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Design of a miniature picosecond low-energy electron gun
for time-resolved scattering experiments

R. Karrer, H. J. Neff, M. Hengsberger,a) T. Greber, and J. Osterwalder
Physik-Institut, Universita¨t Zürich, CH-8057 Zu¨rich, Switzerland

~Received 30 May 2001; accepted for publication 11 September 2001!

We present the design and performance tests of a miniaturized pulsed low-energy electron gun.
Electrons photoemitted from a gold cathode are accelerated over a distance of 75mm and then
collimated by a microchannel plate. According to calculations, this novel concept will allow the time
spread of the electron pulses to be kept below 5 ps for kinetic energies as low as 100 eV. The
achievement of a minimum angular beam divergence~'1°! along with an energy resolution of 1.1
eV has to be paid for by low signal intensities. We demonstrate the performance of the gun and the
high electron-beam coherence by presenting low-energy-electron diffraction images taken from a
submonolayer of lead adsorbed on the germanium~111! surface. We anticipate that this electron gun
will open up new possibilities for following structural changes on solid surfaces in real time.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1419219#
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I. INTRODUCTION

To follow structural changes during physical and chem
cal processes in real time is a formidable task. Pump
probe techniques, which became prominent in optical me
ods~see, e.g., Ref. 1!, have been extended in recent years
methods such as x-ray diffraction2–6 and x-ray absorption
fine structure.7 The probing depth of these methods is of t
order of 1000 Å, thus far too much for structural investig
tions of monolayer-thick films, for instance. The stead
growing interest in structural dynamics in surfaces and in
faces requires the development of a surface-sensitive t
nique offering high temporal resolution. The penetrati
depth of electrons in solids can be reduced by choosing la
incidence angles or low kinetic energies. Several tim
resolved reflection high-energy-electron diffraction stud
have been published.8–11 In these studies, however, the tem
poral resolution in compromised by the grazing inciden
geometry.9,11

Low-energy electron diffraction~LEED! is the standard
method for structure determination. High scattering cr
sections for light elements, large scattering angles, and
analysis ofI–V curves and spot profiles to obtain detail
unit cell and morphology information, render LEED a ve
versatile tool.12 Adsorbate and substrate dynamics may
disentangled by observing corresponding diffraction sp
Phase transitions and local temperature rise~Debye–Waller
factor! manifest themselves as spot intensity transfer i
other diffraction spots or diffuse background, respectively

A time-resolved LEED experiment would consist of
fast change in surface structure induced by a laser p
~pump! followed by the delayed electron pulse to record t
diffraction pattern~probe!. The time spread of the electro
pulse has, therefore, to match the typical time scale of lat
vibration. An acoustic phonon moving at the velocity
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sound~about 1000 m/s!, for example, needs some 10 ps
travel over the length scale probed by the LEED~'100 Å!.
Vibrational frequencies of molecules adsorbed on solid s
faces, so-called hindered translations, may be of the orde
1 THz,13 corresponding to a temporal period of 1 ps. Deph
ing of coherently excited phonon modes occurs on a scal
some picoseconds.14 Thus, the time spreadDt of the electron
pulses has to be in the low picosecond range. In practiceDt
is determined by

Dt5
Ds

v
1

DE

2E

s

v
, ~1!

wherev, s, andE are the electron velocity, the path lengt
and the kinetic energy, respectively, andD denotes the re-
spective uncertainties. It can immediately be seen from
~1! that high resolution in time is very difficult to obtain a
low electron velocity. The order of magnitude of the differe
contributions can be estimated as follows: at 100 eV kine
energy, electrons need 170 ps to travel over a distance
mm. Hence, achieving a 5 pstime spread of the electron
pulses means that, according to Eq.~1!, for s54 mm and
DE'1.1 eV,Ds<7 mm.

This condition sets constrains for the design of a puls
low-energy electron gun. To the best of our knowledge, o
ray-tracing calculations have been published so far.15 In
these model simulations, electrons are immediately acce
ated to very high energy~typically, some tens of kV!, fo-
cused by electrostatic lenses and decelerated close to
sample. For practical purposes, however, strong electric-fi
gradients near the sample are difficult to handle beca
small deviations from the model geometry destroy the be
characteristics. In our concept, which will be described
low, acceleration to high kinetic energy is avoided, and
space between gun and sample is free of electrostatic fie
il:
4 © 2001 American Institute of Physics
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II. DESIGN OF THE ELECTRON GUN

Common to all designs of pulsed electron guns is
electron emission process. A pulsed laser beam is focu
from behind onto a thin metal film, producing electrons
two-photon photoemission~2PPE!. The space charge in fron
of the cathode possesses, thereby, the time structure o
laser pulse, and the energy distribution depends on the 2
spectrum of the metal. The latter is given by 2hn –F,16

wherehn denotes the photon energy andF the work func-
tion of the cathode material. Since 2PPE is a second-o
process, the obtained total charge depends on the ph
intensity squared. In order to find a compromise between
total electron yield obtained from the cathode and the wi
of the electron energy distribution, gold has been chose
the cathode material, gold having the further advantage
being chemically inert in ultrahigh vacuum. The Au film h
been evaporated onto a 100-mm-thick mica substrate at room
temperature and subsequently annealed.17 Simultaneous
monitoring of optical transmission of the laser beam throu
the cathode and of the electron yield during evaporation
lowed the film thickness to be optimized for maximum ele
tron output. The final parameters thus obtained are a tr
mittance of 5%, corresponding to a film thickness of roug
190 Å,18 and total photoelectron yield of up to 1 nA using 3
eV photons of 1 nJ per pulse and 80 MHz repetition rate19

After photoemission from the negatively biased cathode,
electrons are accelerated towards the grounded anode o
distance of 75mm, ensuring a minimum time spread whi
maintaining the electric-field strength below the vacuu
breakthrough value. The spacing between cathode and a
is fixed by a 75-mm-thick kapton foil, in the center of which
a hole of 2 mm in diameter has been pierced~see the inset in
Fig. 1!. In preceding measurements, the isolating power
25-mm-thick kapton foil has been found to be better than
kV/mm.20

Since in a focusing electron-optical lens electrons tr
eling off the optical axis take a longer time to arrive at t

FIG. 1. Setup of the final pump–probe experiment~not to scale!. The pump
beam arrives from the bottom with 45° incidence onto the surface.
active part of the electron gun is located in the conical end; the laser b
is focused by an external lens and coupled into vacuum through a S2

viewport. Electrons incident normally on the sample surface are backs
tered and detected by the LEED optics. Inset: magnified view of the cath
region; the positions of the cathode, collimating MCP, and sample are
cated.
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focal point than electrons traveling along the axis, a
electron-optical element will cause additional tempo
spread.15 Therefore, a simple microchannel plate~MCP! with
nonbiased channels has been chosen as a collimator filte
out electrons moving off axis. The small angular beam div
gence, given essentially by the aspect ratio of the trans
ting channels@800 mm length to 10mm diam ~Ref. 21!# is
paid for by the low electron transmission of the order
1025 through the MCP. Ray-tracing calculations22 confirmed
that this kind of optical element preserves the electron pu
characteristics, in particular its time structure.20

III. PERFORMANCE

In order to test the performance of the gun we ha
proceeded in two steps. First, the shape and size of the e
tron spot, the electron yield, and energy distribution ha
been measured using a position-sensitive resistive anode
tector with retarding copper grid at a distance of 65 mm fro
the gun. Results for the electron yield and a representa
spot image are shown in Fig. 2. From the size of the spot,
angular beam divergence can be estimated to be less
60.5° for kinetic energies below 100 eV, slightly increasi
to 60.7° at higher energies. Note that well-defined sp
have been observed for energies down to about 3 eV with
shielding against magnetic fields. This emphasizes the ex
lent coherence of the electron beam even at the lowest e
gies. Applying a retarding voltage to the copper grid allo
the energy spectrum to be measured. The spectrum has
width at half maximum of 1.3 eV, in agreement with 2PP
measurements from a gold surface@'1 eV ~Ref. 20!#, if one
takes the poor energy resolution of a single retarding g
into account. The observed count rate can directly be tra
lated into an electron current yielding about 2 fA at 100 e
hence, 1 electron per 63103 pulses. An important limitation
of low-energy electron guns is the space charge, wh

e
m

t-
de
i-FIG. 2. Performance test of the electron gun. The count rate on a loga
mic scale is shown as function of the cathode potential~symbols!. The line
serves as a guide to the eye. Inset: image of the electron spot atE570 eV
and at a distance of 65 mm from the source.
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broadens the electron pulse.15 In our setup, the space charg
is confined in front of the cathode in a area defined by
spot size of the laser beam, about 250mm in diameter. The
maximum current from the cathode is of the order of 1 n
corresponding to 80 electrons per pulse, two orders of m
nitude less than the current leading to a 0.1 V potential g
dient due to the space charge.20 Therefore, this effect can
safely be neglected.15,20

The second step has been to perform diffraction exp
ments using a commercial microchannel LEED detec
Since the current is smaller by roughly 8–9 orders of m
nitude than those obtained from conventional elect
sources, the diffracted beams have to be integrated over
eral minutes. In our setup, spherical four-grid LEED opt
are used, followed by two MCP mounted in chevr
configuration.23 The MCP amplified current is visualized o
a planar fluorescent screen, and the light spots are reco
by a Peltier-cooled charge-coupled-device~CCD! camera.
One representative LEED image, taken in specular reflec
from a Pb A33A3R30° Ge~111! surface at room
temperature,24,25 is shown in Fig. 3 beside a hard-sphe
model of the surface. The image has been integrated ov
min, and a reference image, recorded over the same expo
time and with positive cathode bias~'10 V!, has been sub
tracted. Except for intensity, it is comparable to images
tained using conventional electron guns with thermally a
vated cathode and electrostatic lens system.

Since the time spread of the electron pulse increa
with increasing cathode–sample distance, the latter is lim
to 4 mm in order to obtain temporal resolution of 5 ps. F
thermore, in future time-resolved experiments, the sam
has to oriented for normal incidence in order to avoid p
length differences~see inset in Fig. 4!. The LEED optics then
allows the reflected electrons to be detected within 55°–
in scattering angle. For a minimum active cathode area
250 mm, the incidence angle has to be controlled to be
than 5° to ensure a time spread below 5 ps.26 A LEED image,
taken in this geometry, is shown in Fig. 4. The exposure ti
has been 15 min owing to the weaker intensity of high
order diffraction spots.

Analysis of the signal statistics of a smooth backgrou
and of uniformly illuminated images reveals that the CC

FIG. 3. LEED pattern from the Pb:Ge~111! surface obtained using the p
electron gun.~a! Hard-sphere model of theA33A3R30° reconstruction. Ge
atoms of the two topmost layers are shown as small circles, and la
vectorsa1 anda2 are indicated; the shaded area emphasizes the Pb-ind
supercell.~b! LEED pattern taken at 180 eV in specular geometry;
diffraction orders of some spots are indicated by Miller indices referring
the 131 lattice vectors in~a!.
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camera detects roughly ten events per electron entering
detector. Supposing that this ratio is independent of the
nal intensity, the true electron count rate can be calcula
We obtain 20–30 electrons per second for a typical LE
spot in normal-incidence geometry with a signal-t
background ratio of 2:1~see Fig. 5!. Thus, in order to detec
a 1% intensity change, one needs a minimum integra
time of about 7 min per image.

IV. DISCUSSION

A new design for a low-energy electron gun workin
without an electron-optical lens element is presented. T
time resolution, which can be achieved with this type of gu
should be below 5 ps at 100 eV kinetic energy. First t
measurements with a single-electron detector show that
gun provides enough electrons to record LEED images o
reasonable time scale for pump–probe experiments and d
onstrate the high coherence of the electron beam, tha

ce
ed

o
FIG. 4. LEED pattern taken in the final geometry, i.e., normal incidence
detection in grazing direction; the scattering geometry is sketched; expo
time has been 15 min. Spots are indicated as in Fig. 3; the dashed rect
encloses the integration area of the profile shown in Fig. 5.

FIG. 5. Spot profile from two spots of the image shown in Fig. 4. Note t
only a reference image has been subtracted. Integration of the peak in
ties ~shaded areas! yields 20 electron per second in either spot.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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with a spread in energy and angle small enough to record
interference pattern.12 I–V curves have successfully bee
measured in specular geometry by taking images at disc
energies and integrating the spot intensities numerically,
phasizing again the versatility of the gun. The scope of t
gun, however, is not limited to electron diffraction, and w
want to point out that other methods like electron energy-l
spectroscopy with picosecond time resolution could be c
ceivable in the near future.
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