aim was to develop CDI and 
other methods (dark field TEM) to increase the ability to achieve high spatial and 
temporal resolution in the microscope.  The work on this microscope included the 
incorporation of in-situ gas stages.  All of these goals have been accomplished and are 
now being used to study materials under extreme conditions.  In addition to these short 
term goals for the application of the DTEM, longer term goals involved the development 
of modeling capabilities for propagation of the beam down the DTEM column.  This was 
achieved and a test column to verify this analysis has been constructed.  This test column 
in now being used to investigate pulse compression methods that have the potential to 
increase DTEM performance further.  Finally, one of the aims of the work was to show 
that photo-field-emission was possible and could lead to a high coherence source.  While 
this side of the work was successful, it was decided that this source would have little 
application to the single-shot DTEM needed to study materials under extreme conditions. 
  
3.      Cost status  

All funds have been expended on this project.  Two students have completed their 
PhD research:  Dr Dan Masiel (UC-Davis) is now CEO of his own start-up company, 
IDES, which is marketing DTEM technology and Dr Theo Vecchione (ASU) is now a 
postdoctoral research associate at LBNL.  The third student supported by this project, 
Joel Berger (UIC), is expected to complete his thesis in 2010. 
 
4.      Schedule status  

All milestones were reached and the project is completed. 
 

 

5.      Any changes in approach and why 

 During the course of the research program there were slight changes in approach 
as new methods for component construction were determined.  However, these did not 
delay the overall project which has been completed.   
 
6.      Actual or anticipated delays and actions taken 

There were minor delays in setting up the sub-contracts but these were worked 
through in time for the completion of the project. 
 
 
7.      Changes in key personnel 

 



 There are no changes in key personnel.  So far, 3 US graduate students have been 
identified to work on this project: Daniel Masiel (UCD), Joel Berger (UIC) and Theo 
Vecchione (ASU). 
 
8.      Tech transfer activities  

 Below are listed the publications and presentations that resulted from the work on 
the research project after March 2006. 

Publications: 

 4. “Automatic recovery of missing amplitudes and phases in tilt-limited electron 
crystallography of 2-D crystals”, B. Gipson, D. J. Masiel, N. D. Browning, J. C. H. 
Spence, K. Mitsuoka, and H. Stahlberg, submitted Nature Methods 

3. "Time Resolved Annular Dark Field Imaging of Catalyst Nanoparticles", D. J. 
Masiel, T. LaGrange, B. W. Reed, T. Guo and N. D. Browning, in press 
ChemPhysChem 

2. “DC photoelectron gun parameters for ultrafast electron microscopy”, J. A. 
Berger, J.  T. Hogan, M.  J. Greco, W. A. Schroeder, A. W. Nicholls and N. D. 
Browning, Microscopy and Microanalysis15, 298-313 (2009) 

1. “The Evolution of Ultrafast Electron Microscope Instrumentation”, B. W. Reed, 
M. R. Armstrong, N. D. Browning, G. H. Campbell, J. E. Evans, T. B. LaGrange, 
and D. J. Masiel, Microscopy and Microanalysis15, 272-281 (2009) 

 

Presentations: 

 

25. Contributed: “Particle Swarm Optimization of Iterative Phase Retrieval Algorithms 
for Ultrafast Coherent Diffractive Imaging”, D Masiel, B Gipson, D G Morgan, J C H 
Spence, N D Browning, the 66th Annual Meeting of the Microscopical Society of 

America, Albuquerque, NM, August 3-7, 2008 

24. Invited: “Applications of Dynamic TEM”, Nigel D. Browning 9
th

 Asia Pacific 

Microscopy Conference, Jeju, Korea, November 2-7, 2008 

23. Invited: “Ultrafast Transmission Electron Microscopy”, Nigel D. Browning Janelia 

Workshop on Physically Allowed Possibilities in Cryo-Em and Current Technical 

Barriers to Realizing Them, HHMI Janelia Campus, Virginia, September 23-25, 2008. 

22. Invited: “Dynamic TEM”, Nigel D. Browning Workshop on 2-D Crystallography, 
University of California, Davis, Ca, September 8-11, 2008 



21. Invited: “Recent Progress in the Development of the DTEM”, Nigel D. Browning 

3rd International Workshop on Energy Dissipation at Surfaces, Bad Honnef, 
Germany, August 24-29, 2008. 

20. Invited: “In-situ TEM with high temporal and spatial resolution”, Nigel D. Browning, 
Materials Science Division Seminar, Lawrence Berkeley National Laboratory, 
December 2008. 

19. Invited: “Microscopy with high spatial, temporal and spectroscopic resolution”, 
Nigel D. Browning, Los Alamos National Laboratory, July 2008 

18. Invited: “Applied Science at the Frontiers of Electron Microscopy”, Nigel D. 
Browning, Department of Applied Science, University of California-Davis, May 2008. 

17. Invited: “Applications of Transmission Electron Microscopy with high spatial, 
temporal and spectroscopic resolution”, Nigel D. Browning, Glasgow University, 
May 2008. 

16. Invited: “Microscopy with high spatial, temporal and spectroscopic resolution”, 
Nigel D. Browning, Yale University, May 2008. 

15. Invited: “Recent Advances in (S)TEM for Materials Science”, Nigel D. Browning, 
Pacific Northwest National Laboratory, March 2008. 

14. Invited: “Optimization of ultrafast photo-electron sources for DTEM,” W.A. 
Schroeder, Microscopy and Microanalysis (M&M 2008), August 3-7, 2008, 
Albuquerque, New Mexico. 

 
13. Contributed: “High-power, femtosecond, thermal-lens-shaped Yb:KGW laser,” J.A. 

Berger, M,J. Greco, and W.A. Schroeder, paper CMS6, Conference on Lasers and 
Electro-Optics 2008 (CLEO’08), May 4-9, San Jose, California. 

12. Invited: “Combining Spatial and Temporal Resolution in the Dynamic TEM,” N. D. 
Browning, J.A. Berger, G.H. Campbell, J.S. Kim, W.E. King, T.B. LaGrange, D.J. 
Masiel, B.W. Reed, W.A. Schroeder, J.C.H. Spence, M.L. Taheri, and T. Veccionne, 
Microscopy and Microanalysis (M&M 2007), August 2007, Fort Lauderdale, Florida. 

 
11. Contributed: "Monochromatic Photo-Field Electron Emission Sources," T. 

Vecchione, G. Hembree, U. Weierstall, J. Spence, and N. Browning, American 
Physical Society 2007 March Meeting (APS March 2007), March 2007, Denver, 
Colorado. 

10. Invited: “Enhanced Functionality for Materials Analysis in the Dynamic TEM 
(DTEM),” N. D. Browning, D.J. Masiel, M.L. Taheri, J.A. Berger, W.A. Schroeder, T. 
Vecchione, and J.C.H. Spence, NNSA 2007 Stewardship Science Academic Alliances 
(SSAA) Program Symposium, February 5-7, 2007, Washington, D.C.. 



9.  Contributed: "Laser-Driven GaAs Field-Emitter," T. Vecchione, U. Weierstall, G. 
Hembree, and J. Spence, NNSA 2007 Stewardship Science Academic Alliances 
(SSAA) Program Symposium, February 5-7, 2007, Washington, D.C.. 

 
8. Contributed: “Enhanced Functionality for Materials Analysis in the Dynamic TEM 

(DTEM): Space-Time Electron Pulse Propagation Dynamics,” J.A. Berger, N.D. 
Browning, and W.A. Schroeder, NNSA 2007 Stewardship Science Academic 
Alliances (SSAA) Program Symposium, February 5-7, 2007, Washington, D.C. 

7. Invited: “Advances in TEM for Materials Science”, Nigel D. Browning, November 
6th, 2006, IBM-Almaden. 

6.  Contributed: "Monochromatic Photo-Field Electron Emission Sources," T. 
Vecchione, U. Weierstall, C. Edgcombe, and J. Spence, The 16th International 
Microscopy Congress (ICEM 2006), September 2006, Sapporo, Japan. 

5. Invited: “Dynamic TEM”, N. D. Browning, M. R. Armstrong, G.H. Campbell, J. S. 
Kim, W. E. King, T. B. LaGrange, C. J. Mitterbauer, and B. W. Reed, Workshop on 
2-D Crystallography, University of California, Davis, Ca, August 6-10, 2006 

4. Invited: “The Potential of Single Shot Dynamic TEM for Combined Nanosecond and 
Nanoscale In-Situ Microscopy”, N. D. Browning, M. R. Armstrong, G.H. Campbell, 
J. S. Kim, W. E. King, T. B. LaGrange, C. J. Mitterbauer, and B. W. Reed, 64th 
Annual Meeting of the Microscopical Society of America, Chicago, IL, July 30-
August 3, 2006. 

3. Contributed: “Space-Time Propagation Dynamics of Gaussian Electron Pulses,” J.A. 
Berger and W.A. Schroeder, Late Breaking Poster LB-31, Microscopy and 
Microanalysis (M&M 2006), July 30 – August 3, 2006, Chicago, Illinois 

2. Contributed: "Monchromatic Photo-Field Electron Emission Sources," T. 
Vecchione, U. Weierstall, C. Edgcombe, and J. Spence, Microscopy & Microanalysis 
(M&M 2006), July 30 – August 3, 2006, Chicago, Illinois 

 
1. Invited: “Ultrafast Electron Mircoscopy: The Problem of Spatial Coherence,” W.A. 

Schroeder, Microscopy and Microanalysis (M&M 2006), July 30 – August 3, 2006, 
Chicago, Illinois. 

 


