
Quantum Electronics  47 (2)  116 – 122  (2017)	 © 2017  Kvantovaya Elektronika and Turpion Ltd

Abstract.  We have developed an ultrafast transmission electron 
microscope for studying dynamic processes in samples excited by 
femtosecond laser pulses and for probing transient processes occur-
ring under irradiation by a pulsed (~7 ps) photoelectron beam with 
an adjustable delay with respect to the excitation pulse. A 75-keV 
photoelectron beam is formed using a silver photocathode irradi-
ated by a femtosecond laser beam. This microscope is shown to 
have a high spatial resolution in the photoelectron regime: nanoscale 
in the imaging regime and atomic in the electron diffraction regime. 
It is used for experimental observation of ultrafast interaction of a 
laser-induced electron cloud with a pulsed photoelectron beam. 
Using this effect, a method of spatial and temporal alignment of 
excitation laser and probe electron pulsed beams on a sample is 
experimentally implemented.

Keywords: femtosecond laser radiation, ultrafast transmission elec-
tron microscopy, pulsed photoelectron beam, coherent structural 
dynamics.

1. Introduction 

Currently, the study of the structural dynamics of various 
materials with a high spatial and temporal resolution is one of 
the key lines of research. It is of undoubted interest for con-
densed matter physics, molecular and chemical physics, bio-
physics, and materials science [1 – 6].

Ultrafast electron microscopy and electron diffraction are 
rapidly developing fields of modern science. These methods 
are based on probing coherent laser-induced processes in var-
ious materials using photoelectron bunches. This approach 
allows one to supplement the high temporal resolution pro-

vided by modern pulsed lasers with the atomic spatial resolu-
tion, inherent in diffraction methods. As a result, one can 
make a video of the behaviour of a material under study, 
matched in the four-dimensional space – time continuum.

The observation of the dynamic behaviour of matter in 
the space – time continuum on ultrashort time scales is the 
first step in the explanation and, in the long run, control of 
far-from-equilibrium processes, phenomena, and functional 
possibilities of systems under study.

In ultrafast electron microscopy, a pulsed photoelectron 
beam is generated as a result of ultrashort laser irradiation 
of a cathode. This approach provides simultaneously two 
important benefits, due to which this method can success-
fully be applied. First, the use of a unified master pulsed 
laser source both for the sample irradiation and for the for-
mation of a photoelectron beam provides a necessary time 
locking between the excitation laser pulses and probe elec-
tron bunches. As a result, one can study the coherent 
dynamics of nuclei in an object under study. An adjustable 
time delay between the excitation and probe pulses, gener-
ated by the same laser radiation source, is obtained by 
changing precisely their optical paths [1 – 6]. Second, the 
photoelectric effect implemented using femtosecond lasers 
makes it possible to form rather short electron pulses [7], 
which are necessary to ensure a high temporal resolution of 
this method.

The increase in the duration of photoelectron bunches 
(from initially femtosecond to subpicosecond and even pico-
second) during the electron beam propagation from the cath-
ode to the target is a limiting factor for ultrafast electron 
microscopy [1 – 7].

The natural time scale of dynamic processes depends on 
the field of study: from attoseconds to femtoseconds for elec-
tronic transitions; from femtoseconds to picoseconds for 
atomic, molecular and lattice structure dynamics; and from 
picoseconds to nanoseconds for magnetic and ferroelectric 
diffusion, polarisation processes, and crystal nucleation and 
growth. The natural length scale for dynamic processes ranges 
from the atomic and molecular scale (0.1 – 10 nm) to the scale 
of interactions between biological cells and grains in metal 
alloys.

The picosecond temporal resolution is of undoubted 
interest for the problems related to the analysis of various 
laser-induced transient processes occurring in thin films. 
Examples are the ultrafast surface and volume dynamics in 
semiconductors, the generation of coherent phonons, the sur-
face melting of nanoparticles, the nonequilibrium structural 
dynamics of phase transformations, and the response of 
adsorbed molecules to nonequilibrium structural changes of 
the surface [1 – 6].
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Time-resolved electron diffraction can be observed using 
laboratory experimental tools, e.g., a compact femtosecond 
electron diffractometer with a single magnetic lens forming a 
plane-parallel photoelectron beam near the sample [8]. One of 
recent developments in this field is a compact device with a 
time resolution of ~300 fs, which does not contain any elec-
tron – optical lenses [9] and any system for RF compression of 
the electron beam (see, for example, monograph [1], part IV).

At the same time, one needs an electron microscope for 
high-spatial-resolution imaging. In this context, the main 
purpose of this study was to design an ultrafast transmission 
electron microscope, operating in both electron diffraction 
and imaging regimes, and demonstrate its possibilities. This 
instrument is of undoubted interest for modern fields of natu-
ral science where laser-induced transient processes in matter 
are analysed with high spatial and temporal resolution.

To this end, we used a Hitachi H-300 transmission elec-
tron microscope with an accelerating voltage of 75 kV 
(designed for continuous measurements). The development of 
an ultrafast transmission photoelectron microscope called for 
solving a number of problems of fundamental importance.

First, it is necessary to provide a supply of pulsed laser 
radiation to the cathode and sample regions in the micro-
scope column. This is a rather difficult problem because the 
design of any commercial instrument with a continuous elec-
tron beam is not initially intended for generating ultrashort 
electron pulses. The second task is to align photoelectron and 
laser pulses in time and space in the immediate vicinity of the 
target in vacuum. Recall that one must find a zero reference 
point in time in pump – probe experiments. In femtosecond 
laser spectroscopy, this is generally done by determining the 
so-called coherent artifact [10, 11]. However, this approach is 
inapplicable for ultrafast electron microscopy; therefore, the 
zero reference point should be determined in a different way.

Another necessary condition for reliable measurements is 
to maintain the spatial overlap of electron and light beams 
near the target. A hindrance for this procedure in the ultrafast 
transmission electron microscope is small (several tens of 
micrometers) transverse sizes of the beams. In particular, for 
a laser beam initiating ultrafast processes in solid samples, 
this configuration is primarily related to the necessity of hav-
ing a sufficiently high energy density on the target: on the 
order of 1 mJ cm–2 (~1 eV Å–2) or higher. When using laser 
sources with pulse repetition rates from several tens to several 
hundreds of kHz, such densities are obtained by tightly focus-
ing the laser beam.

In turn, a high laser-pulse repetition rate makes it possible 
to obtain a desired signal-to-noise ratio using probe bunches 
with a small number of electrons. This approach also allows 
one to perform a nondestructive analysis of samples and 
reduce the electron bunch spread caused by the Coulomb 
repulsion of electrons. However, this approach imposes more 
stringent requirements on the electron detection system. In 
addition, the short exposure regime is of particular interest 
for studying, for example, organic structures and biological 
objects.

All the aforementioned problems were solved in this 
study. An ultrafast transmission photoelectron microscope 
was designed to perform measurements in both imaging and 
electron diffraction regimes. Experiments on observing the 
ultrafast interaction between a laser-induced electron cloud 
and a pulsed photoelectron beam were carried out to demon-
strate the potential of this instrument.

2. Experimental 

A block diagram of the ultrafast transmission photoelectron 
microscope is presented in Fig. 1. This instrument was 
designed on the basis of a Hitachi H-300 commercial trans-
mission electron microscope; the latter is intended to work 
with a continuous 75-keV electron beam [12].

The electron beam irradiating the sample is formed using 
two magnetic lenses: ML1, which reduces the spot diameter 
for the electron beam formed at the cathode unit output, and 
ML2, which focuses the intermediate spot image on the sam-
ple surface. Varying the ML2 focal length, one can change the 
spot brightness on the sample. Using a special unit entering 
the electron microscope instrumentation, one can insert a 
calibrated diaphragm D between the lenses to reduce the elec-
tron beam diameter and divergence. The sample image, 
formed by the lens of objective ML3, is magnified by a system 
consisting of one or two lenses, ML4 and ML5 (depending on 
the desired magnification factor). An image is formed on a 
surface coated by phosphor and can be observed visually or 
recorded using a photographic plate.
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Figure 1.  Schematic diagram of the ultrafast electron microscope based 
on Hitachi H-300:	
(C, A) cathode and anode of the electron emission and acceleration 
unit; (ML1, ML2) magnetic lenses of the illuminating system condens-
er; (D) unit with removable diaphragms; (S) sample; (ML3) magnetic 
lens of the objective; (ML4) intermediate lens; (ML5) projecting lens; 
(FS) fluorescent screen; (DL) optical delay line.
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To make the electron microscope operate in the 
pump – probe regime, we modified its electron emission unit 
and electron-beam recording system. In addition, the sample 
unit in the microscope was supplemented by a laser beam 
injection system.

The electron emitter of the microscope was modified by 
replacing the standard wire hot cathode with a photocathode, 
shaped as a rod 0.8 mm in diameter with a polished end face.

A laser beam was injected into the microscope through a 
vacuum-tight feed-through with a quartz window, which was 
additionally made in the microscope housing (Fig. 2). The 
laser beam was reflected from the anode of the microscope 
accelerating system and focused on the photocathode end 
surface into a spot with a diameter less than 100 mm. The laser 
beam was focused by a quartz lens with a focal length of 
20  cm. To increase the laser beam reflectance, the surface 
anode was polished and coated with a thin aluminium film by 
thermal deposition.

The laser beam injection into the cathode region was pre-
liminary tuned using a mirror, installed on a precision moto-
rised (for remote control) translation stage. The focused beam 
spot was observed with a video camera. The final tuning of 
the laser beam position on the photocathode end surface was 
performed by measuring the electron beam intensity with 
simultaneous inclination and focusing/defocusing the laser 
beam injected into the microscope.

To implement photoemission of electrons from the photo-
cathode, we used either the third harmonic (270 – 283 nm) of 
a Mai-Tai femtosecond laser (Spectra Physics) or the fourth 
harmonic (263 nm) of an ANTAUS femtosecond fibre laser 
(Avesta Project). Some metals and alloys with a work func-
tion below the photon energies of the lasers in use were tested 
as possible photocathode materials. The best combination of 
efficiency and stability was found for a silver photocathode, 
which we thereafter used in our research.

After modifying the microscope, we measured the average 
photoelectron current with the microscope magnification 
switched off (i.e., in the diffraction regime). To carry out these 
measurements, the electron beam was blocked by a Faraday 
cylinder, and a signal from a resistance connected in series 
with the cylinder was recorded. The measurements were per-
formed using the fourth harmonic (photon energy 4.72 eV) of 

a femtosecond fibre laser with a pulse duration ~300 fs and 
pulse repetition rate fL = 500 kHz. At an average radiation 
power of 10 mW, the current was measured to be ~22 pA. 
With allowance for the pulse repetition rate, the number of 
photoelectrons in a single bunch was estimated to be ~280. 
This value, recalculated to the photocathode quantum effi-
ciency, corresponds to ~10–8 electrons per photon. Note that 
this quantum efficiency is much lower than that of the cath-
ode material, silver (2 × 10–5, according to the data of [13]). 
Apparently, this fact is indicative of a relatively low efficiency 
of photoelectron extraction from the cathode region and fur-
ther electron beam formation. In addition, the photoemission 
quantum efficiency can be significantly affected by the quality 
of the photocathode surface and its preparation conditions, 
as well as the residual gas (of a relatively high pressure) in the 
microscope column. These measurement conditions differ 
from the experimental conditions reported in [13]. At the 
same time, with an increase in the laser radiation intensity on 
the photocathode, the number of electrons per pulse can be 
increased up to 1000 or even more, despite the low quantum 
efficiency obtained by us.

A limitation of the electron beam by a diaphragm 70 mm 
in diameter (using a removable-diaphragm unit from the elec-
tron microscope instrumentation) improved the quality of the 
beam and reduced its divergence; however, it significantly (by 
a factor of ~50) reduced the electron beam intensity near the 
sample. Nevertheless, when using a highly sensitive detection 
system, which makes it possible to apply the electron-count-
ing regime (see below), the obtained photoelectron flux was 
sufficiently high for our experiments. Moreover, a necessary 
condition for generating extremely short photoelectron pulses 
is a sufficiently small number of electrons per pulse. The ful-
filment of this condition allows one to reduce the temporal 
pulse broadening caused by the Coulomb repulsion of 
charges.

The initial width of the electron bunch formed as a result 
of the photoemission from a solid cathode is determined by 
the temporal characteristics of the femtosecond laser pulse 
irradiating the photocathode. When propagating, the pulsed 
photoelectron beam broadens in time [1 – 7, 14, 15]. Let us 
consider the two main mechanisms responsible for this 
behaviour.

First, the acceleration of photoelectrons in the static elec-
tric field near the cathode (in this study, up to an energy of 
75  eV) makes the electron bunch elongate by the value of the 
time-of-flight chromatic aberration [4, 14], which is related to 
the initial spread of electron kinetic energies:

2
eF
m Ee

Ft
D

= ,	 (1) 

where me is the electron mass, e is the elementary charge, DE 
is the distribution width for the initial kinetic energy of pho-
toelectrons, and F is the electric field strength in the accelerat-
ing gap. For estimates, we assume DE to be equal to the differ-
ence between the photon energy (4.7 eV) and the work func-
tion (4.3 eV) of silver [13]. Then DE » 0.4 eV, and, at a 
strength of the accelerating electric field (which is considered 
uniform) F » 3.8 ´ 106 V m–1, we have tF ~ 600 fs.

Note that this mechanism of electron pulse spreading, at 
which a high-energy electron beam is formed due to the elec-
tron flux acceleration in the electrostatic field, is not related to 
the Coulomb repulsion of similarly charged particles. This 
mechanism will manifest itself even in the experiments with 
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Figure 2.  Schematic diagram of laser beam injection into the micro-
scope cathode unit: ( 1 ) photocathode; ( 2 ) anode; ( 3 ) collimating sys-
tem; ( 4 ) vacuum pumping. The voltage on the photocathode with re-
spect to the anode and microscope housing is U = –75 kV; the distance 
between the photocathode and anode is ~20 mm.
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probe pulses containing several photoelectrons, with experi-
mental data averaged over many laser pulses.

As follows from (1), one must use a strong electrostatic 
field in the accelerating gap to form ultrashort photoelectron 
pulses. A limiting factor is the vacuum breakdown between 
the accelerating electrodes.

The second factor leading to the pulse broadening in time 
is the Coulomb repulsion of electrons in the beam. Different 
physical models have been developed to describe the influence 
of this factor [1, 16, 17]. This broadening depends strongly on 
the electron beam propagation time. At times of ~1 ns (as for 
the microscope in use), the calculation of the broadening 
within these models yields similar results. To make estimates 
for our microscope, we will use formulas (19) and (22) from 
[16], which describe the broadening of an electron pulse prop-
agating in the accelerating gap of the microscope,
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and an electron pulse accelerated to 75 keV, moving from the 
anode to the sample,
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Here, l is the accelerating gap length, L is the beam path 
from the anode to the sample, N is the number of electrons 
in pulse, U is the voltage across the accelerating gap, d is the 
beam diameter, and e0 is the permittivity of free space. The 
assessment will be performed using the following micro-
scope parameters: l = 20 mm; L = 0.2 m; 7.5 ´ 104 V; N = 
280; the electron beam diameter in the accelerating gap, d = 
35 mm (diameter of the laser beam spot on the photocathode); 
and the beam diameter in the drift region, d = 30 mm (beam 
diameter near the sample). As a result, we have tC1 » 0.2 ps 
and tC2 » 6 ps.

Having summed the contributions [expressions (1) – (3)], 
we can estimate the photoelectron pulse duration: tp » 7 ps.

Note that, when calculating the beam broadening due to 
the Coulomb repulsion of charges, the beam diameter was 
assumed to be constant. In reality, the radius of the beam 
changes during its propagation (Fig. 1), thus affecting the 
broadening rate and the final value of broadening. A detailed 
analysis of the beam propagation path shows that, at the 
chosen values of the beam diameter (at the boundaries of the 
propagation region from the cathode to the sample), the 
above estimates are, apparently, the upper limits of broad-
ening.

The electron beam transmitted through the sample was 
observed and recorded using the photoelectron technique (a 
digital video camera and computer image recording) instead 
of photographing microscopic images. The recording system 
was equipped with a vacuum-tight fibre optic plate (FOP), 
which separated the vacuum and nonvacuum parts of the sys-
tem. To obtain an optical image of the electron beam, the 
upper FOP surface was coated by a phosphor layer, onto 
which a thin conducting aluminium layer (transparent for 
75-keV electrons) was deposited. The image of the electron 
beam incident on the upper FOP surface, located in the vac-
uum part of the microscope, was transferred to the lower 
FOP surface and recorded by a C11440-22C digital video 
camera (Hamamatsu), equipped with a Nikkor 24 objective 
(Nikon).

Images were recorded and processed on a computer to 
which the video camera was connected, using a special soft-
ware. The latter made it possible to accumulate the signal 
during a specified time interval, measure the average bright-
ness in a chosen area of the sample image, and control the 
motorised optical delay line synchronously with the signal 
acquisition (see Fig. 1).

Figure 3 shows images of two samples, obtained in the 
photoemission and thermionic regimes of the electron micro-
scope. The UV radiation of the Mai-Tai femtosecond laser 
(pulse repetition rate 80 MHz) was used in the photoemission 
regime. It can be seen that the images obtained in this regime 
(with a pulsed photoelectron beam) reproduce well the images 
recorded in the thermionic regime. The images presented in 
Fig. 3, obtained without laser excitation of the samples, are 
an experimental confirmation of the fact that the main param-
eters of the microscope were retained after its modification 
for operation with a pulsed photoelectron source.

Figure 4 schematically shows the injection of a laser beam 
into the electron microscope to excite transient processes in a 
sample. The beam was injected (using a rotational mirror) 
through a quartz window, which was mounted in a techno-
logical hole in the microscope wall. To increase the angle 
between the laser beam and the sample plane, an additional 
mirror was installed in the microscope. Because of the limited 
space in the electron microscope column, this angle could not 
be made larger than 22°; however, this inclination was suffi-
cient to make the beam fall entirely on the sample surface. 
When necessary, this angle could be additionally increased 
(by 10° – 15°) by tilting the sample plane with respect to the 
horizontal plane, as shown in Fig. 4.

To estimate the possibilities of the modified electron 
microscope, we experimentally observed the ultrafast electron 
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Figure 3.  Images of two samples, recorded using the electron micro-
scope in the photoemission (on the left) and thermionic (on the right) 
regimes: (a) a microhole in a carbon film (magnification 7 × 104, signal 
acquisition time 4 s in the photoemission regime and 100 ms in the 
thermionic regime) and (b) diffraction patterns with first diffraction or-
ders from aluminium nanoparticles on a carbon substrate (a shutter is 
inserted to cut off the zero diffraction order).
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emission from a metal sample irradiated by femtosecond laser 
pulses. The experiment is based on the following consider-
ations. A high-power femtosecond laser pulse excites elec-
trons in the surface layer of a metal sample, which acquire an 
energy exceeding the work function of the metal to escape 
from the sample and form a cloud of free charges near its sur-
face. If the charge density in the cloud is sufficiently high, the 
electron beam, passing through this cloud, changes under 
Coulomb forces; the beam image formed in the detection 
plane of the microscope changes as well. As the charge cloud 
spreads, its density decreases, and the electron beam image in 
the detector plane recovers its initial shape.

Note that this effect can be used to align in time ultrashort 
laser and electron beams in pump – probe experiments 
[9, 18, 19], where the photon energy is generally much lower 
than the work function of metal. In view of this, one must use 
multiphoton excitation of electrons, which calls for high 
intensities and energy densities on the sample surface per laser 
pulse (~1011 W cm–2 and ~10 mJ cm–2, respectively). The 
typical parameters of the femtosecond lasers used in these 
studies (energy per pulse ~1 mJ and pulse duration below 
100 fs) make it possible to obtain (after focusing) the desired 
beam parameters within a rather large (200 – 500 mm in diam-
eter) spot on the sample surface.

We used a femtosecond fibre laser with a much lower 
energy per pulse (~1.6 mJ) and longer pulse duration (~300 fs). 
Therefore, to obtain the desired beam parameters, the beam 
must be focused into a much smaller (~50 mm) spot on the 
sample.

The design of the sample used in the experiment is sche-
matically shown in Fig. 5. It was a cylinder (a segment of an 
as-polished copper wire) 500 mm in diameter and 3 mm long, 
mounted in the corner formed by the intersection of thin cop-
per foils located in the vertical and horizontal planes. The 
foils forming the corner had coaxial slits 100 mm wide, which 
facilitated the spatial alignment of the electron and laser 
beams on the sample surface. The sample and the foils were 
placed in the sample holder of the microscope, which pro-
vided precise 2D motion in the horizontal plane.

The laser beam was focused on the sample surface using a 
quartz lens (focal length 20 cm) into a spot ~50 mm in diam-
eter. The electron beam diameter near the sample, measured 
by scanning the beam cross section across a blade, was found 
to be ~30 mm.

Our experiment implied switching the microscope to the 
diffraction regime. The electron beam transmitted through 
the sample arrangement region was focused on the recording 
surface. The recording system made it possible to observe the 
evolution of the electron beam in different parts of its image.

The 1050-nm radiation of the femtosecond fibre laser 
(power 820 mW) was successively transformed into the sec-
ond and fourth harmonics using nonlinear crystals. After 
their separation, the fourth harmonic (262.5 nm) was used 
to generate a pulsed electron beam in the microscope, while 
the second harmonic (525 nm) was delayed using a com-
puter-controlled motorised optical delay line for subsequent 
sample excitation. The laser pulse repetition rate could be 
varied from 500 kHz to 250 Hz by means of an optical gate 
at the fibre laser output. The variation in the pulse repetition 
rate made it possible to choose the optimal conditions for 
signal acquisition, retaining at the same time the laser pulse 
intensity and energy density on the sample surface as high as 
possible.

To increase the signal-to-noise ratio, we applied averaging 
over several adjacent pixels of the image recording system and 
used signal acquisition. The typical value of averaged signal 
at the brightest point of the electron beam image was ~104 
electrons (at an acquisition time of 1 s). Changing the delay 
line length, we could record (in the sampling regime) the 
dynamics of the processes occurring in the sample under 
pulsed laser excitation and affecting the electron beam of the 
microscope. One dependence was generally recorded for 
~10 min.

3. Results and discussion

Figure 6 shows a dependence of the image brightness S of 
the central part of the electron beam on the delay time t 
between the laser pulse irradiating the sample and the probe 
electron pulse. The intensity and energy density of the laser 
pulse in the focused spot on the sample surface were, 
respectively, ~2 ´ 1010 W cm–2 and ~5 mJ cm–2. The posi-
tive values of the delay time correspond to the case where 
the probe pulse arrives at the sample vicinity after the excita-
tion pulse, while the negative values are, vice versa, for the 
case where the excitation pulse arrives after the probe pulse. 
It can be seen that the electron beam density first increases 
during ~100 ps, being affected by the charge cloud formed 
near the sample surface (the image of the electron beam 
passing through it is slightly compressed) and then acquires 
the initial value.

The important parameter in the pump – probe studies is 
the so-called zero point on the delay scale, i.e., the delay at 
which the excitation and probe beams simultaneously 

hn2

e–

Figure 4.  Schematic diagram of laser beam injection into the electron 
microscope column for excitation of transient processes in a sample.
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Figure 5.  Design of the sample used in the experiment (see text).
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arrive at the sample. When a sample is probed by photo-
electrons using dynamic electron microscopy, the delay 
time between the excitation laser pulse and the probe elec-
tron pulse includes the time of flight of photoelectrons 
from the photocathode surface to the sample. In the case of 
photoemission from the photocathode, the delay time lies 
in the attosecond range [1] and can be neglected when mea-
surements are performed with a pico- or femtosecond reso-
lution.

The inset in Fig. 6 shows a more detailed dependence of 
the signal S in the initial stage of electron beam evolution, 
which was obtained in a separate experiment.

We will analyse the experimental dependences using fol-
lowing considerations. A metal target irradiated by high-
power femtosecond laser pulses emits photoelectrons with a 
kinetic energy (in the first approximation)

/2 2m We t Cu
2 'u w= - ,	 (4)

where 'w is the energy of a photon with a wavelength of 
525 nm, ut is the initial velocity of photoelectrons, and WCu » 
4.3 eV [13] is the work function of a copper target. The elec-
trons emitted from the copper target pass through the region 
of interaction with the 75-keV probe photoelectron beam for 
the characteristic time

ttr » 
d
tu ,	 (5)

where d is the transverse size of the photoelectron beam. 
Having estimated [based on the signal FWHM (Fig. 6)] the 
time of flight to be 100 ps, we find, with allowance for formu-
las (4) and (5), that d » 39 mm. This value is in good agree-
ment with the measured photoelectron beam diameter in the 
electron microscope column.

According to the model that is often used in ultrafast elec-
tron diffraction (see, e.g., [9]), the zero reference point t0, cor-
responding to the onset of spatial and temporal overlap of the 
excitation laser and probe photoelectron pulses near the sam-
ple, is defined as the intersection point of two straight lines. 
One of these describes the signal plateau, and the other cor-
responds to the signal front:

Splato = x1 + x2t,	 (6.1)

Sfront = x3 + x4t,	 (6.2)

t f x x
x x

0
4 2

1 3= =
-
- .	 (6.3)

An analysis of the experimental data presented in the 
inset of Fig. 6 yields x1 » 1.001 ± 0.003, x2 » 2 × 10–6 ± 3 × 
10–5 ps–1, x3 » 1 ± 0.005, and x4 » 5.6 × 10–4 ± 6 × 10–5 ps–1. 
The spread of the zero point position on the time scale is 
determined by the photoelectron pulse duration. Within this 
formalism, the uncertainty Dt0 of determining the zero point 
can be written as

¶
¶

t
x
f
x

i
i0

2

D D= c m/ .	 (7)

Calculations based on expressions (6.3) and (7) yield Dt0 » 
10.5 ps, a value close to the estimated duration of the probe 
electron pulse.

4. Conclusions

The application of the modern pulsed laser technique made it 
possible to develop a source of ultrashort photoelectron 
beams, which can be used in a transmission electron micro-
scope to observe transient processes initiated in solids by fem-
tosecond laser radiation. When solving this problem, a 4D 
microscope was developed based on a Hitachi H-300 electron 
microscope. The developed microscope can operate in both 
ultrafast electron microscopy and diffraction regimes. Pulsed 
electron beams ~30 mm in diameter, containing ~300 elec-
trons per pulse, were obtained using a femtosecond fibre laser 
for generating photoelectrons. According to our estimates, 
the probe electron pulse duration in the microscope with these 
parameters is less than 7 ps and the longitudinal pulse length 
is less than 1 mm. Note that, at the same average current in 
the electron microscope column, the electron density in the 
probe beam increases by a factor of about 107 in the pulsed 
photoelectron regime in comparison with the continuous 
thermionic regime.

The developed instrument was used to experimentally 
study the Coulomb interaction of a 75-keV photoelectron 
beam with a cloud of electrons emitted from a copper tar-
get irradiated by high-power femtosecond laser pulses. A 
position-sensitive detector was applied to visualise the 
transformation of the image of a fast photoelectron beam 
that underwent Coulomb interaction with the electron 
cloud. Based on the observed effect, we implemented a 
method for determining the zero reference point for record-
ing the image and diffraction pattern, at which the excita-
tion and probe pulses are overlapped not only in space but 
also in time.

The results of this study demonstrate that the structural 
dynamics of various materials, including those used in 
photonics [20], can be investigated by ultrafast transmis-
sion electron microscopy and diffraction in the picosecond 
range.

Acknowledgements.  This study was supported by the Ministry 
of Education and Science of the Russian Federation (Project 
No. RFMEFI61316X0054).

0

0

100

100 200

–100

–100–200

1.08

1.04

1.00

t/ps

t/ps

S
 (

re
l. 

u
n

it
s)

S
 (

re
l. 

u
n

it
s)

0.96

1.00

1.04

1.12

1.08

1.16

1.20

1.24

Figure 6.  Dependence of brightness S in the middle part of the electron 
beam image on the delay time t between the laser pulse irradiating the 
sample and the probe electron pulse. The time dependence of the signal 
S in the initial stage of electron beam evolution is shown in the inset. 
The signal acquisition time at each point is 4 s; the solid line is a polyno-
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