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Abstract.  A laser electron source localised on a photocathode sur-
face was developed on the basis of Ag and Cu2O thin films sequen-
tially deposited by magnetron sputtering on a glass substrate. 
Photoemission of electrons under the action of the fourth (263 nm) 
harmonic of a femtosecond fibre laser was initiated from the sur-
face of an Ag film deposited on the substrate surface. Photoelectron 
source localisation on the photocathode surface was provided by 
sputtering the Cu2O copper oxide film on its surface, which signifi-
cantly (about 50 times) reduced the photoemission efficiency, and 
by subsequent removal of the copper oxide layer in the photoemis-
sion spot with a diameter of ~15 mm by means of focused second-
harmonic radiation of a femtosecond fibre laser. In conducting 
research on the photocathode surface, a grid of photoemission spots 
was formed, which greatly facilitated the laser beam alignment with 
the photoemission spot. A decrease in the noises of ultrafast trans-
mission electron microscope, associated with spatial fluctuations of 
the laser beam initiating pulsed photoelectron emission from the 
microscope photocathode when using a localised electron source on 
the basis of a structure of thin Cu2O and Ag films, was experimen-
tally demonstrated.

Keywords: laser photoelectron emission, localised source of photo-
electrons, ultrafast electron microscope.

1. Introduction

The process of electron emission under the action of radiation 
is one of the most studied physical phenomena. Based on 
these studies, various photocathodes have been developed for 
engineering applications. As the main criteria for assessing 
the quality of photocathodes, the efficiency of electron emis-
sion from a photocathode, its radiation resistance, and the 
spatial stability of photoemission are usually considered. The 
latter factor becomes especially important when the photo-
emission process is used to form electron beams to study 
physical processes that manifest themselves in beam deflec-
tion. In these studies, spatial fluctuations of the electron beam 
may lead to large noises in the measurements. This situation 
occurs, for example, when a thermionic cathode is replaced 

by a photocathode in an ultrafast electron microscope or elec-
tron diffractometer to operate in the dynamic regime [1 – 4]. 
In these devices, spatial fluctuations in the electron beam 
formed as a result of photoemission may lead to the fluctua-
tions of the image or diffraction pattern (in the case of elec-
tron diffractometer) produced by such a beam, which in turn 
leads to additional noises in the measurements.

When using traditional surface photocathodes with a 
photoemission layer deposited on a planar surface, the area of 
which is much larger than the spot area of laser radiation ini-
tiating the emission of electrons, spatial fluctuations of the 
laser beam can largely contribute to the spatial instability of 
the electron beam. The effect of these fluctuations becomes 
especially noticeable when the laser source and the device that 
uses this source to trigger photoemission from the cathode are 
located at a considerable distance from each other and may 
be subjected to asynchronous mechanical vibrations.

Currently, another type of photocathodes, so-called tip 
photocathodes, is widely used [5 – 8]. When using these photo-
cathodes, photoemission of electrons under the action of laser 
radiation is performed from the surface of a tip, the size of 
which may constitute about several tens of nanometers. This 
makes it possible to develop a tip-based localised source of 
photoelectrons and form an electron beam with high spatial 
performance.

Along with high performance, tip photocathodes have 
significant disadvantages such as the complexity of manufac-
turing and low efficiency of the laser radiation use, which are 
due to their small photoemission surface compared to the 
laser beam diameter. Besides, these photocathodes are infe-
rior to conventional flat photocathodes in such important 
parameters as versatility and mechanical stability.

In this regard, it is of interest to develop methods to 
improve the performance of flat photocathodes, in particular, 
to increase the spatial stability of electron beams being formed 
with the use of such photocathodes in the presence of spatial 
fluctuations of laser radiation initiating photoemission.

One of the possible ways to reduce the spatial fluctuations 
of electron beams emitted from the photocathode surface is to 
limit the electron emission region and to form localised areas 
on its surface, i.e. spots or points of photoemission. The local-
isation of photoemission makes it possible to reduce the spa-
tial fluctuations of the electron beam emitted from the photo-
cathode surface in the presence of laser radiation fluctuations.

It should be noted that the impact of limiting the photo-
emission region on the photoelectron beam stability was 
observed in [9] by using a LaB6 ‘pin’ cathode with a diameter 
of 50 – 100 mm, surrounded by a protective graphite ring.

This paper proposes a method for photoemission localisa-
tion on the surface of a conventional thin-film metal photo-
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cathode, which consists in depositing of a thin Cu2O copper 
oxide film with low photoemission efficiency on its surface, 
followed by removal of this film in the photoemission spot. 
The Cu2O film in the spot was removed by focused radiation 
from a femtosecond fibre laser.

2. Experiment

The structure of the sample used as a photocathode in the 
experiment is shown in Fig. 1. The sample was a thin glass 
substrate with a thickness of 160 mm and a size of about 8 ´ 
8  mm, cut from a standard cover plate used in an optical 
microscope. An Ag film with a thickness of ~100 nm, used as 
photoemission material, and a Cu2O film, which, due to its 
high work function of electrons (about 4.84 eV) [10], has a 
low photoemission efficiency under the action of radiation 
quanta used in the experiment (4.72 eV), were sequentially 
deposited on the substrate by the method of magnetron sput-
tering. The Cu2O film was formed as a result of copper oxida-
tion in the process of copper target sputtering in the Ar atmo-
sphere containing an admixture of oxygen. The technique of 
Cu2O film deposition and the film characteristics are pre-
sented in detail in [11].

The deposition of a thick enough copper oxide film pre-
venting the emission of electrons from the sample reduced 
significantly (about 50 times) the efficiency of photoemission 
from the Cu2O – Ag structure compared to the Ag film. The 
Cu2O film thickness was selected experimentally and consti-
tuted ~150 nm.

To initiate photoemission at a given location on the 
Cu2O – Ag structure surface, a copper oxide layer was 
removed to the level of Ag photoemission layer (see Fig. 1). 
The removal of the Cu2O layer in the photoemission spot was 
performed on an experimental stand for micro- and nano-
structuring [12] using the second-harmonic radiation from a 
Satsuma femtosecond fibre laser (Amplitude Systems; second 
harmonic wavelength of 515 nm, FWHM pulse duration of 
200 fs, maximum pulse energy of 4 mJ in the TEM00 mode, 
pulse repetition rate f = 0 – 2 MHz). Laser radiation was 
focused in the air onto the sample surface through an optical 
microscope lens with a numerical aperture NA = 0.1. The 
minimum laser spot radius at the focus was R1/e = 4.4 ± 
0.2 mm. To obtain the required photoemission spot diameter, 
the laser spot diameter on the sample surface was increased 
by shifting the lens focus position by 300 mm from the sample 

surface. The laser pulse energy was chosen so as to ensure that 
the copper oxide layer was removed in a single pulse and the 
Ag photoemission layer was affected to the minimum possible 
extent (typical energy value in the experiment was about 
1.2 mJ). The sample displacement relative to the laser beam 
from pulse to pulse was conducted using a three-coordinate 
motorised stage with a minimum step of 150 nm.

Visualisation of the structure surface relief after irradia-
tion was performed using a JEOL7001F scanning electron 
microscope (SEM). The SEM image of the resulting photo-
emission spot is shown in Fig. 2a.

Figure 3a shows an image of the Cu2O – Ag structure 
region, obtained using an optical microscope at the location 
where the copper oxide was removed in order to form a pho-
toemission spot. For comparison, Fig. 3b shows a fragment 
of an image of a similar sample with a photoemission layer of 
Ag, but with no Cu2O film deposited on top. These images 
were obtained by illumination of samples in transmission 
regime at the same illumination brightness and microscope 
magnification. Comparison of both images clearly shows 
that, in the central part of the spot on the area with a diameter 
of ~15 mm, the Cu2O film is absent, and in this part only few 
small fragments of Cu2O film are observed (dark spots in 
Fig.  3a), which, apparently, got there at the laser pulse end.

A deepening on the Cu2O – Ag structure surface, formed 
by the above method, served as a source of photoemission, 
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Figure 1.  Sample structure used as a photocathode.
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Figure 2.  SEM images of (a) the resulting photoemission spot (internal 
spot is a photoemission spot, external spot is a processing laser spot) and 
(b) grids of photoemission spots on the structure surface. Dark stripe on 
the grid of spots shows the scanning range of the laser beam (see the text).
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which made it possible to localise the emission of electrons on 
the photocathode surface. The emission of electrons from 
such a localised photoemission spot was conducted by super-
imposing the spot of focused laser radiation onto the photo-
emission spot. To facilitate the adjustment of laser radiation 
to the photoemission spot, a square grid of photoemission 
spots with a step of 120 mm along the axes and a total size of 
~2  ´ 2 mm was formed on the photocathode surface (Fig. 2b).

To study the properties of the manufactured photocath-
ode, an ultrafast transmission electron microscope was used, 
a detailed description of which is given in [13]. It represents an 
H-300 (Hitachi) modified commercial electron microscope 
with an accelerating voltage of 75 kV, in which a thermionic 
cathode is replaced by a photocathode, and an assembly is 
introduced for laser irradiation of a sample inside the micro-
scope. The use of the same femtosecond laser with a beam 
splitted into two parts, between which an adjustable optical 
delay was introduced, for electron emission from the photo-
cathode and for excitation of the sample under study made it 
possible to study in stroboscopic regime the dynamics of exci-
tation and relaxation of the sample under investigation on a 
time scale up to 1 ns with a temporal resolution of few pico-
seconds.

The photocathode under study was placed on the outer 
surface of the Wehnelt cylinder of the microscope’s cathode 

assembly (Fig. 4) and fastened to the surface using a pressure 
ring with a diameter of 8 mm, made of freshly polished copper 
wire with a diameter of 500 mm. To ensure electrical contact 
between the cathode assembly and electron-emitting silver 
layer of the Cu2O – Ag structure under study, the upper insu-
lating copper oxide layer was mechanically cleaned from the 
surface at the location where the sample was pressed by the 
copper ring which, in turn, was in electrical contact with the 
Wehnelt cylinder surface of the cathode assembly.

Electrons emitted from the photocathode were acceler-
ated to energy of 75 keV and, through the hole in the anode, 
entered the electron microscope column to form an electron 
beam using magnetic focusing systems. In our experiment, the 
microscope was switched to the ‘diffraction’ mode. In this 
regime, the microscope magnification is switched off, and the 
formed electron beam, after passing through the sample loca-
tion area, is focused into a minimum spot on the surface of 
the vacuum-tight fibre-optic plate onto which a phosphor 
layer has been deposited. The phosphor layer was covered 
with a thin protective layer of aluminium, transparent to elec-
trons with an energy of 75 keV. The electron beam image 
formed due to phosphor glow under the incident electron 
beam action was recorded in the photon counting regime 
using a C11440-22C digital camera (Hamamatsu) equipped 
with a Nikkor 24 (Nikon) lens. The effective number of pixels 
of the video camera’s recording matrix was 2048 ´ 2048 with 
a pixel size of 6.5  ´ 6.5 mm. The pixel size of the recording 
system made it possible to observe the electron beam evolu-
tion in various parts of its image. In this case, the photoemis-
sion spot displacement caused by a small shift of the laser 
beam on the surface of the metal photocathode in the micro-
scope, resulted in approximately the same displacements of 
the electron beam image on the video camera’s recording 
matrix.
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Figure 3.  (Colour online) (a) Image of the Cu2O – Ag structure area, 
obtained using an optical microscope at the location where copper ox-
ide was removed in order to form a photoemission spot, and (b) frag-
ment of the image of a similar sample with a photoemission layer of Ag, 
but with no Cu2O film deposited from above. 

M

C

WC

PC

ML

e–

hn

A

Figure 4.  Scheme of the experiment: (C) cathode assembly; (WC) 
Wehnelt cylinder; (PC) photocathode based on the Cu2O – Ag structure 
under study; (A) anode; (ML) microscope magnetic lens; (M) motorised 
precision mount of the folding mirror.
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To initiate photoemission from the microscope cathode, 
we used in the experiment the fourth-harmonic radiation 
(263 nm) from the Antaus (Avesta-Project) femtosecond fibre 
laser with a pulse duration of ~300 fs and a maximum pulse 
repetition rate of 500 kHz. Using an optical shutter posi-
tioned at the fibre laser output, the pulse repetition rate could 
be widely varied from 500 kHz to 250 Hz. In our measure-
ments, the laser pulse repetition rate and laser radiation 
power were selected in such a way that, in the course of signal 
accumulation on the video camera’s recording matrix, the sig-
nal corresponding to the highest image brightness of the elec-
tron beam did not exceed the maximum range for the record-
ing pixels of the matrix (~6.5 ´ 104 counts per pixel) and at 
the same time was large enough (over 2 ´ 104 counts), so that 
the shot noise impact on the measurement results could be 
neglected. In addition, the signal linearity was tested prior to 
measurements both as a function of the laser pulse repetition 
rate and the laser radiation power. The typical energy of the 
laser radiation pulse triggering photoemission in the course of 
measurements was in the range from 0.1 to 0.5 nJ.

Using a quartz lens, UV laser radiation was focused on 
the photocathode surface into a spot with a diameter of 
~40 mm, which completely covered one of the photoemission 
spots on the photocathode surface. A square grid of photo-
emission spots with a distance of ~120 mm between them sig-
nificantly facilitated the laser radiation tuning to the photo-
emission spot. The distance was much larger than the laser 
spot diameter, but smaller than the realignment region of the 
laser beam position on the cathode surface (~140 mm at the 
change level of 0.8), within which a slight reduction in the 
signal at the expense of receiving aperture of the microscope 
was observed. Preliminary alignment of the grid of photo-
emission spots on the photocathode relative to the central 
part of the microscope’s cathode assembly was conducted in 
accordance with the position of an opening in the Wehnelt 
cylinder.

The laser beam scanning across the photocathode surface 
was conducted by tilting the mirror mounted on the align-
ment stage equipped with precision motorised movements 
along both alignment coordinates (see Fig. 4).

3. Results and discussion

To visually observe the localisation of electron photoemission 
on the photocathode surface under study, electron beam 
images were recorded in two regimes on the recording video 
camera of the electron microscope. In the first regime, laser 
radiation was adjusted to the photoemission spot on the pho-
tocathode surface in accordance with the maximum bright-
ness of the electron beam image on the video camera, and the 
signal coming from the video camera’s recording matrix was 
accumulated for a specified time interval (10 s). The image 
thus averaged over the accumulation time was stored in a 
computer. In the second regime, the beam image was obtained 
under the same conditions and at the same accumulation time 
as in the first regime, but with simultaneous automatic laser 
beam scanning over the photocathode surface under study in 
the direction (with intersection) of the photoemission spot. 
To do this, after adjusting the laser radiation to the photo-
emission spot, the laser beam was removed from the spot by 
about 70 mm and its automatic scanning over the photocath-
ode surface in the direction of the photoemission spot was 
switched on.

The scanning speed was selected in such a way that, during 
the signal accumulation on the video camera, the laser beam 
was shifted by a distance of ~140 mm. To reduce the impact of 
neighbouring photoemission spots on the observed pattern, the 
laser beam scanning over the photocathode surface was per-
formed over the diagonal of a square grid of photoemission 
spots (see Fig. 2b). For comparison, a similar electron beam 
image was obtained during scanning in the same range of laser 
radiation over the surface of a conventional photocathode in 
the form of a thin Ag film with no copper oxide layer.

It should be noted that the photoemission efficiency in 
using a sample with a photoemission spot under study was 
about an order of magnitude less than the photoemission effi-
ciency for a sample in the form of an Ag film. This is explained 
by about seven-fold difference in the laser beam and photo-
emission spot areas, and also by the small losses associated 
with the presence of the Cu2O film fragments on the photo-
emission surface, which, apparently, got there during the pro-
cess of preparation (see Fig. 3a).

Figure 5 shows the electron beam image in using the Ag 
film as a photocathode with laser radiation scanning over the 
photocathode surface in the course of signal accumulation, 
and that of the Cu2O – Ag structure with a photoemission 
spot with and without laser radiation scanning. It can be seen 
that, in the case of a photocathode in the form of the Ag film, 
there occurs expected image ‘blurring’ in the radiation scan-
ning during the signal accumulation time. At the same time, 
in the case of laser beam scanning over the photocathode sur-
face with the Cu2O – Ag structure, the image ‘blurring’ is 
much smaller; it only slightly differs from that in the static 
image obtained for the same structure with no scanning.

The images obtained qualitatively confirm that, in using 
the photocathode based on the Cu2O – Ag structure, a ‘bind-
ing’ of photoelectron emission to the emission spot on the 
structure surface and its localisation occur in the course of 
laser radiation displacements from the emission spot.

In order to quantify the impact of the surface localisation 
of photoelectron emission in the electron microscope on the 
noise associated with spatial fluctuations of the laser radia-
tion initiating photoemission, the fluctuations of the bright-
ness-weighted ‘centre of mass’ (centroid) of the electron beam 
image were investigated in two cases: when using a conven-
tional photocathode in the form of the Ag film, and also when 
using a photocathode in the form of the investigated 
Cu2O – Ag structure with a photoemission spot. In both cases, 
a sequence of 100 images was recorded over a certain period 
of time (~10 min), with an accumulation time of 100 ms for 

a b c

Figure 5.  Electron beam images obtained using an Ag film as a photo-
cathode with laser scanning over the photocathode surface during the 
signal accumulation time (a) and the Cu2O – Ag structures with a pho-
toemission spot during laser radiation scanning (b) and without scan-
ning (c).
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each image. The coordinates of the centroid, Cx and Cy, in the 
images obtained were calculated by standard formulas
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where n, m are the ordinal numbers of pixels in the columns 
and rows of the video camera’s recording matrix; and Sm, n is 
the signal magnitude in the pixel n, m.

Figure 6 shows the dependences of the position of the cen-
troid of the electron beam image along one of the coordinates 
on the video camera’s recording matrix, obtained for a 
sequence of 100 images with the use of the Ag film [curves ( 1 ) 
and ( 2 ), taken at different times] and the Cu2O – Ag struc-
tures with a photoemission spot [curves ( 3 ) and ( 4 )]. Similar 
results were obtained for the other coordinate. It follows from 
this figure that the centroid fluctuations in electron beam 
images in the case of using the Cu2O – Ag structure are 
reduced as compared to relevant fluctuations in the case of 
the Ag film. Numerical calculations for each of the depen-
dences presented in Fig. 6 result in the standard deviations of 
the image centroid, equal to 0.17, 0.19, 0.073, and 0.078 of 
pixel for curves ( 1 – 4 ), respectively.

Comparison of these values shows that fluctuations 
decrease by about 2.2 – 2.6 times. This suggests that the spa-
tial stability of the photoelectron beam increases with elec-
tron emission localisation on the cathode using the Cu2O – Ag 
structure under study. It is also seen from Fig. 6 that slow 
variations of the image centroid contribute significantly to the 
dependences observed. The values characterising these slow 
variations, calculated as the dispersion magnitude from mini-
mum to maximum value in the mean line of each of the depen-
dences are 0.49, 0.56, 0.18, and 0.14 of pixel for curves ( 1 – 4 ), 
respectively. A significant decrease in these variations (by 
three to four times) with the localisation of electron emission 
on the photocathode surface suggests that these variations are 
apparently associated with a slow change in the laser beam 
position on the photocathode surface, presumably as a result 
of relatively slow local ambient temperature fluctuations, 
which lead to spatial instability of the laser beam.

It should be noted that the coordinate measurement error 
of the image centroid, associated with discreteness of the 
structure of the video camera’s recording matrix, in the case 
when the diameter of electron beam image observed in the 
experiment is about 10 pixels, turns out much smaller (less 
than 0.01 of pixel [14]), and does not affect the measurement 
results.

In the light of the studies performed, it is of interest to use, 
as a photocathode, a structure with a photoemission spot of 
smaller diameter (of the order of several micrometers). This 
can result in a significant reduction in the fluctuation noises. 
Indeed, when a laser beam with inhomogeneous transverse 
energy distribution (e.g., Gaussian) is displaced relative to the 
photoemission spot, the electron emission efficiency is redis-
tributed within the spot, which leads to a shift in the centroid 
of the electron beam in its cross-section. Obviously, this dis-
placement cannot go beyond the emission spot, and therefore, 
as the photoemission spot diameter decreases, the laser beam 
fluctuations lead to smaller spatial fluctuations of the electron 
beam. It should be noted, however, that for small diameters 
of the photoemission spot compared to the laser beam diam-
eter, residual photoemission from the photocathode region 
located around the photoemission spot can make a significant 
contribution to electron emission. In this case, provided the 
laser beam is displaced, the electron beam displacement is 
determined not only by the emission of electrons within the 
spot, but also by electrons emitted from the surface around 
the spot.

In order to estimate the contribution of this part of photo-
electrons to the spatial position of the centroid of the total 
electron beam with respect to the contribution of the part of 
electrons emitted from the photoemission spot, we may 
assume that the former contribution is proportional to the 
ratio of the areas of laser and photoemission spots on the 
cathode and inversely proportional to the coefficient G of 
photoemission suppression by the Cu2O layer. It is also 
assumed that the photoemission spot diameter is much 
smaller than the laser beam diameter on the photocathode 
surface, it is located at the laser beam centre, and the laser 
beam displacements relative to the photoemission spot are 
small (much smaller than the beam diameter). For example, 
for the laser beam diameter D = 40 mm, the photoemission 
spot diameter d = 15 mm, and the coefficient G = 50, this con-
tribution is (D/d )2/G » 0.14. This means that the centroid 
position for the electron beam emitted from the cathode sur-
face is determined mainly by the part of electrons emitted 
from the photoemission spot. At the same time, at D = 40 mm, 
d = 5 mm and G = 50, this contribution constitutes ~1.3, i.e. 
in this case, the photocathode surface surrounding the photo-
emission spot makes a significant contribution to the electron 
beam formation, while the spatial fluctuations of the electron 
beam virtually repeat the spatial fluctuations of the laser 
beam. Therefore, in the case of a photocathode with a rela-
tively small diameter of the photoemission spot, it is necessary 
to significantly (to the level of several hundred) increase the 
coefficient G of photoemission suppression on the photocath-
ode surface outside the spot. Obviously, as the size of photo-
emission spot decreases, a fraction of radiation incident into 
this spot decreases, and, consequently, the laser radiation effi-
ciency also decreases. Therefore, when reducing the photo-
emission spot diameter to several micrometers, it is advisable 
to proportionally reduce the laser beam diameter by focusing 
the radiation into a spot of smaller diameter (~10 mm). This 
obviously makes sense only if the spatial fluctuations of the 
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Figure 6.  Fluctuations of the position of the centroid of the electron 
beam image along one of coordinates on the video camera’s recording 
matrix, obtained for a sequence of 100 images with the use of an Ag film 
as a photocathode [curves ( 1, 2 ) taken at different times] and a 
Cu2O – Ag structure with a photoemission spot ( 3, 4 ).
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laser beam are smaller than its size on the photocathode sur-
face. Reducing the laser beam diameter will not only increase 
the laser radiation efficiency, but also relax the requirements 
for the required value of the coefficient of photoemission sup-
pression from the cathode outside the photoemission spot. 

4. Conclusions

We have proposed a method for localisation of photoelectron 
emission, based on the formation of photoemission spots on 
the photocathode surface by suppression of photoemission of 
electrons from the photocathode surface outside these spots. 
To develop such a photocathode, a structure of thin Cu2O 
and Ag films was used, on which, by means of laser process-
ing technique, a grid of photoemission spots with a diameter 
of ~15 mm was formed. Studies have shown that the use of 
such a photocathode in an ultrafast electron microscope 
results in two- or three-fold reduction of the noises associated 
with spatial fluctuations of laser radiation initiating photo-
emission of electrons. In order to further reduce these noises, 
it is of interest to reduce the photoemission spots to a size of a 
few microns while simultaneously increasing the coefficient of 
photoemission suppression from the photocathode surface 
outside the emission spots.

It should also be noted that the method proposed for 
localisation of photoelectron emission on the photocathode 
surface can be used not only for film-type, but also for mas-
sive photocathodes. In addition, this method can be used not 
only in the case of direct incidence of laser radiation on the 
photocathode surface, but also in the reverse incidence (in 
transmission regime). These capabilities significantly increase 
the versatility of employing this method for photoelectron 
emission localisation.
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