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Development of an ultrafast electron source based on a cold-field emission

gun for ultrafast coherent TEM

Giuseppe Mario Caruso, Florent Houdellier,? Pierre Abeilhou, and Arnaud Arbouet®
CEMES, CNRS UPR 8011 and University of Toulouse, 29 rue Jeanne Marvig, BP 94347, 31055 Toulouse,

France

(Received 20 March 2017; accepted 31 May 2017; published online 10 July 2017)

We report on the design of a femtosecond laser-driven electron source for ultrafast coherent trans-
mission electron microscopy. The proposed architecture allows introducing an ultrafast laser beam
inside the cold field emission source of a commercial TEM, aligning and focusing the laser spot on
the apex of the nanoemitter. The modifications of the gun assembly do not deteriorate the perform-
ances of the electron source in conventional DC mode and allow easy switching between the con-
ventional and ultrafast laser-driven emission modes. We describe here this ultrafast electron source
and discuss its properties. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4991681]

After the pioneering work by Bostanjoglo at TU Berlin,
ultrafast Transmission Electron Microscopy (UTEM) has
experienced a spectacular boost at the beginning of the cen-
tury when A. Zewail at the California Institute of Technology
demonstrated ultrafast TEM with both sub-picosecond time
resolution and nanometer spatial resolution.' ™ In both cases,
the ultrafast electron source was based on a flat photocathode
illuminated by a pulsed laser. In the same way as for conven-
tional TEMs, the potential of UTEMs is mostly governed by
the properties of their electron source. Laser-driven flat photo-
cathodes provide enough electrons for both single pulse and
stroboscopic observation modes. However, electrons are emit-
ted from a laser focal spot which is typically several tens of
microns wide. This severely limits the brightness and spatial
coherence of these electron sources and precludes their use
for demanding applications such as coherent diffraction, high
resolution spectroscopy, or electron holography. In conven-
tional TEM, two kinds of electron sources based on metallic
nano-emitters, Schottky Field Emission Guns (SFEG) and
Cold-Field Emission guns (CFEG), are used when the bright-
ness (i.e., the number of electrons emitted per unit solid angle
and unit surface) is central to the targeted application. In DC
Schottky electron sources, the nanotip is heated to enable its
wetting by a layer of zirconia, and an extraction voltage is
applied to the tip. The potential barrier is lowered by the
Schottky effect enabling a significant fraction of the hot elec-
tron distribution to overcome the potential barrier and be
emitted into vacuum. Schottky electron sources include a sup-
pressor anode to confine the emission of the electrons at the
apex of the tip. In cold-field emission guns, the monocrystal-
line oriented nanotip is not heated but placed in a high static
electric field. When the applied E-field reaches a few GV/m,
the potential barrier becomes thin enough to allow quantum
mechanical tunneling of electrons into vacuum. Cold-field
emission guns provide the best energy spread and brightness
but their operation is by far the most demanding in terms of
vacuum and electron optical properties.* CFEGs do not have
a suppressor anode.
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The demonstration of ultrafast laser-driven electron
emission from metallic nanotips has opened exciting per-
spectives for ultrafast electron microscopy.”'" In particular,
it has been demonstrated that the brightness of nanotip emit-
ters is comparable in DC and ultrafast operation modes.'?
Ultrafast electron emission from Schottky guns has first been
implemented in Scanning Electron Microscopes.'>'* Then,
the Schottky gun of a commercial TEM has been modified to
trigger the electron emission with a femtosecond laser.'>'
The laser beam has been inserted inside the electron gun
through an optical window routinely used to inspect the elec-
tron emission from outside the TEM gun.'” The laser beam
is focused from outside the microscope through the optical
window and redirected to the tip with an additional flat mir-
ror.'>'® The availability of the suppressor anode is essential
for the development of ultrafast electron sources based on
Schottky guns as it allows to place the laser focusing optics
outside the TEM gun. Indeed, a careful choice of the sup-
pressor anode voltage compensates the loose focusing of the
laser and confines the electron emission at the tip apex. The
modification of a CFEG for ultrafast laser-driven operation
in a TEM has not been reported yet.

Developing an ultrafast electron source based on a CFEG
architecture with the laser focusing optics outside the TEM
column will lead to a large emission region and deteriorate its
properties. As a consequence, it is mandatory to insert the
focusing optics inside the electron gun to minimize the size of
the electron emission region and maximize the brightness of
the source. However, the addition of optical and optomechani-
cal components such as mirrors and mirror holder (MH) close
to the nanotip must carefully address issues related to vacuum
and high voltage. In particular, the choice of the materials and
their surface quality are critical. Finally, it is highly desirable
that the modified electron source can be easily switched
between the conventional DC mode for TEM alignment and
routine sample characterization and the laser-driven ultrafast
mode for time-resolved experiments. Finally, the modifica-
tions to the initial gun design must not deteriorate its potential
for conventional TEM.

The developments described in this work have
been achieved on the electron gun of a Hitachi HF2000

Published by AIP Publishing.
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CFEG-TEM with a modified vacuum systemls_zo mounted
on a dedicated UHV bench. In this work, we describe the
design and main characteristics of the electron gun. Its
performances for ultrafast TEM will be the subject of a
forthcoming publication. Figure 1 shows the modifications
to the original electron source. The accelerator is enclosed
in a gun-housing filled with SFg at a pressure of 2 bars
for electrical insulation. Several parts of the original elec-
tron source have been modified. First, we have replaced
the original gun-housing by another one which includes
an optical window to allow a laser beam entering the SFg
region. We have developed a so-called optical head, which
is an optical set-up allowing to visualize the nanotip, align
the laser beam on the tip apex, and control the laser beam
polarization from outside the electron source. The original
architecture of the electron gun is shown in Fig. 1(c). The
field-emission tip is a conventional commercial [310] ori-
ented tungsten tip with an apex radius below 100 nm. It is
mounted on a metal/ceramic CF40 flange which insulates
the nanotip from the extraction anode. The CF40 flange can
be moved from outside the TEM column by a mechanical
system (not shown for simplicity) to align the nanotip on
the accelerator axis. The nanotip is placed at a potential
Vo (Vo=—-200kV in the present case) in a UHV environ-
ment (P ~ 2 x 107° Pa), a few millimeters away from the
extraction anode which is at a potential V| relatively to
Vo. A focusing anode (alternatively called gun-lens) at a
potential V, relatively to Vj is placed between the extrac-
tion anode and the accelerator. Adjusting the ratio between
V, and V| allows adjusting the beam cross-over inside the
acceleration tube. The details of the modified electron
source are shown in Fig. 1(d). The optical head consists of
an optical breadboard with optomechanical components

(a) Optical Head

(b)

Gun Housing
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enclosed in a box. The laser beam is first reflected by two
mirrors mounted on piezo optical mounts. A polarizer and a
half-wave plate allow controlling the polarization of the
laser beam. The laser beam is sent into the electron gun
after reflection on a beam splitter. It goes through a first
optical window mounted on the gun-housing to enter the
SF6 region. We have developed a customized version of
the CF40 flange holding the nanotip which includes a 6 mm
optical window. The laser beam enters the UHV region
through this optical window and is then reflected by a plane
mirror. It is finally focused by a parabolic mirror (f =8 mm)
inside a ~3um spot radius (1/e?) at the apex of the nanotip.
A mirror holder has been designed to hold the flat and
parabolic mirrors in the immediate vicinity of the field
emission (FE) tip. Reflective optics have been privileged to
minimize the dispersion of the ultrafast pulses. The diame-
ters of the flat and parabolic mirrors are, respectively, 8 and
6 mm. The alignment of the mirror holder with respect to
the tip is first realized outside the gun on a dedicated optical
bench. The mirror holder is tightly held in position by a set
of mirror polished screws and moves with the tip during the
mechanical alignment of the electron beam with respect to
the extractor hole. After this pre-alignment step, the CF40
flange with FE tip, mirror holder, and mirrors is placed
back in the CFEG. The fine alignment of the laser beam on
the tip apex is achieved by means of two piezo mirrors
located in the optical head [see Fig. 1(d)]. The focusing of
the laser beam on the tip is optimized by means of a tele-
scope located outside the electron source. Figure 1(b) shows
the beam of an He-Ne alignment laser focused on the tip
apex. The mirrors, mirror holder and FE tip are at the same
potential V. The position of the laser spot is monitored
using a CCD which collects the backscattered light. The

FIG. 1. (a) General design of the ultra-
fast CFE gun. An optical head with
optical and optomechanical compo-
nents is placed on top of the electron
gun and allows to visualize the nano-
tip, optimize the laser beam alignment
and focusing by means of remotely
controlled motorized optomechanical
components. (b) CCD image of a He-

(c) (d)

Ne alignment laser focused on the
nanotip. (c) Original scheme of the
HF2000 CFE gun. EA: extraction
anode. EH: extractor hole. FA: focus-
ing anode. (d) Scheme of the ultrafast
CFEG. WL: white light source, BS:
optical beam-splitter, OW: optical win-

| —Oow1 dow, FM: flat mirror, PM: parabolic

EA (V1)
FA (V2)

mirror, HWP: half-wave plate, and P:

ow2 polarizer. The mirror holder is cylin-
drically symmetric, the two mirrors

being nested inside.
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optical head also includes a white light source to provide
an image of the nanotip. The position of the laser beam
and its polarization can be remotely controlled through a
home-made control and diagnostics software. Extreme care
has been paid to the surface quality of the optical compo-
nents inserted in the nanotip region as the mirror holder is
located at less than 2mm from the extraction anode. All
surfaces have been mirror polished until a surface rough-
ness Ra=0.1 yum was obtained. To warrant UHV operation
conditions, the electron source must be baked at 350 °C dur-
ing several hours. The mirror holder has been fabricated in
the same material as the nanotip holder to minimize differ-
ential thermal expansion. It is important to notice that the
original TEM column design has not been modified below
the extraction anode to minimize the impact on the perfor-
mance of the instrument.

We have performed numerical simulations to assess the
influence of the mirror holder, introduced in the high voltage
region close to the tip on the electron optical properties of
the modified CFEG. Using the finite element method (FEM)
software COMSOL multiphysics,”> we have computed the
static field, with and without the mirror holder (MH). A finer
mesh has been used to accurately account for the tip apex
geometry. For the same extraction voltage, the electric field
at the apex is 2.5 times smaller with the MH compared to the
original situation. In practice, this effect can be easily com-
pensated by increasing the extraction voltage applied in stan-
dard DC operation. The MH, being cylindrically symmetric,
does not affect the symmetry of the electric field at the tip
apex. Using SIMION 8.1, a finite difference method (FDM)
based software,® we have first cross-checked the previous
results on the electric field and then computed electron tra-
jectories with and without the mirror holder. As previously
discussed, different mesh sizes have been used to best repro-
duce the gun geometry. Our calculations have consistently
shown that the mirror holder shrinks the electron trajectories
toward the source axis. This confinement can be clearly seen
by comparing the left and right sides of Fig. 2. This effect
changes the position of the virtual source of the gun assem-
bly (tip, mirror holder and extraction anode V). However,
the position of the virtual source of the gun can be easily
(a) (b)

0 0

Original Ultrafast

Appl. Phys. Lett. 111, 023101 (2017)

adjusted independently using the focusing anode V, as in a
standard CFEG.** Combining these results with quantitative
simulations, performed using Electron Optical Design
(EOD),* we have computed the optical properties of the gun
with and without MH with a particular emphasis on its spher-
ical aberration. Despite the modification of the electron tra-
jectories described earlier, the overall aberration value is
only slightly affected by the insertion of the mirror holder.
Indeed, we get an aberration value of 35mm (object side
value) for V; = 7kV and V, = 35kV without the mirror hol-
der, against 33 mm with mirror holder. This small difference
is mainly due to a positive side-effect of the emission con-
finement by the mirror holder. Indeed, the latter decreases
the incoming angle of the electron cone inside the focusing
anode and, as a consequence, minimizes the contribution of
this lens to the global spherical aberration. To summarize,
our simulations clearly show that the mirror holder does not
have any detrimental influence on the optical properties of
the ultrafast electron source. It only affects the magnitude of
the electric field at the apex. This effect can be compensated
and a proper DC field emission can be recovered simply by
adjusting the extraction voltage V;. We have systematically
acquired Fowler-Nordheim I(V;) curves. Our experimental
results confirm the reduction of the E-field at the tip apex
predicted by the numerical simulations: whereas the onset
for DC field-emission is around 2kV for the original CFEG,
it is around 5.2kV for the modified one (for currents in the
PA range).

We finally describe the laser-driven operation of the
modified CFEG. Laser-driven emission of electrons from
metallic nanotips has been investigated in different regimes
both experimentally and theoretically.* ' Laser-assisted
electron emission from metallic surfaces can be obtained via
several mechanisms. The single photon photoelectric effect
involves the absorption of one incident photon of energy
larger than the workfunction of the emitting surface. For
photon energies smaller than the metal workfunction, elec-
tron emission is not possible by absorption of a single photon
but becomes possible via the absorption of several photons
at high optical excitation intensities. Larger intensities can
lead to above-threshold photoemission in which a number of
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FIG. 2. (a) Electrons trajectories simula-
tions performed using Simion 8.1 under
the same conditions described in Kubo
et al®" A total of 5 electrons trajectories
are compared between the original
HF2000 gun assembly and the modified
one to enable ultrafast laser-driven emis-
sion (computation shown with V; =7kV
and V, =35kV). Equipotential lines are
also displayed using the same values for
both sides enhancing the effect of the
mirror holder. The values of the poten-
tials are indicated on the left in kV. (b)
Magnified view of the tip region.
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photons larger than required from energy conservation are
absorbed.® Finally, even higher laser intensities can lead to
optical field emission in which the optical fields are strong
enough to bend the potential barrier.” The efficiency of these
emission processes is maximum for a polarization of the
incident electric field normal to the metal surface. Our
experiments have been performed using a compact ultrafast
fiber laser, delivering ultrashort (350 fs), high energy (up to
20 uJ), high repetition rate pulses at 1030nm (Satsuma,
Amplitude Systemes). Electron emission has been obtained
at a repetition rate of 1 MHz using the femtosecond pulses
generated at 515 nm by Second Harmonic Generation of the
laser output in a beta barium borate (BBO) crystal. The laser
power incident on the optical window of the CF40 flange
was kept in the 0.5-4mW range. The emitted current has
been measured using an electrometer. We have first investi-
gated the dependence of the electron yield on the laser
power, extraction voltage V; and polarization. The emitted
current, in the 0—7 pA range, increases with the incident laser
power and extraction voltage [see Fig. 3(a)]. As can be seen
in Fig. 3(a), the dark current of the high voltage system, mea-
sured at zero laser power, increases with the extraction volt-
age V. Furthermore, it is important to notice that the
extraction voltage applied in these laser-driven emission
experiments lies below the onset of DC field emission
(around 5.2kV as mentioned earlier). In agreement with the
established literature, our results show that the tip can be
divided into two distinct regions with specific behaviours. As
shown in the inset of Fig. 3(a), when the laser is focused
exactly on the tip apex (later called the tip region), a
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FIG. 3. (a) Electron yield measured at the tip apex as a function of the inci-
dent laser power for different values of the extraction voltage V. Inset:
Dependence of the electron yield on the polarization of the laser electric
field (at 0° the laser E-field is parallel to the tip axis. (b) SEM image of a
typical field-emission tip which has been routinely used in a CFEG-TEM in
conventional mode. (c) SEM image of one of the nanotips used for several
months for laser-driven electron emission. The noise of the high voltage sys-
tem is visible at zero laser power where the result of several current meas-
urements is shown.
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maximum electron yield is obtained for an incident polariza-
tion parallel with the tip axis. On the contrary, when the laser
is focused a few microns away from the apex (later called
the bulk region), the electron yield is maximum for an inci-
dent polarization perpendicular to the tip axis. Furthermore,
the electron yield is larger in the bulk region than in the tip
region as expected from the difference in metal surface con-
tributing to the emission. In both regions, the power depen-
dence plotted on a log-log scale has a slope slightly larger than
2. A strictly quadratic dependence would be expected from the
energy of the incident photons (2.41eV) and the tungsten
(310) facets work function (4.36eV). We have carefully
checked that the electron yield was proportional to the repeti-
tion rate of the laser. This confirmed that cumulative heating
effects have a negligible influence in our experimental condi-
tions. We have taken scanning electron microscopy (SEM)
images of the tip after the laser-driven emission experiments.
Post-mortem analysis of several tips has shown that the size of
the apex is slightly larger after the experiments. This reshaping
is probably due to the transient heating of the nanotip induced
by single laser pulses at the highest laser powers. Indeed, under
these conditions, approximately 40 electrons are emitted per
laser pulse which is close to the damage threshold of tungsten
nanotips.”® The detailed study of these effects will be the sub-
ject of a forthcoming publication.

In summary, we have reported on the development of an
ultrafast electron source based on a modified commercial
cold field emission source. This ultrafast electron source
architecture allows easy switching between conventional
DC- and ultrafast laser driven emission modes. Electron opti-
cal simulations show that the modifications brought to the
original CFEG design have a limited influence on the optical
properties of the electron source and should not deteriorate
significantly the TEM performances. Laser-driven electron
emission has been investigated and demonstrated that the
electron yield can be controlled through the incident laser
power and polarization and the extraction voltage. Further
investigations are under progress to assess the performances
of this ultrafast electron source for TEM applications.
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