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ABSTRACT
We present a newly designed 30 kV pulsed electron gun for ultrafast electron diffraction suited for pump-probe setups driven by femtosecond
laser pulses. The electron gun can be operated both in transmission and reflection geometry. A robust design with a back illuminated Au pho-
tocathode, extraction fields of 7.5 kV/mm, and a magnetic focus lens ensures reliable daily use. Magnetic deflectors allow for beam alignment
and characterization. Focusing of the UV pulse on the photocathode results in a small source size of photoemitted electrons and thus a high
transverse coherence length of more than 50 nm in diffraction. A low difference of ∆E = 0.1 eV between the work function of the 10 nm Au
photocathode and photon energy of the frequency tripled UV laser pulses results in an instrumental temporal resolution of 330 fs full width
at half maximum. This resolution is discussed with respect to the number of electrons per pulse.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086124

I. INTRODUCTION

The dynamical response of condensed matter systems subse-
quent to an ultrashort external stimulus is typically investigated by
techniques following a pump-probe scheme. Usually a femtosecond
laser pulse is employed as a pump pulse. The transient response
of the system is investigated by an ultrashort probe pulse at vari-
able time delays ∆t to the pump pulse. Depending on the phys-
ical property that is investigated, different probes may be used.
Using another photon pulse leading to photoemission of the ini-
tially excited electrons allows studies on the properties of the elec-
tron system. The analysis of energy and momentum of the photo-
electrons yields insight into the population dynamics,1 as well as
transient changes in the electronic structure.2 Using electrons or
X-rays as probe that are diffracted at the sample allows analy-
ses of the structural dynamics of the atoms’ core positions with
sub-angstrom spatial and femtosecond temporal resolution.3–7

Pioneering studies employing ultrafast electron diffraction
in transmission provided insight into the structural dynamics of

chemical reactions,8–10 melting processes,11–13 phase transforma-
tions,14–16 or phonon-phonon interactions.17,18 Surface sensitivity
can be achieved either through low energy electrons under nor-
mal incidence19 or through high energy electrons under grazing
incidence in a reflection geometry.20–25

Surface diffraction has been utilized in studies of nanoscale heat
transport from ultrathin films or nanostructures,26–28 dynamics20–22
and mode conversion in adsorbate layers,29 and driven structural
transitions.19,30,31

Here, we present a new design for a pulsed electron gun for
energies up to 30 keV, providing ultrashort electron pulses for both
reflection and transmission diffraction without the usage of a pulse
compression. To benchmark the temporal properties of this new
gun, the ultrafast (8 × 2) ↔ (4 × 1) phase transition of In/Si(111)
after intense infrared optical excitation was used. With excitation
fluences above 3 mJ/cm2, the phase transition can be as fast as
τdec = 350 fs.32 The overall temporal resolution of our entire exper-
imental setup was found to be of δFWHM = 330 fs full width at half
maximum (FWHM; 140 fs RMS).
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This high temporal resolution is attributed to the work func-
tion of the employed photocathode being almost equal to the energy
of the UV photon dislodging electrons, to a high acceleration field
and short traveling distances. A coherence length of ξ� ≈ 50 nm
is achieved by the combination of a small photoelectron source
together with low magnification onto the detector.

II. EXPERIMENTAL SETUP
Figure 1 shows an overall setup of the experiment (a) and a

detailed view of the gun (b). Short laser pulses are generated from
a commercial oscillator (Micra, Coherent) at a repetition rate of
80MHz and an output power of 350mW. These pulses are amplified
in a regenerative amplifier (Legend, Coherent) to 80 fs short laser
pulses at 5 kHz repetition rate and 1 mJ energy. The pulses are split
(80/20) into two parts. The more intense part serves as pump pulse
to excite the sample. The less intense part is split into two equal parts
(50/50): The first part is used for pulse-characterization through fre-
quency optical gating.33 The second part is guided through an opto-
mechanical delay line which enables to temporally delay this pulse
with respect to the pump pulse. It is then narrowed by a factor of 4
using a telescope and directed through two barium borate (BaB2O4,
BBO) crystals creating third harmonic light (wavelength 266 nm). In
front of the BBO crystals, a λ/2-waveplate is mounted which enables
variation of the intensity of the UV pulse through slight degradation
of the phase matching in the BBOs. Dielectric mirrors are used to
route the UV pulse to the electron gun while dumping remnants of
the fundamental and frequency doubled laser pulse. Using a refrac-
tive lens with a focal length of 200mm, the third harmonic is focused
and fed onto the photocathode inside the ultra-high vacuum (UHV)
chamber [see Fig. 1(b)].

The photocathode consists of a 10 nm thin gold film that
was deposited onto a tungsten coated (2 nm thin film) sapphire
substrate (diameter 20 mm). The tungsten film serves as an adhesive
to increase the photocathode lifetime. The photocathode is prepared
in another vacuum chamber and subsequently transferred into the
gun-assembly. Because of the initial tungsten coating, the photocath-
ode can withstand the bake-out procedure at 140 ○C for several days.
The overall lifetime of such a photocathode exceeded a year of usage
with multiple bake-out procedures.

Via an one-photon-photo-emission process, the UV pulse gen-
erates an electron pulse. The number of electrons in the pulse can
be adjusted by decreasing the intensity of the UV pulse through
rotation of the λ/2-waveplate in front of the BBO crystals as men-
tioned before. It has to be noted that the pulse directed onto the
photocathode still contains portions of the fundamental (800 nm)
and second harmonic (400 nm). These remnants, however, are of
such low intensity that photo-emission via a two- or three-photon
process is negligible. As has been reported in an earlier study, the
initial energy broadening of the photo-emitted electrons is around
∆E = 0.1 eV.23 This narrow initial energy width is assigned to
the reduced work function of thin gold films as compared to gold
bulk, which is 0.1 eV smaller than the energy of the UV photons
(3hν = 4.65 eV) for the 10 nm thin gold film.

The pulsed electron gun is mounted on a custom-made DN 150
CF flange with an integrated window and a 15-pin feedthrough serv-
ing as electric connection for the magnetic lens and the deflector
coils [see Fig. 1(b)]. The gun consists of a retainer plate, a cathode
holder, and the magnetic lens assembly. These parts are electrically
isolated by ceramic spheres of 20 mm diameter. The retainer plate
and the magnetic lens assembly are at ground potential, whereas
the cathode holder is connected to the high voltage power supply

FIG. 1. (a) Schematic setup of the time-resolved electron diffraction experiment. All but the ultra-high vacuum (UHV) chamber (p < 2 × 10−10 mbar) and electron gun
are unscaled. The laser amplifiers output is constantly monitored by frequency resolved optical gating (Femtos, Polytec). Both pump and probe pulses are separately
stabilized against pointing instability (MRC systems). (b) Detailed 3D view of the pulsed electron source. The whole gun is assembled on a DN 150 CF custom made flange
with integrated 15-pin feedthrough for the electrical connection and viewport for the pump pulse (not visible in the figure). The lens housing is made from high µ-material
(Permenorm, Vacuumschmelze). The coils are made from Kapton®-insulated copper wires with diameters of 1 mm and 0.25 mm for the focus lens and deflector coils,
respectively. The magnetic lens is not actively cooled. The insulation spheres (Friederichsfeld) are 20 mm in diameter and made from dense ceramic Al2O3. All other parts
are made from aluminum. The high voltage is fed separately into the chamber.
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through a high voltage feedthrough. The default operating voltage
is 30 kV. All elements are carefully polished with no sharp edges to
avoid arcing. The distance of 4 mm between the photocathode and
the magnetic lens assembly, which serves as anode, yields an electric
field of Eacc = 7.5 kV/mm. This leads to rare arcing at the photocath-
ode and allows for measurement time of several hours. Additionally,
the large area of the photocathode and the large anode hole (diam-
eter of 4 mm) result in smooth electrical field lines without large
gradients in front of the anode. This reduces the divergence of the
electron beam resulting in a reduced requirement of the focusing
lens. However, in order to obtain a high spatial resolution (coher-
ence length/transfer width), the source of the electron pulse has to
be small. This is achieved by focusing the UV-light pulse onto the
photocathode.

The solenoid of the magnetic lens has 286 windings of Kapton-
insulated copper wire of 1 mm diameter. The yoke of the mag-
netic lens consists of two pole pieces made from a magnetically
soft, high-µ material (Permenorm 5000 H2). The gap in the yoke
amounts to 4 mm. To assure high magnetic coupling between
the two yokes, their contact areas have been lapped plane-parallel.
At typical conditions at 30 kV, the lens operates at a current of
Ilens = 1.5 A.

At the exit of the magnetic lens, a XY deflector has been inte-
grated which is composed of two split pair coils each made of
30 windings of Kapton-insulated copper wires of 0.25 mm diame-
ter. With this, the electron beam can be manipulated as shown in
Sec. III.

The electrons then scatter under a grazing angle of incidence
θ = 1○–6○ at the surface of the sample, which is placed 50 mm
behind the gun exit aperture. The diffracted electrons are amplified
through a microchannel plate (MCP, Burle, diameter: 40 mm) and
recorded by a cooled CCD camera (pco.1600, PCO). With respect
to the direction of the initial electron path, the center of the MCP
detector is rotated by 11○ [see Fig. 1(a)]. The distance between the
MCP and the sample is 190 mm. With these parameters, diffrac-
tion from the zeroth and first order Laue circle of a Si(111) sample is
observable and the corresponding diffraction spots can be recorded
simultaneously (see Sec. IV).

III. FOCUSING, DEFLECTION, AND TRANSFER WIDTH
Figure 2 depicts the focusing properties of the magnetic lens.

The incident electron beam at an energy of E0 = 30 keV is directly
imaged on the MCP by deflecting the beam through the XY deflec-
tor. Figures 2(a) and 2(b) compares the effect of the magnetic lens
for an unfocused UV beam. In Fig. 2(a), a triangular caustic of
the broad electron beam with an almost symmetric intensity is
observed. Applying a lens current of Ilens = 1.42 A to the magnetic
lens reduces the beam size, but still a non-circular shaped electron
spot is observed [see Fig. 2(b)]. Spot profiles are shown in the ver-
tical (red) and horizontal (blue) directions in Figs. 2(b) and 2(d).
As the gun is rotationally symmetric, the reason for the threefold
astigmatism is ascribed tomechanical deformation in the gun during
assembly.

Figures 2(c) and 2(d) compare the same settings but using
a focused UV beam for photoexcitation with a focal diameter of
25 µm, resulting in a smaller electron source spot. In Fig. 2(c), the
triangular shape is still visible but less pronounced. In contrast to

FIG. 2. Two-dimensional intensity distributions of the direct pulsed electron beam.
The 30 keV electron beam has been deflected onto the MCP for direct imaging. (a)
and (b) show the electron beam image with unfocussed UV pulses at lens currents
of Ilens = 1.0 A and 1.42 A, respectively. For (c) and (d), the UV pulses were focused
onto the photocathode. In (b) and (d), the white lines depict intensity line profiles
along the respective directions. The red and blue curves are Gaussian fits to the
line profiles. The threefold astigmatism in (a)–(c) is ascribed to mechanical tension
in the lens housing during assembly.

Fig. 2(a), the beam now exhibits a maximum in the center of the tri-
angle. Applying a current of 1.42 A to the magnetic lens results in a
well focused and circular-shaped electron beam as evident from the
spot profiles [see Fig. 2(d)].

Figure 3(a) shows the maximum intensity of the electron beam
for focus lens currents 1 A < Ilens < 2 A. The maximum intensity was
found at a lens current of 1.42 A. Fitting the electron beam signal
[see the inset of Fig. 3(a)] with a two-dimensional Gaussian func-
tion yields the FWHM of the beam profile, as shown in Fig. 3(b).
Starting with a FWHM of approximately 1 mm for both directions
at Ilens = 1 A, the width reduces to a minimum of about 300 µm at
1.42 A and increases again for larger lens currents. The minimum
beam sizes in the two directions are found at Ilens = 1.42 A and 1.5 A
for the horizontal and vertical directions, respectively. This twofold
astigmatism is very likely caused by the deflection element. In future
versions, we will employ an integrated stigmator deflector to address
this and the above mentioned threefold astigmatism. The correla-
tion between the two directions shows a minimum at Ilens = 1.56 A.
At this current, the beam image is circular-shaped with a FWHM of
450 µm.During operation, we set the lens current to the value result-
ing in the maximum intensity and accepting the slight deviation
from a circular shaped beam profile.

The lens current Ilens for the smallest beam size depends on the
electron energy E0, as shown in Fig. 3(c). The functional dependence
seems to be linear in the given energy window. However, evaluating
the refractive power of a thin magnetic lens on an electron beam
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FIG. 3. Magnetic lens properties. The direct beam image [inset in (a)] has been
fitted by a two-dimensional Gaussian profile. (a) The maximum intensity of the
2D-fit is displayed, which exhibits a maximum at a lens current of Ilens = 1.42 A.
(b) shows the FWHM of the horizontal and vertical beam profiles. The minimum
widths are found between Ilens = 1.42 A and 1.5 A. However, a fully rotationally
symmetric profile is only found at Ilens = 1.57 A (cor(x, y) = 0) with the func-
tion cor(x, y) as a measure of the rotational symmetry of the beam profile. (c)
shows the dependence of the lens current on different electron energies. The
observed dependence follows the

√
E0-behavior expected for a thin magnetic

lens (see the inset), which exhibits an almost linear behavior between 20 and
30 keV.

results in a
√
E0-dependence, which describes the observed data well

(see the inset of Fig. 3). Although the whole setup has been designed
for an electron energy of E0 = 30 keV, studies at smaller or higher
energies are possible.

It is noted that the smallest beam size with best symmetry is
only achieved if the focus of the UV beam coincides with the gun
optical axis and which therefore has to be carefully adjusted. The
adjustment is obtained through defocusing the electron beam which
results in the image shown in Fig. 2(c). Then, the position of the UV
beam is laterally shifted until the maximum intensity is found in the
center of the triangle. With changing focus lens current, the electron
beam must not move. This way the optical axes of the UV pulse and
the electron gun can be aligned. During the experiment, a feedback
loop with piezoactuators (MRC systems) assures pointing stability
of the laser beam and thus alignment with the electron gun.

Integrated into the lens housing is a XY deflector. As shown
in Fig. 4, the electron beam can be deflected by approximately±7.5○/A deflection current Ideflect. For simplicity, Fig. 4 only shows
one direction. By reversing the current direction, deflection in the
opposite direction is obtained. The inset shows that the deflec-
tion directions are tilted by 14○ with respect to the MCP axes.
This can be compensated by controlling both deflection currents
electronically.

The deflector is mainly used to characterize the electron beam
itself by deflection onto the MCP as described above. With the elec-
tron source and theMCP detector being spatially fixed and having to
coincide with the pump laser at the sample, the deflector can further
be used for aligning the electron beam axis with the aforementioned.
It may also be used to addressmissing degrees of freedomof the sam-
ple (e.g., azimuthal angle), but requires repositioning of the sample
in the chamber.

The coherence length or transfer width ξ is a measure for
electron diffraction setups reflecting the resolution power in real

FIG. 4. The beam deflector exhibits a linear relationship between deflection angle
φ and deflector current Ideflect both in horizontal (blue circles) and vertical (red
dots) directions. A deflection by 2.8○ results in a 10 mm displacement on the
screen. Polarity reversal of the deflector current causes reversed deflection. The
inset shows that the deflection direction is tilted with respect to the global coordi-
nate system that is given by the sample position (arrows in the inset). This can be
compensated electronically.
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FIG. 5. (a) Diffraction pattern of a (7 × 7) reconstructed Si(111) surface. The electron energy is 30 ke,V and the incident angle is about 1.5○. Zeroth, first, and second Laue
circles are visible. Some of the main diffraction spots are indicated. The radial sharp lines as well as the diffuse intensity along the Laue circles arise from a manifold of
Kikuchi lines. The sharp spots are evident for the highly ordered surface. (b) and (c) depict line profiles along the horizontal and vertical directions as indicated in (a) as red
dotted and blue solid lines, respectively. The individual diffraction spots in (b) and (c) are identified by their surface Miller indices. The dashed lines in (b) and (c) are Gaussian
multipeak fits to the line profiles and are shifted vertically for clarity. The peak widths (FWHM) of the individual peaks are given in percentage Brillouin zone (100% BZ equals
1.89 Å−1). The transfer width ξ is 54 and 5 nm for the horizontal and vertical directions, respectively. The large difference in the horizontal and vertical transfer width of one
order of magnitude is characteristic for RHEED. Therefore, higher resolution is achieved along the horizontal direction.

space. The transfer width can be derived from the FWHM (given
in Å−1) of a diffraction peak with a Gaussian spot profile through
ξ = 2π/FWHMspot.34–36 We used the bare Si(111) surface with its
inherent (7 × 7) reconstruction to determine the transfer width.
Since this surface can be easily prepared with huge domains of per-
fect (7 × 7) reconstruction, we obtain the instrumental response
function not limited by the surface morphology. The diffraction pat-
tern of the (7 × 7) reconstructed surface is shown in Fig. 5(a). It is
characterized by a large number of diffraction spots and a low back-
ground intensity. In RHEED, the diffraction spots are arranged on
so-called Laue circles which are centered at the shadow edge beneath
the (00)-spot, i.e., the specular reflected spot.37 Taking line profiles
along (red dotted line in the diffraction pattern) and perpendicular
(blue solid line in the diffraction pattern) to the Laue circles allow
to determine the transfer width along these two major directions.
The resulting spot profiles and their surface diffraction indices are
depicted in Figs. 5(b) and 5(c). Along the Laue circle, the width
of the diffraction spot amounts to 9% of the Brillouin zone which
is equal to 0.17 Å−1, as shown in Fig. 5(b). Perpendicular to the
Laue circles, the FWHM is only 0.65% of the Brillouin-zone which
is equal to 0.012 Å−1, as shown in Fig. 5(c). This value is more than
one order of magnitude smaller than that along the Laue circle. The
transfer width is obtained by the reciprocal of the k-space resolu-
tion and amounts to ξ∥ = 5 nm (this is also the expected transfer
width in transmission mode) and ξ� = 54 nm along and perpen-
dicular to the Laue circle, respectively. This large difference in the
resolving power is characteristic for RHEED: the direction along
the electron beam path is the high-resolution direction. Compared
to our previous setup,23 the resolution power along the beam path
is increased by almost a factor of two. We attribute this improved
transfer width to the small electron emission area on the photocath-
ode in combination with the optimized magnetic lens design. Due to
the high extraction field in the cathode to anode region, the virtual
source image is behind the cathode and is demagnified. Altogether
the source area is magnified by a factor of 1:4.6 onto the channel
plate, i.e., the maximum diameter of the emission area is dS ≈ 70 µm
[cf. Fig. 2(d)].

IV. TEMPORAL RESOLUTION
In a time-resolved experiment, not only the spatial resolution

but even more the temporal resolution is of crucial importance.
An upper limit for the temporal resolution of our RHEED experi-
ment has been determined from the transient changes in the spot
intensity during the structural response of an optically driven phase
transition. We use a prototypical atomic wire system formed by
self-assembly of one atomic layer of indium atoms on a Si(111) sur-
face.38–42 This surface system exhibits a metal-to-insulator transition
of first order at 130 K.43–45 Below 130 K, the system is in its charge
density wave (CDW) ground state with a (8 × 2) symmetry of the
surface unit cell. The CDW ground state can be lifted by photoexci-
tation through 80 fs laser pulses of 800 nmwavelength at an incident
fluence ofΦ > 2 mJ/cm2 and forms a metastable metallic state that is
(4 × 1) reconstructed.30 Figure 6(a) shows the temporal evolution of
the (00)-spot which is characteristic for this transformation.32 The
fit function

I(t) = � ∞
−∞ g(t − τ) f (τ)dτ, (1)

is taken as a convolution of the atomic wire temporal response func-
tion f (t) and a Gaussian g(t) to account for the temporal instrumen-
tal response function (TIRF). The excitation of the CDW ground
state is found to follow a mono-exponential behavior with decay
time constant τdec for positive delays (t > 0) for all incident flu-
encesΦ > 2mJ/cm2. The TIRF is comparable to the cross-correlation
function in an all-optical pump-probe experiment, except that here
the probe pulse is an electron pulse. By describing the TIRF with a
Gaussian, it is implicitly assumed that pump and probe pulses are
described by Gaussians, too. The FWHM of the TIRF δTIRF is then
given by

δTIRF =�δ2EPW + δ2PPW , (2)

with δEPW being the electron pulse width and δPPW being the pump
pulse widthj the sample. Under the above made assumptions for
the functions f (t) and g(t), an analytical expression for the intensity
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FIG. 6. Temporal evolution of the diffraction spot intensity. (a) depicts the temporal
response of the relative (00)-spot intensity (open circles). An (8 × 2)-reconstructed
Si(111) surface covered with 1 monolayer of indium is excited by 80 fs short laser
pulses at 800 nm wavelength. An exponential decay with time constant τdec =
(0.35 ± 0.01) ps convolved with a Gaussian with FWHM of δTIRF = (0.33 ± 0.03)
ps fits the data (errors are given as ±1 standard deviation). (b) Response function
convolved with Gaussians of different δTIRF. This Gaussian is used to describe the
temporal instrumental resolution function (TIRF). The TIRF itself is the convolu-
tion of the electron probe pulse and laser pump pulse functions. For increasing
δTIRF, the observed response asymptotically reaches a sigmoidal function and the
exponential is smeared out.

evolution I(t) can be found. This function nicely describes the data
as evident by the solid line in Fig. 6(a).

The effect of the convolution with the TIRF on the intensity
I(t) is depicted in Fig. 6(b). First, around zero time delay (∆t = 0),
the sharp edge of the system response is smeared out. Second, the
observed decay constant of the exponential system response τdec
increases with increasing FWHM δTIRF of the TIRF. For δTIRF > 3
τdec, the temporal intensity evolution I(t) already resembles a sig-
moidal function. In this case, a reliable extraction of the system exci-
tation time constant τdec is not possible as the temporal resolution
obscures the response.

To determine the electron pulse width at the sample, an impor-
tant parameter besides the dimensions of the gun and the electron

energy is the electron density in the pulse. Varying the fluence of
the UV laser pulse on the photocathode allows changing the num-
ber of emitted electrons Nel while keeping the pulses’ initial volume
Vel constant. The pulse is described as a disk of diameter dS ≈ 70 µm
(see above) and length lS ≈ 20 µm (from the laser pulse duration),
resulting in Vel ≈ 7.7 × 10−8 cm3. In Fig. 7(a), the temporal evolu-
tions of the (00)-spot for different electron numbersNel per pulse are
shown. For the determination ofNel, a calibration of theMCP detec-
tor has been performed. Through the counting of single electrons in
the MCP, a functional relationship between the MCP voltage and
measured signal for a single electron detection was obtained. With
this calibration, the number of electrons per pulse could be esti-
mated, however with a large uncertainty of ±40%. In Fig. 7(a), Nel
has been varied from approximately 550 to 38 000 electrons per

FIG. 7. (a) shows the relative intensity of the (00)-spot for 3 different numbers of
electrons Nel in the probe pulse. For a large Nel, the temporal response is smeared
out. For the fits of δTIRF, the decay constant τdec of the system response has
been set to 0.35 ps which is the value found for the applied laser fluence.32 The
inset compares δTIRF with a model (dashed green line) by Siwick et al.46 (b) The
dependence of δTIRF on the lateral position of the tilt stage is shown. The optimum
position is defined as the position of the stage with the smallest δTIRF. Shifting
the tilt stage by 7 mm out of the optimum position, the observed system response
is significantly smeared out. The inset shows δTIRF for different positions of the
grating with ∆s = 0 mm as the optimum position.
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TABLE I. Parameters for the model calculations for the electron pulse width at the
sample (cf. Siwick et al.).

Initial energy Electric field Electron energy Drift length
spread ∆E (eV) Eacc (kV/mm) E0 (keV) l (cm)

0.1 7.5 30 9.4

pulse. For pulses with a high electron numberNel, the TIRF becomes
sigmoidal. Reducing Nel leads to an asymmetric temporal behav-
ior around delay zero. By fitting the above function to the data, the
FWHM of the TIRF δTIRF is extracted and displayed in the inset of
Fig. 7(a) with a logarithmic scale of Nel. The dashed line in this inset
shows an analytic model for electron packet propagation developed
by Siwick et al.46 To evaluate the pulse duration within this model,
the parameters listed in Table I have been used.

The overall trend of decreasing temporal pulse width with
reduced number of electrons per pulse is explained by the model cal-
culation: space charge repulsion causes temporal and spatial broad-
ening of the pulse. This effect is reduced with decreasing Nel and
ultimately has to vanish in single electron experiments.47–50

The experimental overall temporal resolution δTIRF is system-
atically larger than the model calculations. This effect is attributed
to the convolution of the laser pump and electron probe pulse at the
sample. To ensure surface sensitivity, electron scattering occurs at a
glancing angle of incidence of θ = 1○–6○. Electrons with E0 = 30 keV
—already traveling at 1/3 of speed of light—still need 20 ps to tra-
verse a sample of a typical width of 2 mm. Within this time, the
transient intensity changes in the RHEED pattern are averaged. This
effect is known as velocity mismatch and is detrimental for achiev-
ing a high temporal resolution.51,52 Tilting the pump pulse inten-
sity front with respect to its propagation direction, a constant time
delay between pump and probe pulses can be achieved.14,53 Then,
the resulting width of the overall temporal response function is ulti-
mately given by the electron and laser pulse widths. The pump pulse
front tilting is achieved by first order back diffraction off a blazed
grating in (almost) Littrow geometry. Using a 1:1 telescope, the grat-
ing is imaged onto the sample. As a result, we obtain a tilted pump
pulse front at the sample with the desired tilt angle of 71○.54 This
setup has the inherent property that the planes of constant pulse
width are tilted with respect to the sample surface. Therefore, only
at one vertical line on the sample, the tilted pulse is shortest due to
the group delay dispersion of the laser pump pulse. Thus, only a nar-
row part on the sample is excited by a pump pulse with the shortest
pulse width (here 80 fs). Assuming that this line is centered on the
sample, the laser pulse width at the edges of a 2 mm wide sample
amounts to 100 fs. Figure 7(b) reveals the extreme sensitivity of the
temporal resolution on the correct geometric settings of the tilted
pulse front scheme. Here, the distance between the grating and sam-
ple has been varied by several millimeters. For small deviations, the
observed increase in the TIRF follows a parabolic behavior from the
optimum position as expected from the group delay dispersion [see
the inset of Fig. 7(b)].

To increase the temporal resolution further, we virtually
reduced the probed width of the sample and decreased the number
of electrons to Nel < 200/pulse. The probed width has been reduced
by lateral shifts of the sample out of the interaction region to the

point where the (00)-spot is barely visible. The best result achieved
is shown in Fig. 6(a) with a data acquisition time of 2 h for 80 data
points. The resulting optimumTIRF is 330± 30 fs (FWHM)which is
slightly larger than the theoretically achievable temporal resolution
of 275 fs. This value is obtained from the asymptotic behavior of the
electron pulse width of 264 fs for Nel → 1 and a temporal width of
the tilted pulse front which is equal to those of the initial laser pulse
width of 80 fs using Eq. (2).

V. SUMMARY
We presented the properties of our third generation pulsed

electron gun which was designed to be a reliable source for time-
resolved electron diffraction experiments at surfaces. The electron
gun operates at 30 kV without any electron pulse compression
scheme. The transverse coherence length of the gun is 54 nm in
the high resolution direction and 5 nm in the perpendicular direc-
tion. The high coherence length is achieved through focusing the
UV pulse onto the photocathode leading to a small source size
of the electrons. The overall temporal resolution is determined by
the cross correlation between the light pump and electron probe
pulses. The highest temporal resolution has been achieved for less
than 200 electrons per pulse and a narrow sample width. For these
settings, the overall temporal resolution of the entire experimen-
tal setup is 330 fs (FWHM) which is only slightly larger than the
theoretically achievable temporal resolution of 275 fs. At increased
electron number per pulse Nel = 1000, the pulse duration is still
in the sub-picosecond regime. The wide range of operating con-
ditions from a maximum achievable temporal resolution at small
electron numbers to high intensity at reduced temporal resolu-
tion makes this gun an ideal pulsed electron source for daily use.
In addition, we found that the In/Si(111) surface system is ide-
ally suited to serve as a pump-probe correlator for electron diffrac-
tion at surfaces to benchmark the performance of the experimental
setup.
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