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Recent developments in ultrafast electron microscopy have shown that spatial and temporal information
can be collected simultaneously on very small and fast scales. In the present work, an instrumental design
study with application to nanoscale dynamics, we optimize the conditions for a femtosecond transmission
electron microscope (fs-TEM). The fs-TEM numerically studied employs a metallic nanotip source,
electrostatic acceleration, magnetic lenses, a condenser-objective around the sample and a temporal
compressor, and considers space-charge effects during propagation. We find a spatial resolution of the
order of 1 nm and a temporal resolution of below 10 fs will be feasible for pulses comprised of on average
20 electrons. The influence of a transverse electric field at the sample plane is modelled, indicating 1 V
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generated in light-driven electronics and ultrafast nanoplasmonics. The realisation of such an instrument
is anticipated to facilitate unprecedented elucidation of laser-initiated physical, chemical and biological
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1. Introduction

A grand challenge of condensed matter and nanoscale physics is
to directly image the time evolution of ultrafast (picosecond to
femtosecond) processes. Achieving such an unprecedented
spatial and temporal resolution is demanding due to the charac-
teristic small length and time scales over which these dynamics
occur.”” Nonetheless, this is a worthwhile pursuit as it will
facilitate access to the mapping of energy transport through
lattice motions, understanding the dynamics of photon-initiated
chemical reactions, the control of exciton and plasmon
dynamics in quantum systems with light, and by extension, the
dynamics of mesoscopic and macroscopic materials.

Direct ultrafast imaging is achievable with a probe of
sufficient brightness and short wavelength: electron matter
waves meet these requirements. The simplest time resolved
imaging with electrons has been achieved through lensless
point-projection microscopy,®*° carried out with sub-keV elec-
trons generated from a nanoscale metal tip (NSMT)."* > The
penetration depth of such electrons is essentially zero (sha-
dowgrams are formed), however are extremely sensitive to loca-
lised electromagnetic fields. Despite the distance between the
NSMT and sample being of the order of hundreds of microns,
the low accelerating field means the flight time is long, so
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structural dynamics on atomic time- and length-scales.

these pulses are heavily distorted by space charge effects, and
are often carried out with one electron per pulse.'® At the
other extreme of the electron energy scale, relativistic (MeV)
electron sources® > can deliver of the order of 10° electrons
in a laser triggered bunch, facilitating single shot imaging.

Between these limits, femtosecond transmission electron
microscopy (fs-TEM) has emerged as a very powerful tool with
which to investigate nanoscale dynamics,>*™*' impacting
biology, medicine, chemistry, physics and engineering. The
typical operating energy of fs-TEM (tens to hundreds of keV)
allows penetration through thin samples, and naturally inher-
its mature electron optic and detector technologies from static
TEM, along with powerful theoretical tools. From
pioneering®®~*° to more recent®**" works, the balance between
pulse charge, duration and energy is being explored, with
optimization of microscope components and operating para-
meters to find a balance between spatial and temporal
resolutions.

Recently, temporal and spatial manipulation of electron
pulses by terahertz (THz),**™** IR*** and radio-frequency
(RF)*®*° photons have been demonstrated, along with novel
characterization methods. These active compression methods
can reverse the temporal stretch caused by space charge in
multi-electron pulses,*****® and transform a picosecond elec-
tron pulse to a train of attosecond electron bunches,*>*®
giving access to ever-decreasing time-scales.

In this paper we present the numerical modelling and
optimization of a novel femtosecond transmission electron
microscope (fs-TEM) architecture, consisting of a NSMT photo-
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electron source, electron optics, and spatially resolved detec-
tion. Temporal dispersion is compensated, and studies of each
beamline component are presented in the context of the pres-
ervation of pulse duration while maintaining as high an elec-
tron flux as possible. A magnetic condenser objective lens
gives full control of the beam diameter and ensures that the
angular velocity of the pulse is eliminated in the plane of the
sample, with magnifications in excess of 10°> possible. Images
at the detector plane infer minimal spatial distortion. The
minimum resolvable electric field in the vicinity of a nanoscale
structure is examined, with a view to highlight applications in
ultrafast nanophotonics and nanoplasmonics.

2. Methods

2.1 Numerical methods

To model the electrostatic landscape around the NSMT elec-
tron source we utilise Poisson Superfish.’® The length scales
involved in our model, from nanometres to fractions of a
metre, necessitates a variable mesh resolution when the geo-
metry is discretized. To avoid discontinuities in the field maps
the maximum change in mesh density between adjacent
regions was limited to a factor of two. The numerical accuracy
of Poisson was set to 10

The General Particle Tracer (GPT)*! is used for dynamic
simulations, which employs macroparticles to represent the
electron pulse, whereby the number of macroparticles and
total pulse charge can be varied independently. 250 macroparti-
cles were used for all simulations unless otherwise stated. The
relativistic equations of motion of the individual macroparti-
cles are solved by GPT in the time domain, utilising an
embedded fifth-order Runge-Kutta algorithm with a variable
step-size. GPT numerically calculates electron pulse trajec-
tories through the acceleration region described by the
Poisson Superfish field maps, mutual space charge, and the
electric and magnetic fields generated by subsequent beamline
components. Convergence tests on the accuracy and number
of macroparticles were conducted, yielding sufficient accuracy
while minimizing computational cost, with the accuracy for
the numerical propagation is set to 10~%. Space charge is com-
puted from 3D point-to-point relativistic particle-particle inter-
actions, and included a test of representing a single electron
as a 250 macroparticle collection of fractional charges. Clearly
a single electron cannot experience space charge repulsion,
however we verified that the predicted pulse characteristics
were within the limits established by a “no space charge” case
and two electrons. Furthermore, as will be seen, in this work
we concern ourselves with many-electron pulses.

Optimization of GPT conditions (e.g. magnetic lens cur-
rents, oscillating electric field phase and amplitude, fs-TEM
element positions) is manually tuned to find constraints, then
the GPT “GDFsolve” root finder and optimizer routine finds
the ideal conditions for a particular configuration. This
method makes the best use of intuitive interaction with
finding robust and convergent numerical solutions.

This journal is © The Royal Society of Chemistry 2018
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2.2 Design criteria

The numerically model is designed to satisfy the following
conditions, which are derived from the type of applications
envisaged, 7.e. nanoscale photonics with short time and length
scales. Optimization of each fs-TEM element, as described
later, is then performed to balance and maximise the manner
in which these conditions are met.

(1) The spatial resolution of the instrument should be
sufficient to resolve nanostructures. State of the art directly or
fibre coupled TEM detectors have pixel sizes from five to tens
of microns, and from 2k x 2k to 8k x 8k pixels over a sensor of
up to 50 mm square. Taking a detector performance of
5 micron pixels and 8192 x 8192 pixels, a beam diameter at
the sample of 6 microns would map a single pixel to 0.7 nm in
the sample plane.

(2) To resolve nanophotonic electronic processes requires a
single pulse temporal resolution of below 10 fs, i.e. not a pulse
train. This will take the performance of the modelled instru-
ment beyond what is currently possible. Utilising a single drive
laser system to trigger photoemission, temporal compression
and the optical pump of the sample should ensure a jitter
down to single femtoseconds.’® This is on the condition that
the THz radiation parameters are entirely reproducible; in
practice uncertainties must be considered that will degrade
spatial and temporal resolutions.

(3) Delivering as many electrons per pulse as possible is
advantageous but requires care. A 70 keV TEM with a 10 nA
beam spatially focussed to a spot of radius 1 um corresponds
to 10" e m™>. A 10 fs electron pulse of the same energy and a
0.5 eV bandwidth containing 10 electrons generates densities
of 10"%e per m?, so the mitigation of this factor is vital.

(4) All electrons emitted from the NSMT should contribute
to image formation. Employing apertures would improve both
the spatial (smaller convergence angles) and temporal (mini-
mizing geometric effects) resolution, but, as shown later, an
electron pulse of hundreds of electrons can stretch to hun-
dreds of femtoseconds. The stretch of a very high flux pulse
which is highly apertured in the first few millimetres makes
the requirement of the compressor more significant.

2.3 Magnetic lenses

Any fs-TEM architecture requires lenses to transport the elec-
tron pulse from the source to sample then to the detector.
Magnetic rather than electrostatic lenses are used in TEM due
to an improved optical performance and lack of requirement
for high voltages. In our modelled instrument, all lenses are
single loop solenoids, allowing GPT to calculate magnetic
fields analytically rather than using the Poisson solver. This is
advantageous as single loop solenoids are computationally
efficient and require no approximations. On the other hand,
employing a single loop solenoids to describe the extended
field of a magnetic lens with pole-pieces is very limited in the
manner in which it represents fringing fields. We note therefore
that a more complete treatment will be required before a practi-
cal manufacturing design is finalized, and that such fringe
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effects are likely to induce multi-order aberrations which will
have a detrimental influence on the spatial resolution.

To ensure the single loops employed are a fair analogue to
physically achievable lenses, we require that the fields gener-
ated do not exceed those generated in a typical magnetic lens
carrying thousands of amp-turns surrounded by a soft mag-
netic pole piece with a saturation field of 1.7 T. The maximum
current also depends on cooling: taking a water flow of
2 1 min~", a power dissipation of 5 kW m™> K" is sufficient for
current densities of 50 A mm™~> in wire and 200 A mm™” in
tape windings, resulting in a lens of a thickness below ten
centimetres.

2.4 Temporal compression

As demonstrated in the recent work of Baum and co-
workers,*>* a metallic resonator illuminated with THz radi-
ation generates a transient electric field which applies a
momentum kick to a passing electron pulse. In the present
model, we use a custom GPT element applying a sinusoidal
electric field with a frequency of 0.3 THz, as typically achievable.
Finite-element modelling of the response of a metallic resonator
to THz radiation allowed spatial constraints to be defined,
where the width of the electric field distribution is chosen to
approximate the performance of a 100 pm aluminium resona-
tor. This model reproduces the field inside the resonator along
with a good approximation to the evanescent field. The electron
pulse is spatially focussed at the resonator to below a micron,
keeping variation of the compression field across the pulse to
less than 0.3%. By optimising the transient electric field direc-
tion, amplitude and phase, electron pulses can be made to tem-
porally compress some distance after the resonator.

3. Results and discussion
3.1 Photocathode emission and geometry

As with other NSMT sources of femtosecond pulses of
electrons,"*>* our modelled fs-TEM consists of a wire (125 um
radius) which tapers to an apex with a 50 nm radius of curva-
ture and an opening angle of 10 degrees. Such geometry is
commonly found when electrochemically etching tungsten
using a NaOH solution, and is illustrated in the ESL{ The
average energy of electron release from the NSMT is 0.5 eV,
with a bandwidth of 0.5 eV, in agreement with previous
results.'®'®>*> Following the work of Hoffrogge et al.,>
Paarmann et al.’*® and Bormann et al,”’ we incorporate an
electrostatic suppressor, a 50 um thick annulus with an inner
diameter of 150 um. The NSMT protrudes 100 pm from the
suppressor surface, sufficient for laser excitation. Grating-
coupled laser driven electron emission from a NSMT has
recently been demonstrated,®®** which may provide more
straightforward laser access.

Considering the construction of an electron source, it is
informative to consider the brightness of the NSMT emission.
The compressor has a strong influence on the angle of emis-
sion, and we estimate a typical half angle at 90% of 25 mrad. A
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magnetic lens surrounds the region over which the electron
pulse is accelerated from rest up to 70 keV. In TEM, electron
beam manipulation in the acceleration region is electrostatic,
however here we want to collect as much of the photoemitted
electron flux as possible while minimising temporal distortion,
hence this lens forms a focus at the anode. Furthermore, the
convergence half-angle at the anode is of the order of 2 mrad,
which makes it far more compatible with the typical focal
lengths and separation distances of magnetic lenses. Details of
the optimized conditions of femtosecond electron pulse gene-
ration and acceleration in the vicinity of the NSMT photo-
cathode is given in the ESL{

A range of brightnesses result when considering the size of
the emission region of the NSMT and number of electrons per
second at a repetition rate of 250 kHz. With an emission
region radius at 90% of 1 nm and 1 electron per pulse, a
brightness of 7 x 10° Am™ Sr™2, and increasing the pulse
charge to 100 electrons per pulse increases the brightness by
the same factor. Similarly, single electron emission from a
10 nm region corresponds to a brightness of 7 x 10* Am™>
Sr™2. Comparing to the findings of,>***! it is apparent that the
required performance of the NSMT in this design is towards
the upper limits of what has been reported in the literature. As
brightness is proportional to the laser repetition rate, the
reported figure of 2.2 x 107 Am~> Sr™> (ref. 41) illustrates that
operating at tens of MHz will not be possible, rather few MHz
appears to be a limit.

A key figure of merit of the performance of the electron
source, the duration as quantified by 26(¢), double the stan-
dard deviation, is illustrated in Fig. 1, showing the influence of
space charge. The anode is 25 mm from the NSMT, and an
initial electron pulse duration of 26(¢t) = 25 fs is selected,
which including geometric effects is equivalent to a 20 fs
FWHM laser pulse. A charge of one to five electrons increases
20(t) from 25 to 40 fs. Tens of electrons results in a major tem-
poral stretch, exceeding 100 fs with fifty electrons per pulse.
Temporal compression ratios of the order of 10 are expected,
hence exceeding tens of electrons per pulse by a large margin
will cause design criteria 2 to be missed.

L) e L S ) e ) Ty LEALL

Duration 2o(t) (s)

10 -9 = ”““I-S = ......I_7 = “““I-G = “““I-S = ”““I-4 = II““I-3 = ”“"I-Z P -1
10 10 10 10 10 10 10 10 10
Average distance from NSMT (m)
Fig. 1 The 26(t) electron pulse duration as a function of average z posi-
tion. The colour assignment from the lowest 24(t) is zero charge, then

respectively le, 2e, 5e, 10e, 20e, 50e and 100 electrons per pulse. This
colour coding is reused throughout.
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3.2 fs-TEM electron optics model

Defining performance goals for a high performance fs-TEM
source is straightforward, being controllable divergence, short
pulse duration, minimal space-charge distortion, high coher-
ence and excellent beam quality. Defining similar criteria for
the electron optics between the source and sample requires a
series of often contradictory conditions to be met simul-
taneously, e.g. short duration requires a minimal flight length,
which compromises the placement of magnetic lenses.
Starting with a traditional TEM architecture and the design
criteria in 1.2, we iteratively refined the geometry and element
parameters (see section 2.1) until all conditions were met,
resulting in the fs-TEM model presented in Fig. 2. The archi-
tecture presented has an inherent similarity to a TEM
(acceleration region, transport lenses, condenser objective,
sample and detector) albeit adapted for imaging in the time
domain (pulsed laser driven source, temporal compressor).

For maximum instrument flexibility, parallel and convergent
beams of varying diameter are required, hence we naturally turn
to magnetic lenses which cause a focusing of a passing electron
pulse via the Lorentz force. As discussed in section 3.3, chan-
ging the pulse charge dramatically influences duration, dia-
meter and convergence or divergence. As the pulse charge is
varied, the magnetic lens currents are optimised using the
manual constraint and automated root finding from section
2.1. In Fig. 2, space charge is zero, however across the range of
pulse parameters considered in sections 3.3 to 3.5, optimi-
zations of the fs-TEM conditions place the spatial foci at the
same locations, allowing comparison.

The desire to employ as much of the photoemitted flux
from the NSMT for image creation rather than using apertures

1.5x10* - : : : .

1.0x10*

5.0x10°

20(r) of electron pulse (m)

0.0 0.2 0.4 0.6 0.8
Average distance from NSMT (m)
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between the condenser lenses (section 3.1) means there is cur-
vature of the electron pulse-front, a combination of the field
around the NSMT and suppressor, along with the accelerating
electric and focusing magnetic fields. The foci created after
elements 2, 3 and 4 in Fig. 2 have a 24(r) of less than a micron
in however exhibit a degree of spherical aberration, which is
sufficient to prevent atomic resolution. It may be possible to
remove this effect with multipole aberration -correction,
however that is beyond the scope of the current work. This
effect is not a major issue other than around the sample,
where we want the pulse-front to be as flat as possible, hence a
simple condenser lens is insufficient. A condenser-objective
(CO) lens, established in TEM for four decades, sees a conver-
ging beam passing through two (upper and lower) strong
lenses acting to collimate the beam at the sample plane. We
include such a lens, discussed in detail in section 3.5, which
produces a collimated beam with radius 26(r) on the micron
scale. Changing the C3 and CO lens currents facilitates vari-
ation of the sample spot size from 26(r) = 3 to 200 microns,
with no other current adjustments.

Post-sample, intermediate and projector lenses provide
magnification and deliver the pulse to the electron detector.
As temporal information is encoded by a pump-probe
measurement, the temporal resolution is a convolution of the
pump laser and probe electron pulse durations at the sample,
and the process under investigation. As long as no additional
spatial distortion occurs, the process under investigation
causes a deformation of the sample image as a function of
pump-probe delay. The recovery of localized fields from such
deformations has recently been described by Baum and co-
workers. The accurate transport of this deformed image to the
detector is aided by the temporal divergence of the electron

(c) 1-NSMT (d)

2-Source lens

3-Condenser 1

5-Compressor

7-CO Upper
--------- 8-Sample
9-CO Lower

Fig. 2 Configuration of the modelled fs-TEM instrument with elements identified: (1) NSMT electron source, (2) source lens, (3) condenser lens 1,
C1, (4) condenser lens 2, C2, (5) temporal compressor, (6) condenser lens 3, C3, (7) upper part of condenser-objective magnetic lens, CO1, (8)
sample plane, (9) lower part of condenser-objective, CO2, (10) intermediate lens, (11) projector lens and (12) electron detection plane. (a) 24(r) of the
electron pulse as it propagates through the fs-TEM, where r is radial position in the x,y plane. (b) as (a) but over the full z-axis with 24(r) on a logarith-
mic scale. (c) Schematic of the electron pulse trajectory from the source to intermediate lens, where the back dashed line indicates the position of
the temporal compressor at the focus of condenser 2. (d) as (c) but highlighting the condenser-objective and sample plane (green dashed line).
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pulse after the compressor, which reduces the charge density
so the post-sample electron optics act akin to a TEM.

3.3 Propagating ultrafast electron pulses through magnetic
lenses

As shown in Fig. 2, the electron pulses are sent through four
spatial foci before interaction with the sample, inducing a
high localised charge density. Passing through a spatial focus,
the severity of temporal expansion depends on the incident
pulse duration, number of electrons, beam size and conver-
gence angle. We model the propagation of an electron pulse
through a magnetic lens for a range of parameters, shown in
Fig. 3. Rather than consider the full fs-TEM as shown in Fig. 2,
we start a collimated electron pulse at z = 0 with an average
energy of 70 keV and a bandwidth of 0.5 eV, and 26(r) = 50 pm.
We are then able to see the influence of the single magnetic
lens rather than having to consider alterations to the pulse
during transport from the NSMT.

Pulses with 1, 10 and 100 electrons, for durations of 100, 10
and 1 fs, are shown in Fig. 3(a—c). A solenoid lens at z = 0.1 m
focuses with convergence angles from 1 to 10 mrad. Some tem-
poral stretching is observed between z = 0 and 0.1 m, and is
most dramatic for the shortest pulse and highest charge. As

(a) _
10™
|(b)
10" 5 %
g | <
& 10
£ o e
S 0%
e / }10e
10™ 5 é }1e
LA
e
1 mrad
107 2 mrad
2|15 mrad
: 2] 10 mrad : . ,
0.00 0.05 0.10 0.15 0.20

Average z position (m)

Fig. 3 Temporal action of a range of magnetic lens strengths on a 70
keV electron pulse of varying initial duration and charge. The magnetic
lens is at z = 0.1 m (solid line) and forms foci at z = 0.15 m (convergence
angle of 1 mrad), z = 0.125 m (2 mrad), z = 0.11 m (5 mrad) and z =
0.105 m (10 mrad), indicated by dashed lines. (a) Initial duration of
20(t) = 100 fs. (b) Initial duration of 24(t) = 10 fs. (c) Initial duration of
206(t) = 1 fs. The 20(t) scale is comparable between panels, and the
colour coding is as with Fig. 1.
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apparent in Fig. 3(a), 100 fs electron pulses are distorted a
moderate amount, with the most obvious influence on the
highest charge. As seen in Fig. 3(b), a 10 fs, 1-100e pulse
increases in duration by less than an order of magnitude over
the range considered. Nonetheless, propagating a pulse of 100
electrons will be challenging if we want to retain a duration
below ten femtoseconds.

For the 1 fs pulse shown in Fig. 3(c), the limited longitudinal
dimension coupled with radial confinement due to the lens
causes a rapid explosion in time. As the convergence angle is
decreased from 10 mrad to 1 mrad, the duration increases more
rapidly with increasing z. Furthermore, for low convergence foci
and 10 and 100e pulses, the duration is distorted over a far
larger z as compared to the high convergence foci.

Under design criteria 2 and 3, optimization of the number
of electrons indicates around 10e per pulse is a good compro-
mise, and an initial duration of the order 10 fs provides a good
balance between minimal spatial focus-induced temporal dis-
tortion and compression requirement. Such a pulse repeatedly
passing through foci would undergo most temporal distortion
after the first focus, followed by successively reducing distor-
tions as the duration increases. As seen in the following
section, a pulse with a duration of high tens of femtoseconds
is compressible to the extent that criteria 3 will still be met.

3.4 Temporal compression

Temporal control of the electron pulse duration is
implemented passively via optimizations of the space-charge
influence of each component and minimization of the total
source to sample distance, and actively via a laser-driven THz
resonator. Rather than numerically solve Maxwell’s equations
for a THz resonator, the influence of the compressor is mod-
elled as a time-dependent momentum transfer to the pulse. A
Gaussian momentum kick is applied along the electron propa-
gation axis, rather than the 45 degree alignment of**** to
minimize the streaking effect. A sinusoidal temporal variation
is applied with a frequency of 0.3 THz, and the phase varied to
optimize compression. In,** optical field enhancement around
the resonator yields electric fields of 10° V m™", compressing
picosecond electron pulses by a factor of 12 over a distance of
tens of centimetres. Converting infrared laser radiation to THz
pulses has a modest efficiency such that generating field
strengths of 10° V. m™" in the resonator requires pulse energies
of the order of 40 nJ at 0.3 THz, produced by focusing around
10 W at a wavelength of 1 pm within 1 ps at 50 kHz repetition
rate.

The action of the compressor is shown in Fig. 4 as the
number of electrons per pulse and the peak electric field are
varied. The electron pulse is generated at the NSMT as shown
in Fig. 1 and the ESL,{ and propagated to the compressor
through condenser lenses 1 and 2, identified in Fig. 2. The
changing electron density shifts the spatial foci of the source
magnet, C1 and C2, so all pre-compressor optics are optimised
for each pulse charge. The energy-time phase space represen-
tation is used to discuss the action of the compressor in the
ESL¥

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Active temporal compression mimicking the action of a terahertz resonator at z = 0.2 m with varying peak field strength and electron pulse
charge. (a) Temporal foci for a peak field of 10 and 5 MV m~* with an electron pulse charge varying from 0, le, 2e, 5e, 10e, 20e, 50e and 100e from
lowest to highest 26(t). (b) as (a) for 5 and 2 MV m™ and (c) as (a) for 2 and 1 MV m™™.

At a peak electric field of 10 MV m™" as shown in Fig. 4(a),
pulses of up to 100e can be compressed to 206(¢) < 10 fs. A peak
field of 5 MV m™" is less experimentally demanding, and as
apparent from Fig. 4(a), electron pulses with a charge up to
20e can be compressed to a 20(t) < 10 fs. In Fig. 4(b), a peak
field of 2 MV m™" causes a further increase in compressed dur-
ation, whereby 1e and 2e pulses exhibit a duration of around
10 fs. This trend continues in Fig. 4(c), whereby 100e pulses
approach a minimum of only 100 fs. As discussed earlier, the
generation of such electron pulses at hundreds of kHz to few
MHz repetition rates imposes a limit to the bunch charge.

The shifting z-position of the minimum duration with
increasing pulse charge is a consequence of the spatio-
temporal coupling of the charge density, whereby the spatial
convergence of the pulse approaching the focus impacts the
temporal distribution and vice versa, the peak electric field
also defines the position of the temporal focus. We select a
field strength of 5 MV m™', which is an achievable compro-
mise between compressor temporal performance and experi-
mental feasibility. The expected factor of around ten is
comparable to the recent work of Baum and co-workers,*?
which has a lower bunch charge and longer initial pulse
duration. At significantly higher compression fields, the
electron pulse would compress to a shorter pulse, but over
such a short distance so as to make subsequent focussing
onto the sample plane extremely challenging.

We consider the practical realisation of the modelled instru-
ment architecture in the ESIL T identifying the stability of the
THz field as the most experimentally challenging aspect. The
integration of the compressor into the fs-TEM column is also
considered.

3.5 Condenser-objective lens implementation in fs-TEM

A condenser-objective (CO) lens combines the transport of the
incoming electron pulse to the sample while also maximizing

This journal is © The Royal Society of Chemistry 2018

the post-sample divergence. A typical CO sees the sample
placed equidistant between two strong magnetic windings,
with B-fields approaching saturation in the soft metal circuits.
These coils are excited by the same current, hence the sym-
metry of the lens collimates the beam at the sample, and are
often coupled with an additional small condenser, manipulat-
ing the incoming convergence angle before the sample facili-
tating convergent or parallel illumination.

To investigate the applicability of the CO lens to our model
fs-TEM, we include a symmetric twin-field system with the
sample equidistant between the condenser and the objective
solenoids, shown in Fig. 2. Again, we do not include pole
pieces in this design, rather take care so as maintain field
strengths and gradients that can be managed with water-
cooled lenses. We use the equivalent lens concept, whereby
two solenoids of radius r separated by 2r is a good approxi-
mation of the field in a CO lens.

The influence of C3 and the CO is tested under two operat-
ing conditions, parallel and antiparallel current alignments.
Referring to Fig. 2, C3 and the upper and lower parts of the CO
have the same current direction in the former, and C3 and the
CO lower are excited with opposite currents to the CO upper in
the latter. The combined action of C3 and the CO upper colli-
mates the pulse, which then passes a second focus after the
sample as controlled by the CO lower, either by continuing to
rotate about the z-axis or reversing direction.

A range of CO currents are specified between 1200 and 6600
Amp-turns, and then the C3 current is adjusted until the pulse
is collimated at the sample plane, as detailed in the ESL{ All
results are for a twenty electron pulse with an initial duration
of 20 fs, space-charge is calculated without approximation,
and all lenses and the compressor are optimised as the lens
currents are adjusted. It is found that a focused electron pulse
can also be formed at the sample plane, however we limit our
discussion to parallel CO current alignment.
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Systematically varying the C3 and CO currents changes the
size of the collimated electron pulse at the sample plane.
Parallel and anti-parallel current alignment pulse radii are
shown in Fig. 5(a) and (b) respectively. Fig. 5(c) and (d) show
the average angular velocity (proportional to the magnetic
field) of the electron pulse in parallel and anti-parallel align-
ments. Parallel alignment is straightforward to achieve as the
gradients required are less than in the anti-parallel case.
Nonetheless, anti-parallel alignment has the significant advan-
tage of forming a magnetic field zero at the sample plane,
advantageous when observing laser-induced magnetism. The
gradient between the minimum and maximum angular
velocities in Fig. 5(d) is approximately linear, causing the
reduction of 26(r) around the sample found in Fig. 5(b).

The collimation characteristics in parallel and anti-parallel
current alignments are shown in Fig. 5(e) and (f). The Courant-
Snyder a-parameter (CSa) describes the correlation of the root
mean squared particle position and direction. When CSa = 0,
the electron pulse is either collimated or at a spatial focus. In
Fig. 5(e) and (f), CSa crosses zero at the sample plane.

The action of the compressor is shown in Fig. 5(g) and (h),
whereby the THz field strength and phase are set to achieve a
temporal focus in the sample plane. The combined action of
the CO and compressor is therefore a collimated electron pulse
with 20(r) = 3 pm, and in the case of these 20e pulses, a 20(t)
duration of 8.2 fs. Importantly, the influence of the CO and
compressor are essentially independent, as apparent from
Fig. 5(g) and (h). Comparing Fig. 3 and 5(h), the electron pulse
propagating through the focus between C3 and the CO experi-
ences a convergence angle between 2 and 4 mrad, and over the
z-axis range of 0.01 m, the duration varies between 200 fs and
40 fs. As shown in Fig. 3, if 26(¢) = 100 fs, there is very little tem-
poral influence on the pulse duration at spatial focus. For 26(¢)
=10 fs, the duration is perturbed by only a few femtoseconds.

20634 | Nanoscale, 2018, 10, 20628-20639

3.6 Spatial resolution and dynamic electric field effects

The spatial resolution of the modelled fs-TEM will be loosely
defined by the assumed pixel size and number, and size of
detector, as discussed in section 2.1. Typical performance and
magnification of a state of the art directly coupled camera
implies achieving a resolution of 1 nm is likely to be practical.

More informatively, we estimate the influence of spherical
aberration on the spatial resolution: summing the electron
pulse Airy disk and spherical aberration in quadrature gives an
indication of spatial resolution, estimated from TEM lens per-
formance.> For an electron wavelength of 4.5 pm and a typical
spherical aberration coefficient Cs = 3 mm, an optimal conver-
gence angle of 4.5 mrad is found, corresponding to an optimal
resolution of 0.7 nm. We do not apply apertures along the elec-
tron path, resulting in an inherent curvature, which increases
the effective Cs to of the order of 10 mm, corresponding to an
optimal resolution of approximately 1.2 nm.

Considering chromatic influences on resolution, taking the
chromatic aberration coefficient Co to be, to a first order
approximation, comparable to Cs, the chromatic aberration is
of the order 0.14 nm. However, the action of the THz compres-
sor causes an energy-time phase space redistribution, increas-
ing the energy bandwidth by the compression factor, hence
the spatial resolution will, in a practical instrument design,
dominate the spatial resolution.

It is suggested that the spatial resolution of a fs-TEM will
be improved with multipole aberration correction such as used
in state-of-the-art TEM systems to achieve atomic resolution, but
used to mitigate the conservation of energy-time phase space.
Such a corrector will introduce tens of cm additional flight
length, however as shown in Fig. 3 and discussed earlier, once
an electron pulse of tens to hundreds of femtoseconds in dur-
ation has passed through one focus, subsequent stretching is
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mitigated. As a result, the introduction of a multi-pole corrector
is expected to have only a moderate impact on the instrument
performance, and is the subject of a current investigation.

When propagating macroparticles representing the electron
pulse, GPT assigns a particle identification number, Ny, which
varies between 1 and 250 for these calculations. In Fig. 6, the
variation of Ny, as a function of radial distance and macroparti-
cle arrival times at both the sample and detector planes is
shown. This then highlights the importance of the perform-
ance of a CO lens in a fs-TEM system as the wavefront is flat,
thus the imprint of the sample can be successfully transferred
to the electron pulse.

As the electron pulse passes the sample plane, it will be
scattered and attenuated by the morphology of the nanoscale
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Fig. 6 Electron pulse spatial distribution at (a) sample and (b) detector.
The colour scale is macroparticle identification number, indicating the
transfer of information from the sample to detector plane.

View Article Online

Paper

structure, which is considered to be constant as a function of
time. Applying the pump laser pulse to the nanoscale structure
will induce localized transient electric and magnetic fields,
which might be a result of, for example, liberation of charge
through tunnelling, ultrafast plasmonic effects, and the for-
mation of short lived magnetic domains. The temporal overlap
of these localized fields with the passing electron pulse intro-
duces a dynamic scattering, which will vary with laser-pump
and electron-probe delay, and will allow the quantification of
the transient field strength and direction.

To exploit the imaging capabilities of the modelled fs-TEM,
the detection of electromagnetic fields requires quantification.
A custom GPT element deflects the passing electron pulse with
an electric field, and removes macroparticles from the pulse if
they pass the sample plane within an annular boundary,
mimicking a prototype structure as shown in Fig. 7(a). The
direction and strength of the electric field in the xy plane
(mutually perpendicular to the z-axis) is indicated by the
arrows. The shaded region is the annulus, opaque to electrons,
hence is thick as compared to the mean free path of the
electrons at 70 keV.

The scattering electric field decreases radially in the xy
plane from a central maximum of E., following a Gaussian
distribution, o, which scales with annulus outer radius. The
field direction rotates linearly with @ until a direction reversal
at 6 = 0 and = radians, with 6 being angle in the xy plane. The
scattering field is Gaussian along the z-axis with a standard
deviation o, = 100 nm, a thickness chosen to represent the dis-
tance over which a nanoscale photonically active structure
would exhibit a dynamic field. There is no time dependence to
Escar, however the convolution of the temporal duration of the
electron pulse of 26(¢) = 8.2 fs with the 100 nm thickness at
70 keV implies an interaction time with a 2¢(¢) = 9.3 fs.
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Fig. 7 fs-TEM imaging of electric fields at the sample plane. (a) Schematic of the scattering element, with the vector field E,.,: strength represented
by arrow colour and size. (b) Typical macroparticle scattering maps at the detector plane. The green points are the unscattered macroparticles (i.e.
Escat = 0) and red are scattered by the element in (a) with Eqcoe = 10 MV m™. (c) Location of five scattering elements of varying size: (i = 1) outer : inner
radii of 200 : 100 nm, (i = 2) 100:50 nm, (i = 3) 50: 25 nm, (i = 4) 20 : 10 nm and (i = 5) 10 : 5 nm outer and inner radii respectively. (d) Gaussian con-
volution applied to a macroparticle distribution with a standard deviation ¢ = 350 pm at the sample plane, recreating an undersampled fs-TEM
image. (e, f) Logarithm of the ratio of the unscattered to scattered fs-TEM images with Esc. = 1 MV m™. (g, h) as (e, f) but for Eccae = 2 MV m™2. (i, j)
Escat = 5 MV m™, and (k, 1) Escar = 10 MV m™%. Red areas indicate an increase in signal whereas blue areas indicate a deficit, and the red scale bar is
400 nm.
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The influence of both the opaque region and localized elec-
tric field is shown in Fig. 7(b), where the point of arrival of the
macroparticles at the detector are indicated by a point. The
green points are the field-free case, and the red points indicate
the modified trajectories caused by a scattering field Egca =
10 MV m™~". The geometry of the annuluses from i =1toi=5
in the format outer radius (nm): inner radius (nm) shown in
Fig. 7(c) are (i = 1) 200: 100, (i = 2) 100: 50, (i = 3) 50: 25, (i = 4)
20:10 and (i = 5) 10:5. We compare pulses that have been
deflected (Escq # 0) with those which have not (Eg.,. = 0) yield-
ing the discrete displacements maps shown in Fig. 7(b).

To convert the discrete macroparticle representation to a
continuous image, a convolution with a Gaussian kernel of
standard deviation, ¢ = 350 um is applied, and is the conver-
sion from Fig. 7(c)-(d). This is a blurred and undersampled
image because the Gaussian convolution is constrained by the
number of macroparticles used in the numerical propagation,
which in the case of Fig. 7 is N = 20000. The standard
deviation of the convolution is an overestimate as compared to
what can be achieved with an optimised direct detector, which
as discussed in 1.1, is below 10 pm. This artificial spatial blur
is necessary as N = 20 000 is at least approximately 50 times
lower than would be wanted for image formation, a limitation
applied as the execution time of calculations scales as N°. The
structures present in the detection event distributions in
Fig. 7(c) and (d) are artefacts from the Hammersley sequence
used.”®

To create the signal maps shown in Fig. 7(e)—(1), the Egcac #
0 maps are divided by the Eg.,c = 0 map, and the logarithm
taken. Field strengths Egqe = 1,2, 5and 10 MV m ™" (e & f, g &
h, i &j and k & | respectively) are displayed on two ranges, here
an order of magnitude and a tenth of an order. It is apparent
from Fig. 7 that dynamic electric fields of 1 MV m™" will be
resolvable. Clearly this depends on the signal to noise ratio of
the observation; however in principle such thin and fast acting
fields appear observable. Given the undersampling condition
discussed above and the spatial resolution of around 1 nm, it

20636 | Nanoscale, 2018, 10, 20628-20639

is expected that weaker fields over smaller distances will be
resolvable. An electric field of 10 MV m™" corresponds to a
surface charge density of around 10e per um”, which overlaps
well with the strength of field generated in many electronic
along with those achievable in ultrafast
nanophotonics.

Fig. 8 summarises the performance of the fs-TEM for two
illumination modes, corresponding to the largest and smallest
20(r) in Fig. 5(b), as the number of electrons per pulse is
varied. For durations of approximately 10 fs for low tens of
electrons per pulse, a small variation in 20(r) ~ 3.2 pm and
~39 pum, indicating that variations in the charge per pulse will
have a minimal influence on spatial resolution if of the order
of 20%. The pulse durations for both radii are displayed upon
entrance to the resonator and at the sample plane, indicating
the level of compression achieved. We find that pulse com-
pression by a factor greater than 10 is achievable, yielding a
20(t) ~ 10 fs, for pulses containing up to 20 electrons. The
independence of temporal and spatial resolutions are seen
from the overlap between the larger electron beam (white tri-
angles) and smaller (solid black squares) in Fig. 8(c). Variation
of the charge per pulse will influence the compressed duration
as apparent from Fig. 8(c), which has a gradient of approxi-
mately 1:2.5, hence, a finite width distribution of charge per
pulse results in a distribution of durations increased by 1: 2.5.
Practical instrument design must take such considerations
into account, as discussed in more detail in the ESL{

devices,

4. Conclusions

In conclusion, we have reported the outcome of a numerical
study of a femtosecond transmission electron microscope. We
find that for a pulse containing twenty electrons, a sub-10 fs
duration can be achieved, and that a spatial resolution of the
order of one nanometre is feasible. Simulations from the
femtosecond electron pulse source to the detector were
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presented, and the optimization of each beamline component
has resulted in an apparatus architecture for a compact, high
performance, table-top scale instrument. Optical compression
of the electron pulse at a terahertz resonator have been
included in the model, showing how the dispersive influence
of space charge can be overcome. Relying on the all-optical
triggering of the photoemission, compression and sample
pumping means that a temporal jitter of the order of a femto-
second is achievable.

Femtosecond-TEM performance has been investigated for a
variety of pulse characteristics, allowing the tailoring to the
application whilst maximising the photoelectron current deli-
vered to the sample, ensuring viable imaging times. The
system is envisioned to run at tens of kilohertz to megahertz
repetition rates due to the relatively low charge densities
utilised, but within the achievable limits of brightness
possible with laser driven emission from NSMTs. We model
the outcome of using the fs-TEM pulses to image a transient
electric field at the sample plane, finding that 1 MV m™" is
readily resolvable, and with improvements to the simulation
conditions, smaller fields should be resolvable on a nanometre
scale.

The spatial, temporal and field resolution of the fs-TEM are
appropriate to visualise ultrafast processes in the coupled
fields of nanophotonics and optical computing, resolve coher-
ent optical and acoustic phonon dynamics in organic and in-
organic samples, laser-induced magnetism dynamics in nano-
structures and thin films, and potentially the tracking of
charge carrier dynamics in photovoltaics and organic opto-
electronic devices. As a consequence, will see broad applica-
bility to a wide variety of light-triggered applications, and
should open new scientific avenues of investigation.
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