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Abstract.  Numerical modelling is used to analyse some effects 
restricting the enhancement of temporal resolution into the area bet-
ter than 100 fs in streak image tubes and photoelectron guns. A par-
ticular attention is paid to broadening of an electron bunch as a 
result of Coulomb interaction. Possible ways to overcome the limi-
tations under consideration are discussed.

Keywords: subpicosecond photoelectronics, temporal resolution, 
Coulomb interaction.

1. Introduction

At the turn of the 1980s and later, along with active develop-
ment  of  time-analysing  electron-optical  converters  (streak 
image tubes) with picosecond temporal resolution, a signifi-
cant number of publications appeared, dedicated to physical 
limitations on enhancing the temporal resolution to the val-
ues less than 1 ps. A special place among them is occupied by 
the  research  associated  with  the  analysis  of  space  charge 
effects in streak image tubes with static focusing. One can dis-
tinguish papers [1 – 9], in which, along with the design of new, 
sometimes  very  advanced  streak  image  tubes,  a  variety  of 
approximate analytical models are offered or direct numerical 
simulation of  the Coulomb  interaction contribution  to  spa-
tial-temporal  resolution and dynamic range  in streak  image 
tubes is carried out. It should be noted that the scope of appli-
cability of the approximate analytical models for the solution 
of the Coulomb interaction problem is rather limited; more-
over,  the models  being  often  proposed  (for  example,  those 
based on the Child – Langmuir law for dense stationary elec-
tron beams) do not adequately fit the sophisticated dynamic 
structure of the problem in question.

Numerical simulation, which has in many respects replaced 
the analytical models, represents a more powerful and versa-
tile tool. In this regard, it is important to emphasise the essen-
tial peculiarity of the problem, namely the fact that Coulomb 
interaction  in a picosecond electron bunch  is  commonly by 
5 – 6 orders of magnitude less than the external electric field 

that accelerates and focuses the bunch. This makes very prob-
lematic ‘frontal’ application of an overwhelming majority of 
the well-known software packages (see, e.g., [10 – 13]) aimed 
at solving the many-particle Coulomb dynamics problem. In 
our case, the ‘computational noise’ associated with numerical 
calculation of  external  fields  in  the  systems with a  complex 
geometry of electrodes and also with direct numerical integra-
tion of  the  equations of  charged particle motion may com-
pletely ‘muffle’ the sophisticated space-charge effects. To dis-
tinguish the respective ‘small terms’ in the motion equations 
with  an  adequate  precision,  the  development  of  specialised 
software based on the perturbation theory is required.

In the present paper, this issue is the main topic of discus-
sion,  along with a discussion of other  limitations  arising  in 
advancing  the  temporal  resolution of  streak  image  tubes  to 
the threshold of 100 fs and smaller.

2. Development of specialised software  
for solving the Coulomb dynamics problems 
on the basis of perturbation theory

As shown in [14], the calculation of charged particle trajecto-
ries in the presence of a space charge treated as a perturbation 
can be efficiently implemented by means of a decomposition 
of the basic Lorentz equation
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into  two  interrelated equations, one of which only contains 
the external electric and magnetic fields, F and B, whilst the 
right-hand side of the other (a drift equation in the space of 
initial  parameters)  is  only  determined  by Coulomb  interac-
tion ÑFС between  charged particles. Here, e  and m  are  the 
charge and mass of electron.

The Coulomb potential FС satisfies the Poisson equation

DFC = 4pr   (2)

with appropriate boundary conditions on the field-generating 
electrodes, while the charged particle density r is determined 
by the particle coordinates at a given time moment.

The above-mentioned drift equation appears as 
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where x Î X is the vector of initial parameters for the respec-
tive  ‘unperturbed’  aberrational  trajectories  calculated  by 
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neglecting  Coulomb  interaction.  A  general  perturbed  solu-
tion is constructed in the form of a nonlinear superposition

r(t, x0) = raber(t, x(t, x0)),  (4)

which corresponds to the generalised method of varying the 
initial conditions in analytical mechanics [15] (Fig. 1). Thus, 
this approach makes possible the active application of precise 
aberrational methods  to  the  calculation of  charged particle 
trajectories with regard to Coulomb interaction.

One of the most important aspects of the procedure under 
discussion is calculating the Coulomb field of moving charged 
particles at each step of integrating the motion equations. To 
do  this, we use a modified Barnes – Hut algorithm  [16] bor-
rowed from celestial mechanics and adapted to the problems 
of charged particle optics.

The Barnes – Hut algorithm consists in a tree-type grouping 
of charged particles, and, within the framework of the modi-
fication  used  here,  possesses  the  computational  complexity 
of O(N lg N), in contrast to the computational complexity of 
O(N2)  being  characteristic  of  the  direct  calculation  of  the 
Coulomb sums describing the pair-wise interaction (N is the 
number of interacting electrons in the charged cloud). A geo-
metric  interpretation of  the algorithm’s  scheme  is  shown  in 
Fig. 2.

An  essential  element  of  solving  the  Coulomb  dynamics 
problems  in charged particle optics  is  the calculation of  the 
‘mirror  image’  induced  by  the  interaction  of  a  bunch  of 
charged particles with the nearby electrodes. Such a field may 
cause a significant perturbation of the charged particle trajec-
tories in various problems of corpuscular optics (for example, 
in  the  process  of  electron  emission  from  the  photocathode 
surface or during the passage of an electron bunch in the vicinity 
of deflecting plates of the linear sweep system). Similar prob-
lems also arise in mass-spectrometry of dense ion bunches [17].

We  have  developed  an  algorithm  that  ensures  adaptive 
calculation of  the  ‘mirror-image’  field  in  the process  of  the 
bunch motion, depending on the bunch proximity to certain 
electrodes of a corpuscular-optical system. That algorithm is 
implemented as a separate programme module of the MASIM 
3D package [18].

The  developed  algorithms  and  relevant  software  have 
been thoroughly tested using a specially designed set of model 
problems with strict analytical or quasi-analytical solutions. 
Due  to  the  limited  scope  of  this  paper,  the  results  of  test 
experiments will be presented in a separate publication.

3. Coulomb broadening of electron bunches 
in subpicosecond streak image tubes and  
photoelectron guns

As mentioned in the Introduction, the bunch’s space charge is 
one of the main factors limiting the ultimate temporal resolu-
tion in streak image tubes. In this Section, we will focus on the 
analysis of  the computer simulation results of  the Coulomb 
broadening  of  electron  bunches  in  subpicosecond  streak 
image  tubes  and  photoelectron  guns,  obtained  using  the 
above-mentioned software.

Figure 3 shows a schematic of a typical streak image tube 
with electrostatic focusing and linear image sweep. A photo-
electron bunch ( 1 ) produced by excitation of the photocathode 
by a laser pulse is accelerated between the photocathode and 
fine-structure mesh ( 2 ), falls into to the focusing field governed 

R(t)

t

x(t)

X

Figure 1. Scheme for calculating the charged particle trajectories with 
Coulomb  interaction  treated  as  a  perturbation.  Dashed  lines  show 
the unperturbed  aberrational  trajectories  of  the bunch,  calculated by 
neglecting  the  space charge; x(t)  is  the  solution of  (3)  in  the  space of 
initial parameters, and R(t) is the true trajectory calculated with account 
for Coulomb interaction.
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Figure 2. Geometric  interpretation  of  the  algorithmic  scheme  of  the 
modified Barnes – Hut method:  
( 1 ) cloud of charged particles; ( 2 ) cube of minimal size, containing the 
cloud; ( 3 – 5 ) cells of different branches of the ‘tree’ of particles, gener-
ated by the algorithm. 
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Figure 3. Structure  of  electrodes  of  a  streak  image  tube  with  linear 
sweep:  
( 1 )  photocathode;  ( 2 )  fine-structure  accelerating mesh;  ( 3 )  focusing 
electrode;  ( 4 ) anode;  ( 5 ) dynamic deflection system;  ( 6 )  sweep pulse 
generator; ( 7 ) image receiver (phosphor screen or CCD camera).
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by the electrode ( 3 ), passes through the aperture of the acceler-
ating anode cylinder ( 4 ) and undergoes a linear sweep in the 
dynamic deflection system ( 5 ) controlled by the pulse sweep 
generator  ( 6 ). The  time-swept  spatial  electron  image of  the 
bunch is recorded on the image receiver ( 7 ).

Figure 4 shows a typical pattern of focusing of the elec-
tron  bunches  in  streak  image  tubes  with  static  focusing. 
Clearly visible is the image curvature caused by the difference 
in  focusing  conditions  for  paraxial  and  off-axis  electron 
bunches. Figure 5 shows the behaviour of electron bunches in 
the linear sweep mode using a dynamic deflection system.

Thus, the streak image tube, by means of performing the 
‘laser pulse ® electron beam ® electronic image’ double con-
version,  ensures  exploring  the  spatial-temporal  structure  of 
the input optical image. It should be emphasised that none of 
the presently existing analogues of a streak image tube, based 
on other physical principles, is capable of performing similar 
analysis with the same quality, elegance and simplicity. Mono-
graph [19] and references therein make it possible for reader 
to get acquainted with the history of streak image tube develop-
ment, unique physical experiments in the field of laser physics 
and its applications that have been carried out using the streak 
image tube technique, and, finally, with the state of research 
in this area and nearest prospects.

Figure 6 displays the dependence of the limiting temporal 
resolution DT on the number N of interacting electrons con-
stituting the bunch in the streak image tube with static focus-
ing. Calculations were carried out with the electric field on the 
photocathode E0 = 3 kV mm–1, the anode potential Ua = 12 kV 
and the width at the half-maximum of the initial energy distri-
bution of photoelectrons De = 0.25 eV.

It can be seen from Fig. 6 that the presence of only 300 
interacting  electrons  in  the  electron  bunch  have  led,  in  the 
frame  of  this  numerical  experiment,  to  more  than  twofold 
deterioration of temporal resolution (from ~400 fs to 1 ps). 
Numerical  experiments  also  show  that  the  axisymmetric 
streak image tubes are the least preferred in terms of contri-
bution of the Coulomb broadening into temporal and spatial 
resolution. In this case, along with the Coulomb broadening 
that an electron bunch suffers near the photocathode, there is 
an additional Coulomb broadening due to the presence of the 
point  of  crossover,  where  the  bunch  cross  section  becomes 
minimal [20].

Another  important  factor  is  the  initial  energy  spread of 
photoelectrons. On the one hand, according to the well-known 
Zavoisky – Fanchenko  formula  [21],  the  physical  temporal 
resolution in a streak image tube can be, in the first approxi-
mation, estimated from above as

DT »  ,eE
m2

maxTe   (5)

where E  is the electric field strength near the photocathode, 
and Demax is the maximal width of the energy distribution of 
photoelectrons. Formula (5) and more detailed analysis that 
takes  into  account  the  higher-order  chromatic  aberrations 
[14] indicate that the smaller the energy spread of photoelec-
trons,  the  higher  the  temporal  resolution  associated  with 
chromatic  aberrations. However,  the  state  of  the  problems 
related to the influence of the maximal energy spread Demax 
on the contribution of Coulomb interaction into the temporal 
resolution  turns  out more  complicated. Figure  7  shows  the 
electron bunch duration on the image receiver as function of 
the maximal energy spread Demax of photoelectrons for vary-
ing number of interacting electrons in the bunch. It is clearly 
seen that, for sufficiently large initial energy spread of photo-
electrons,  Coulomb  interaction  in  the  bunch  is  relatively 
small,  and  the  temporal broadening of  the bunch  is mainly 
determined by chromatic aberrations. 

In contrast, at low initial energy spread of photoelectrons, 
chromatic  aberrations  are  small,  but  the  electron  bunch, 
being  sufficiently dense,  is heavily  exposed  to  the Coulomb 
forces,  which  represent  the  principal  cause  of  its  temporal 
broadening in this case. The greater the bunch’s space charge, 
the more expressed this effect. It is absent on curve ( 4 ), where 
Coulomb interaction of the bunch is neglected, and the tem-
poral broadening of the bunch is determined solely by chro-
matic aberrations. The results also show that the aspiration of 
some authors to reduce the initial energy spread of photoelec-
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Figure 4. (Colour  online)  Focusing  of  electron  bunches  in  the  static 
mode. 
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Figure 5. (Colour online) Electron bunches in the linear sweep mode. 
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Figure 6. Dependence of the limiting temporal resolution on the num-
ber of  interacting electrons  inside  the bunch  in  the streak  image  tube 
with static focusing.
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trons  with  the  aim  of  maximising  the  temporal  resolution 
may, under certain conditions, lead to the opposite effect.

The Coulomb interaction dynamics of electrons in time-
dependent electric fields, and hence the mechanism of space 
charge contribution to the temporal broadening differ from 
those  in  stationary  focusing  fields  that we  have  considered 
above. This offers an opportunity to partially compensate for 
the Coulomb broadening in the nonstationary case. Figure 8 
shows  the  structure  of  electrodes  of  a  photoelectron  gun 
intended for temporal compression of photoelectron bunches 
in time-dependent fields as applied to the time-resolved elec-
tron diffraction (TRED) method [22], whilst Fig. 9 illustrates 
the principle of its action (see also [14, 23]).

The  principle  of  operation  of  the  photoelectron  gun  in 
question is as follows. A femtosecond laser pulse is split into 
two  pulses:  one  of  them  excites  the  photocathode  ( 2 )  and 
initia tes  the  photoelectron  bunch,  while  the  other  passes 
through the controlled delay line ( 3 ), hits the sample ( 4 ) and 
excites in it fast physical processes to be examined by TRED. 
The photoelectron bunch emitted  from the photocathode  is 
accelerated in a strong electric field located between the pho-
tocathode and a  fine-structure mesh. After passing  through 
the mesh, the electrons fall into a time-dependent electric field 
generated  by  the  electrode  ( 5 ),  on which  the  electric  pulse 
generator ( 8 ) creates a potential linearly varying in time. The 
change  rate  of  the  time-dependent  potential  determines  the 
degree  of  temporal  compression  of  electron  bunch  (in  our 

experiments, this rate constituted several kilovolts per nano-
second). The  time-dependent potential  is  synchronised with 
the initiating laser pulse to ensure a controlled delay between 
the bunch emission from the photocathode and the effect on the 
bunch of the nonstationary electric field responsible for tem-
poral focusing. During the passage of the bunch through the 
nonstationary  electric  field  area,  the difference between  the 
energies of electrons at the leading and trailing edges of the bunch 
is changed, and the bunch acquires a momentum of longitudi-
nal compression along the main optical axis. 

The electric and electrodynamic parameters of the photo-
electron gun are optimised so as to ensure the coincidence of 
the position of  the point of maximal  longitudinal  compres-
sion of the electron bunch (temporal focus) with the sample 
surface, which, in turn, is positioned near the dynamic deflec-
tion centre to enable direct measurement of the bunch dura-
tion at  the  temporal  focus  in  the  linear sweep mode.  In  the 
TRED mode, a diffraction pattern resulted from interaction 
of the compressed electron bunch with the atomic-molecular 
structure of the sample, which is excited (with an adjustable 
delay)  by  the  laser  pulse  exposure,  is  formed  on  the  image 
receiver. In the test mode the sample is removed, and the bunch 
is  swept  by  the  dynamic  deflection  system  over  the  image 
receiver surface, thus allowing implementation of the standard 
streak tube mode to measure the bunch duration at the tem-
poral focus.

Figure  10  shows  the  dependence  of  the  electron  pulse 
duration in the sample in the photoelectron gun on the ampli-
tude DU of the electric pulse providing the temporal focusing 
at  different N.  The  initial  duration  of  the  electron  pulse  is 
DT0 = 10 ps, the change rate of the time-focusing electric pulse 
potential is dU/dt = 2 kV ns–1, E0 = 3 kV mm–1, Ua = 13 kV 
and De = 0.25 eV. 

It  is clearly seen that controlling  the nonstationary  field 
amplitude  DU  can  largely  compensate  for  the  Coulomb 
broadening  of  the  electron  bunch  at  the  point  of  temporal 
focus. In particular, if the electron bunch contains 3000 elec-
trons,  the change  in DU  from 3000 to 3800 V ensures more 
than  a  twofold  decrease  in  the  compressed  pulse  duration. 
Theory and numerical experiments show that for larger values 
of the change rate dU/dt of the time-focusing potential, this 
effect becomes still more pronounced.
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Figure 7. Dependence of the electron pulse duration at the image receiver 
on the maximal initial energy spread of photoelectrons for N = ( 1 ) 74, 
( 2 ) 220 and ( 3 ) 730 [( 4 ) Coulomb interaction is not taken into account]. 
The emission region on the photocathode represents a circle with a dia-
meter of 0.5 mm, and the initial laser pulse duration is 60 fs [20].
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Figure 8. Structure of electrodes of the hybrid photoelectron gun intend ed 
for temporal compression of photoelectron bunches [14].
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Figure 9. Operating principle  of  the  photoelectron  gun with  time-de-
pendent electric fields,  intended for temporal compression of electron 
bunches:  
( 1 ) laser; ( 2 ) photocathode; ( 3 ) optical delay line; ( 4 ) sample; ( 5 ) elec-
trode responsible  for temporal  focusing;  ( 6 ) electrode responsible  for 
spatial  focusing;  ( 7 )  image  receiver;  ( 8 )  electric pulse generator. The 
linear sweep system is not shown; the bunch sizes are deliberately exag-
gerated.
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4. Numerical study of the possibility  
of replacing the near-cathode fine-structure 
mesh with a narrow slit in the streak image  
tube of PIF-01 type

The aim of the numerical experiments described below is to 
investigate  the possibility of  replacing,  in  the PIF-01  streak 
tube,  a  fine-structure  mesh,  which  provides  a  high  field 
strength near  the photocathode, with an electrode having a 
narrow rectangular slit (we have analysed the slit dimensions 
of  1 ́  6 mm) as applied  to  the  ‘picosecond dissector’ device 
being now developed in the framework of the Russian Science 
Foundation  Project  No.  14-29-00295.  The  technological 
advantages of using a slotted accelerating electrode instead of 
a fine-structure mesh in axisymmetric streak image tubes are 
well known and have been confirmed by  the  recent designs 
developed  at  Photek  and Photonis  companies.  In  this  rela-
tion, patent [24] is also of certain interest. 

However, the practically important question remains open: 
is  it  possible  to  use  a  slotted  electrode  instead  of  the  fine-
structure mesh, maintaining at the same time high temporal 
resolution and acceptable spatial resolution in two mutually 
perpendicular directions?

For computer modelling,  the  standard PIF-01 geometry 
(Fig.  11)  was  used,  in  which  the  fine-structure  mesh  was 
replaced with a slot electrode having the dimensions of 1 ́  6 mm 
(Fig. 12). The photocathode curvature  radius and electrode 
potentials were also being varied.

Replacing the fine-structure mesh with a slotted electrode 
disturbs the axial symmetry, herewith the scattering action of 

the slit in the temporal plane xz (Fig. 13a) leads to a marked 
paraxial astigmatism. Since the image receiver plane is usually 
installed in such a way as to provide the best spatial resolution 
along the temporal axis, the paraxial astigmatism, generally 
speaking, results in some loss of spatial resolution along the 
spatial  direction  (in  yz  plane).  However,  the  calculations 
show  that  the  optimal  choice  of  the  photocathode’s  curva-
ture, namely  its  reduction  from 143 mm  in  the basic  streak 
tube design with a fine-structure mesh down to 80 mm in the 
streak tube with a slotted electrode, along with corresponding 
change  in  the  focusing voltages, allows one  to  substantially 
compensate for the fall of spatial resolution along the spatial 
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Figure 10. Dependence of the electron pulse duration at the sample in 
the photoelectron gun on the amplitude DU of the electrical pulse pro-
viding temporal focusing for different N (see also [14]).
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Figure 11. Scheme of the electrodes in the streak image tube of PIF-01 
type with a slit near the photocathode.
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Figure 12. Geometry of the slit with the dimensions of 1 ́  6 mm, which 
replaces a fine-structure mesh near the photocathode.
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Figure 13. Equipotential  lines of  the electric  field and electron trajec-
tories  in  the mutually  perpendicular  planes  (a) xz  and  (b) yz  in  the 
photocathode vicinity of the streak image tube with a slit replacing a 
fine-structure mesh. The scattering effect produced by the slit in the xz 
plane is clearly seen.
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direction. With electron-optical magnification Mxz = 0.75 in 
the temporal direction (‘across the slit’) and electron-optical 
magnification Myz = 1.72 in the spatial direction (‘along the 
slit’), we managed to keep the temporal resolution of about 
~1 ps, while ensuring a nearly perfect spatial focusing along 
the temporal axis and spatial resolution of at least 30 pairs of 
lines per millimetre along the spatial axis (Fig. 14). The pho-
tocathode working area in temporal direction, which is most 
critical  in  the  problem  under  consideration,  amounted  to 
about 70 mm at the transmittance of ~80 %. We should note 
that our results indicate the excessive categoricity of the state-
ment [24] on the ‘extremely low spatial resolution along the 
spatial  axis’  in  the  systems with  a  slotted  electrode  located 
near the photocathode. 

Numerical  estimates  also  show  that  the  presence  of  an 
extended slit allows one to reduce the Coulomb effects near 
the  photocathode  by  3 – 4  times  and  thereby  to  expand  the 
dynamic range of the device.

5. Conclusions

The last decade has shown that overcoming the 100-fs tempo-
ral resolution barrier in streak image tubes and photoelectron 
guns is a more complex problem than previously imagined. It 
has  become  clear  that  a  number  of  extremely  complicated 
physical and engineering problems have to be solved on this 
way. A detailed analysis of the problem as a whole has been 
presented in review papers [25 – 27]; here we touch upon only 
a few key factors. One of them is the need to increase the elec-
tric  field  strength  near  the  streak  tube  photocathode  up  to 
~25 – 30  kV mm–1. As  shown  in  [28],  at  a  sufficiently  high 
field  strength  near  the  photocathode  (E  ³  8  kV  mm–1), 
Zavoisky – Fanchenko  formula  (5)  does  not  accurately 
describe the electron pulse duration at the image receiver, and 
therefore  taking  into  account  the  higher-order  chromatic 
aberrations  is required. Of course, the desired field strength 
cannot be created in static mode because of the risk of electri-
cal  breakdown;  thus,  the  development  of  special  electronic 
schemes for the pulse power supply in the near-cathode region 
is  of  profound  importance.  A  positive  role  here  could  be 
played by the replacement of the fine-structure mesh with a 
slit diaphragm, as discussed above. It is known that, provided 
the slit diaphragm’s electrodes have been properly processed, 
the gap between the photocathode and the slit diaphragm can 
have a much greater electric strength than that between the 

photocathode and the fine-structure mesh. Besides,  it seems 
very promising to use magnetic focusing along with electro-
static acceleration of the bunch, as suggested in [4, 8].

The best result we have experimentally gained in temporal 
focusing of electron bunches with nonstationary electric fields 
using the photoelectron gun developed at the Photoelectronics 
Department, General Physics Institute (GPI) (Figs 8, 9) was 
temporal compression of an electron bunch from 7 ps down 
to 280 fs at the time-focusing potential change rate dU/dt » 
2 kV ns–1 [23]. Numerical simulations indicate that more sub-
stantial  progress  is  only possible  by  increasing  the  value of 
dU/dt at least by an order of magnitude. Of course, if the elec-
tron bunch duration on the sample constitutes tens of femto-
seconds, Coulomb limitations associated with the permissible 
number of electrons in the bunch increase significantly, which 
means  that  performing  the TRED  experiments  in  this  case 
is, apparently, only possible in the mode of accumulation of 
repetitive processes [29 – 31].

Finally, we shall briefly touch upon the problem of mea-
suring the femtosecond electron pulse duration. Experiments 
and numerical simulations show that the applicability of the 
standard  linear  sweep  technique  is  currently  limited  to  the 
duration of about 100 fs. This limitation is mainly due to the 
scattering  effect  caused  by  the  fringe  fields  in  the  dynamic 
deflection system. Those fields considerably distort the swept 
image profile while operating with the required phase sweep 
speed  exceeding  the  speed  of  light  by  3 – 5  times.  In  some 
cases, the dynamic focusing of swept images can be, at least 
partially, eliminated at the expense of changing the potentials 
of focusing electrodes; nonetheless, even in this case, a certain 
loss in temporal resolution as a rule occurs.

Two approaches are possible here. One of them consists in 
extending  the  traditional  linear  sweep  technique  to electron 
pulses  of  less  than  100  fs  duration  and  requires  upgrading 
the  dynamic  deflection  system  (in  particular,  the  use  of 
dynamic  deflection  systems  of  ‘travelling-wave’  type  [32]). 
Other  approaches  to measuring  the  subpicosecond  electron 
bunch duration, being actively developed at present, are based 
on the indirect physical methods, such as the method of mea-
suring the spectrum of Auger electrons produced in the inter-
action of an electron bunch with a sample [33].
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