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Abstract.  We report a study of the process of nonlinear Thomson 
scattering (NTS) of a tightly focused relativistically intense laser 
pulse by an ensemble of electrons simulating the result of ionisation 
of an ultrathin nanofoil. The description of all six components of a 
laser pulse is based on the Stratton – Chu integrals describing radia-
tion focused by an off-axis parabolic mirror into a spot down to the 
diffraction limit, which is of practical interest for modern experi-
ments with extreme-intensity lasers, including diagnostics of their 
parameters. The interaction of a laser pulse with electrons is simu-
lated by the test-particle method, and the resulting trajectories are 
used to calculate the characteristics of secondary electromagnetic 
radiation. The effect of the laser-pulse focal spot diameter in the 
range l – 6l on the angular distributions of the radiated energy 
and NTS spectra, as well as of a laser-beam peak intensity of 1021 – 
1022 W cm–2 on the spectral width of the secondary radiation is 
studied in relation to the experimentally implemented focusing 
scheme using the example of a laser pulse with an initial homoge-
neous spatial distribution and a duration of ~25 fs.

Keywords: tight focusing, relativistically intense laser pulse, direct 
acceleration of electrons, nonlinear Thomson scattering.

1. Introduction

To date,  the development of  laser  technologies has made  it 
possible to exceed the petawatt power level of laser facilities 
[1]. The  intensity of  focused  laser beams generated by  such 
high-power systems has already reached ~1022 W cm–2 [2 – 4] 
and is predicted to attain a level of 1023 W cm–2 in the years to 
come, which opens up a possibility of studying the interaction 
of laser pulses of extremely high energy density with matter. 
In some experimental configurations, effects that were insig-
nificant at lower intensities come to the fore in the regime of 
interaction  of  particles  with  high-intensity  radiation.  They 
include the radiation friction force, which affects the dynam-
ics  of  an  electron  [5],  the  production  of  electron – positron 
pairs,  and other  effects  of  quantum  electrodynamics  [6].  In 
addition, high-power laser systems of extreme intensity open 
up  prospects  for  the  development  of  new  sources  of  high-
energy particles (electrons, ions and neutrons) and secondary 

electromagnetic radiation in the processes of bremsstrahlung 
and betatron radiation, as well as of nonlinear Thomson scat-
tering (NTS). This work is devoted to the study of the latter 
under conditions as close as possible to the conditions of the 
experiment.

The process  of  nonlinear Thomson  scattering of  a  laser 
pulse on single electrons was studied in detail in the approxi-
mation of a plane electromagnetic wave [7, 8], in the paraxial 
approximation [9] including diffraction corrections taken into 
account  [10], and using the exact solution of  the Helmholtz 
equation  to describe  the  components  of  the  laser  field  [11]. 
The  effect  of  the  radiation  friction  force  on  the  particle 
dynamics was also studied both in the co-propagating (when 
electrons move in the direction of laser pulse propagation or 
are at rest [12]) and counterpropagating (when electrons move 
towards the laser pulse [13]) geometries. It was shown that in 
the latter case this force has a significant effect on the genera-
tion of secondary radiation by electrons, leading to a decrease 
in its characteristic frequencies and power. The radiation gen-
erated in the NTS process has also been observed experimen-
tally  [14 – 16]. Until now, the  laser radiation  intensity  in the 
performed experiments did not exceed 1020 W cm–2, and the 
focal spot diameter remained sufficiently large (greater than 
6l),  which made  it  possible  to  use  approximate  theoretical 
models to describe the laser pulse field at the focus and com-
pare them with experimental results. To describe experiments 
with higher intensities and smaller focal spot diameters, it is 
undoubtedly necessary to develop an NTS theory that takes 
into account the effect of a strong spatial  inhomogeneity of 
the laser beam near the focus on the particle dynamics.

One  of  the  possible  practical  applications  of  the  NTS 
effect is diagnostics of high-intensity laser pulses by measur-
ing the angular-spectral characteristics of the secondary radi-
ation generated during  the  interaction of  a  laser pulse with 
ultrathin nanofoils or a rarefied gas. Such an approach would 
make  it  possible  to  measure  the  laser  beam  characteristics 
‘directly’,  namely,  without  reducing  its  power  or  diverting 
part of the radiation into a separate channel, and would be an 
alternative, possibly with a number of advantages,  to other 
‘direct’  methods  based,  for  example,  on  detecting  multiple 
ionisation of particles [17 – 19] or measuring the angular-spec-
tral  characteristics  of  accelerated  electrons  or  protons 
[20 – 25]. Based on the scheme of interaction of a laser pulse 
with  counterpropagating  electrons,  Har-Shemesh  and  Di 
Piazza [26] showed theoretically and Yan et al. [27] confirmed 
experimentally  the  possibility  of  measuring  the  peak  laser 
intensity by using the angular width of the NTS spectra. In 
addition, within the framework of the problem of diagnosing 
a laser pulse, Harvey [28] investigated the influence of polari-
sation, laser pulse duration, and electron energy on the angu-
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lar distribution of the secondary radiation energy. Krämer et 
al. [29] also proposed to use the NTS characteristics for diag-
nostics of the emittance of an electron beam, along with diag-
nostics of  the  laser  radiation  intensity. Nonlinear Thomson 
scattering  by  a  chirped  electron  beam  propagating  perpen-
dicular  to  the  laser  beam  was  proposed  as  a  diagnostic 
method, but already of the laser pulse duration [30]. All of the 
above experimental configurations require preliminary accel-
eration  of  electrons  and  synchronisation  of  the  laser  pulse 
with the particle beam, in contrast to the scheme of interac-
tion with practically resting electrons  formed due to  ionisa-
tion of a rarefied gas jet or ultrathin nanofoil. Such an inter-
action  scheme  of  diagnosing  the  laser  pulse  intensity  has 
already  been  implemented  experimentally  [31].  The  laser 
beam was focused into a spot with a diameter of ~30l, which 
made it possible to obtain theoretical estimates based on the 
approximation of a plane electromagnetic wave. The highest 
intensities  of  laser  radiation  are  achieved  in  the  case  of  its 
tight focusing that does not allow simple geometrical-optical 
or paraxial models to be used, which necessitates the study of 
the NTS effect of tightly focused laser radiation on an ensem-
ble of particles, taking into account the exact description of 
the laser pulse components.

It is known from the linear theory of Thomson scattering 
that the spectrum of secondary radiation makes it possible to 
determine  the  energy  distributions  of  electrons  in  a  plasma 
due to the Doppler shift [32], which arises as a result of laser 
radiation  scattering by moving particles. At  the  same  time, 
when  a  high-intensity  laser  pulse  interacts with  particles  at 
rest, electrons also gain energy,  the value of which  is deter-
mined by the intensity of laser radiation. Thus, the Doppler 
shift value in this case is related to the laser radiation intensity 
[33], which was experimentally demonstrated in the intensity 
range from 1018 to 1019 W cm–2 [31]. However, at relativistic 
intensities, nonlinear effects begin to make a significant con-
tribution to the particle dynamics, leading to the formation of 
laser radiation harmonics in the NTS spectra. As the intensity 
increases,  the maximum of  the  secondary  radiation  spectra 
shifts  to  the  region of higher  frequencies  [8]. Consequently, 
the analysis and measurement of the characteristic NTS fre-
quencies can form the basis of a new method for diagnosing 
the intensity of laser pulses, which is the subject of this work. 
The closest approach to the theory developed here is the sim-
pler approach of Ref. [11], where the laser pulse was scattered 
by a single electron, which made  it possible  to qualitatively 
characterise the main NTS features. However, for the practi-
cal application of the proposed diagnostics, it is necessary to 
carry  out  a  theoretical  study  of  the  scattering  of  a  tightly 
focused  laser beam by an ensemble of particles. The aim of 
this work  is  to analyse  the  spectral-angular distributions of 
the secondary radiation of an ensemble of electrons, as well as 
to examine the effect of the focal spot size of the laser pulse 
and its intensity on the NTS characteristics.

2. Model of nonlinear Thomson scattering  
by an ensemble of incoherent particles

We will describe the acceleration of electrons by a laser pulse 
within the framework of the test-particle method, neglecting 
the interaction forces between the particles, which turn out to 
be small compared to the laser field intensity when the light 
beam interacts with an ultrathin nanofilm or rarefied gas. In 
this case, the particle trajectories are calculated by solving the 
relativistic equation of motion with the Lorentz force:
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where me and e are the mass and charge of the electron; R, u 
and g are the radius vector, velocity and gamma factor of the 
particle; c is the speed of light; and E and B are the electric and 
magnetic components of the laser pulse field. This model does 
not take  into account the radiation friction force that can,  if 
necessary, be included as an additional term in the right-hand 
side of the equation, which will be required at a laser radiation 
intensity of I > 1023 W cm–2 [5]. The distributions of the field 
components of a focused laser beam are calculated using the 
Stratton – Chu diffraction integrals [34] in the form

( , ) ( , , ) ( , )t x y x yE r C r Ee i= l l l ly

  { [ ( , , ) ]}exp i d dkl x y t x yr 0 0w f# - - +l l l l, 

(2)

( , ) ( , , ) ( , )t C x y x yB r r Bb i= l l l ly

  { [ ( , , ) ]}exp i d dkl x y t x yr 0 0w f# - - +l l l l,

where  ( , )x yEi l l  and  ( , )x yBi l l  are the amplitudes of the elec-
tric and magnetic components of the laser beam incident on 
the mirror;  ( , , )l x yr l l  is a function that describes the distance 
between a point on the mirror  [ , , ( , )]x y z x yl l l l l  and an obser-
vation point (x, y, z);  ( , , )x yC re l l  and  ( , , )x yC rb l l  are the ten-
sors whose components depend on such mirror characteristics 
as the off-axis angle yoff and the effective focal length Feff = 
2F/(1 + cosyoff ); F is the focal length of the ‘parent’ parabola; 
and  w0 is the carrier frequency of the laser pulse. The integra-
tion  limits  correspond  to  the  size  of  the  incident  beam. 
Detailed formulas for describing the laser pulse field are pre-
sented in Refs [22, 35], where the direct acceleration of elec-
trons in the field of a laser pulse focused by an off-axis para-
bolic mirror is also discussed.

The acceleration of electrons is accompanied by the gen-
eration  of  secondary  radiation  in  the  process  of  Thomson 
scattering of a laser pulse on charged particles (Fig. 1). The 
power of radiation generated by a particle per unit solid angle 
can be calculated by the formula [36]
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where  Er  is  the  electric  component  of  the  radiated  field;  
/d dtu u=o  is the particle acceleration vector; n is a unit vector 
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Figure 1. Schematic of NTS on an ensemble of electrons of a laser beam 
focused by an off-axis parabolic mirror.
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in the observation direction; ret (from retarded) means that 
the expression in square brackets is taken at a retarded time 
t t= -l  ( ) /R cnR0- ; and R0 is the distance between the emit-
ting  particle  and  the  observation  point.  Integration  of  this 
characteristic over time gives the total energy emitted per unit 
solid angle:
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In the case of relativistic intensities, to which this work is 
devoted, the period of electron oscillations depends on the laser 
field  strength  [37]: T » la0

2/(4c)  for a0 >  0, where a0 = eE/
(mecw0). Therefore, under conditions of tight focusing, a strong 
spatial inhomogeneity of the laser pulse field leads to asynchro-
nous oscillations of charged particles. Thus, the particles turn 
out to be incoherent with each other, which makes it possible to 
calculate  the  total  energy of  secondary  radiation  as  an  alge-
braic sum of N energies emitted by each individual particle:
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The trajectories of electrons make it possible to carry out 
spectral analysis of secondary radiation by spectral decompo-
sition of the emitted electric field:
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The  spectrum  of  Thomson  scattering  by  an  ensemble  of 
incoherent  particles  can  also  be  obtained  by  summing  the 
spectral amplitudes of the secondary radiation of individual 
electrons:
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If the laser pulse intensity lies in the region of nonrela-
tivistic values (i.e.,  if the dimensionless amplitude a0 < 1, 
and the electron energy accumulated in such a field is much 
less than the particle rest energy), the nonlinear term in the 
Lorentz  force  (1)  affects  the  particle  dynamics  insignifi-
cantly. In this case, the oscillation frequency of the particle 
turns out  to be  equal  to  the  laser-pulse  carrier  frequency 
w0, and, as a consequence, the secondary radiation repre-
sents  also  electromagnetic  waves  with  the  frequency  w0. 
However, with an  increase  in the  laser radiation  intensity 
up to the relativistic values, to which this work is devoted, 
the nonlinear term in the Lorentz force begins to play an 
essential role in the acceleration of the particle [37]. There 
is  a  transition  to NTS,  the  spectrum of which  is  a  set  of 
harmonics [8], and the power is a set of ultrashort pulses of 
attosecond  duration. Under  conditions  of  tight  focusing, 
the  characteristics  of  the  secondary  radiation  of  an  indi-
vidual particle depend on both the laser radiation intensity 
and the size of its focal spot, which was shown in [11, 38]. 
The next section is devoted to the influence of these param-
eters on  the  characteristics of NTS of  a  laser pulse  in  an 
ensemble of particles.

3. Spectral-angular distributions  
of secondary radiation

Let us consider the Thomson scattering of a linearly polarised 
laser pulse with l = 0.8 mm, a power of ~200 TW, a pulse 
duration of ~25 fs (at half the intensity), and a homogeneous 
initial spatial profile  [ ( , ) constx yE i =l l ], which was focused 
by an off-axis parabolic mirror (60° off-axis angle). The tem-
poral envelope has the form
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where t is the laser pulse duration; q(x) is the Heaviside func-
tion [22]; and k0 = w0/c. The laser pulse interacts with a mono-
layer of 104 electrons at rest. The monolayer  is  located per-
pendicular  to  the  laser  pulse  propagation direction,  and  its 
transverse size is 10DF ́  10DF, where DF is the diameter of the 
focal laser spot at half the intensity. A similar model of inter-
action can be realised in an experiment using an ultrathin foil 
with a thickness d <<  l (where d is considerably smaller than 
the thickness of the relativistic skin layer  c a p0 w ; and wp is 
the plasma frequency of the target electrons). In this case, we 
do not describe the ionisation of the foil by the laser field and 
neglect the energy loss due to ionisation, which is most accept-
able for a material with a low ion charge (beryllium foil, dia-
mond-like film, etc.).

We will describe the angular distributions of the second-
ary radiation in a spherical coordinate system (J, j) associ-
ated with the scattered laser pulse, where J is the angle vary-
ing from 0 to 180° and measured from the laser pulse propa-
gation direction, and j is the angle in the plane perpendicular 
to  this  direction  and  measured  from  the  direction  of  laser 
pulse polarisation.

One of the main features of NTS is the anisotropy of the 
radiated energy with respect to the angle j, related to the laser 
radiation polarisation, which was demonstrated in [39] using 
the  example  of  scattering  of  a  plane  electromagnetic wave. 
Figure 2 shows the angular distribution of the secondary radi-
ation energy dW/dW generated as a result of scattering of 200 
TW laser pulses having different sizes of the focal spot. As in 
the case of a plane wave, anisotropy is observed in the distri-
bution  of  the  secondary  radiation  energy,  when,  along  the 
laser radiation polarisation direction (j = 0, p), the scattered 
radiation is detected at larger angles J than in the perpendicu-
lar direction.

The  spectral  NTS  characteristics  also  depend  on  the 
observation direction, which is illustrated by the same exam-
ple of the scattering of a laser pulse with a power of 200 TW. 
Figure 3 shows the spectra of the secondary radiation as func-
tions  of  the  observation  angle  J  along  the  direction  of  the 
laser pulse polarisation and perpendicular to it for DF = 1.5l. 
The peak intensity in the considered case turns out to be equal 
to 1022 W cm–2. Calculations showed that, under conditions 
of tight focusing at j = 0, the spectra with the largest width 
are observed in two directions: at J ~ 0 and J K p/6. The lat-
ter  direction will  be  determined  by  the  angle Jrad. Figure  4 
shows the NTS spectra per particle. As follows from the cal-
culations, although the radiation has a wider spectrum at the 
angle  Jrad,  the  secondary  radiation  propagating  at  small 
angles contains higher energy in the low-frequency region.

With an increase in the focal spot diameter, secondary 
radiation  with  a  wide  spectrum  in  the  direction  of  small 
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angles  is  not  generated,  which  follows  from  Fig.  5.  The 
angle Jrad changes as a function of the focal spot diameter: 
First, it decreases with an increase in DF from l to 4l, and 
with  further defocusing,  it  increases. A  similar  effect was 
observed for the direction of emission of high-energy par-
ticles  directly  accelerated  by  a  laser  pulse  [22].  Table  1 
shows the angle Jel corresponding to the maximum of the 

angular distribution of accelerated electrons with energies 
exceeding 10 MeV, and the angle Jrad. It follows from the 
table that these directions are close to each other, and the 
somewhat large numerical differences at small diameters of 
the focal spot can be explained by a wider angular distribu-
tion of fast electrons. Thus, it can be seen that the charac-
teristics of radiation propagating at an angle Jrad are deter-
mined by the dynamics of particles with the highest energy 
gain.  Since  the  direction  of  emission  of  such  particles 
depends on the laser spot diameter [22], the angle Jrad also 
depends on it, which makes it possible to use this angle to 
estimate the laser spot diameter.

At j = p/2, in the case of tight focusing (DF » 1.5l), the 
widest spectrum of secondary radiation is observed at small 
angles J (see Fig. 3). With an increase in the focal spot diam-
eter, a wide spectrum of secondary radiation in the direction 
perpendicular to the laser pulse polarisation is detected in a 
direction close to Jrad; however, the spectral width turns out 
to be several times smaller than that observed along the laser 
pulse polarisation. In work [22], the j-anisotropy of the dis-
tribution of fast particles with a maximum along the polarisa-
tion  direction was  demonstrated,  which  explains  the  larger 
spectral width of radiation along this direction than that  in 
the direction j = p/2.

For  a  given  focal  spot  size,  when  the  peak  intensity  of 
laser  radiation changes,  the j-anisotropy of  the energy and 
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Figure 2. Angular distribution of the energy of secondary radiation of an electron ensemble upon scattering of a laser pulse with a duration of 
~25  fs, a power of ~200 TW and different values of the focal spot diameter DF. Concentric circles correspond to an angle J ranging from 0 to 90°.
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spectra  of  secondary  radiation  is  retained,  which  was  con-
firmed by calculations. Figure 6, using DF » 1.5l as an exam-
ple, shows how a change in the intensity of laser radiation IF 
affects the distribution of secondary radiation over the angle 
J: A change in IF from 1022 to 5 ´ 1021 W cm–2 is accompanied 
by a decrease in the width of the secondary radiation spectra 
while retaining the optimal viewing angles (small angle J » 0° 
and angle Jrad » 25°); a further decrease in intensity leads to 
the  fact  that  secondary  radiation with  the widest  spectrum 
ceases  to  be  generated  in  the  Jrad  direction.  The  results 
obtained again indicate that the generation of secondary radi-
ation in the Jrad direction is associated with the dynamics of 
high-energy particles. 

Corde  et  al.  [39]  showed  that  when  use  is  made  of  the 
approximation of a plane electromagnetic wave, an increase 
in its intensity leads to a decrease in the width of the angular 
distribution of the secondary radiation energy (450 mrad for 
a0 = 5 and 230 mrad for a0 = 10) along the polarisation direc-
tion of the scattered laser radiation. However, when electrons 
interact with a  tightly  focused  laser pulse,  the electron drift 
direction does not coincide with the laser pulse propagation 
direction  (J  =  0),  as  in  the  case  of  a  plane  electromagnetic 
wave. The  gradient  of  the  laser  pulse  intensity  leads  to  the 

repulsion of particles perpendicular to the light beam propa-
gation direction [40], and therefore the accelerated electrons 
move along the surface of a cone whose axis coincides with 
the  laser  pulse  propagation  direction.  As  a  result  of  such 
particle dynamics,  the angular distribution of  the  radiated 
energy  in  the  case  of  tight  focusing  has  a  maximum  in  a 
direction close to J = 0, for example, at DF » 1.5l, in contrast 
to the case of a longer focal system, for example, for DF » 6l, 
which  is  closer  to  the  case  of  plane  electromagnetic  waves 
when  the  energy maxima  are  displaced  relative  to  the  laser 
pulse propagation direction along the polarisation vector. As 
the  intensity  increases,  the appearance of high-energy parti-
cles moving and emitting at large angles leads to a broadening 
of the angular distribution of the secondary radiation energy, 
which is opposite to that observed in the case of scattering of 
a plane electromagnetic wave.

Let us consider how the brightness of the secondary radia-
tion  source  depends  on  the  laser  radiation  intensity.  The 
results  presented  in  this  work  were  obtained  under  the 
assumption  that  the  interaction  of  particles with  a  residual 
charge is negligible in comparison with their interaction with 
the laser pulse itself. If we were talking about interaction with 
a rarefied gas, then this would introduce a restriction on the 
concentration of particles in the volume:

ne <<  n
D
a

cr
F

0l ,   (5)

where  /(4 )n m ecr e 0
2 2pw=   is  the  critical  density  of  electrons 

(equal to 1.7 ´ 1021 cm–3 for l = 0.8 mm); and ne is the density 
of electrons.

In  the  case  under  study,  we  obtain  a  restriction  on  the 
nanofilm thickness:
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Figure 5. Spectra of secondary radiation, d2W/(dW dw), generated during NTS on 104 particles, for different values of the observation angle J along 
the laser radiation polarisation direction (j = 0) at different DF values of a laser pulse with a power of 200 TW and a duration of 25 fs.

Table 1. Emission angle Jel of high-energy particles and angle Jrad, at 
which  the  spectra  of  the  secondary  radiation  in  the  laser  pulse 
polarisation direction have the largest width, at different values of the 
focal spot diameter of the scattered laser pulse.

Angle/deg
DF/l

1.1 1.6 3.1 4.1 5.2 6.2

Jel 27 19 12 10 13 17

Jrad 36 25 15 11 16 16
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Figure 6. Spectra of secondary radiation d2W/(dWdw) in the direction of laser polarisation (j = 0) upon scattering of a 25-fs laser pulse with a focal 
spot diameter of 1.5l at a peak laser intensity IF » (a) 10 ´ 1021, (b) ~5 ´ 1021 and (c) ~1 ´ 1021 W cm–2.



927Nonlinear Thomson scattering of a tightly focused relativistically intense laser pulse

Dz <<  Dzmax =  n
a n

e

cr0

p .   (6)

The  introduced restrictions make  it possible  to estimate  the 
number of emitting particles in a real target and, as a conse-
quence,  the  brightness  of  the  secondary  radiation  source. 
Figure 7 shows the brightness of the source of secondary radi-
ation generated during NTS of a laser beam on an ultrathin 
nanofilm  (Dz » Dzmax,  1.34 ´  1011  particles  in  a  volume of 
10DF ´ 10DF ´ Dz) in the direction (j, J ) = (0, Jrad) in a spec-
tral  interval  equal  to  0.1%  of  the  emission  spectrum width 
(0.1 % BW) for various values of  the peak  intensity of  laser 
radiation focused into a spot of 1.5l in diameter (Dzmax was 
calculated for IF = 1021 W cm–2). It is seen that a decrease in 
the peak intensity leads to a decrease in the critical frequency, 
at which there is a sharp decrease in the intensity of the sec-
ondary radiation (on a double  logarithmic scale). Thus,  the 
considered critical frequency can be used to estimate the peak 
intensity of a laser pulse.

The model used also did not take into account the effect of 
the radiation friction force, which imposes a limitation on the 
laser pulse intensity:

a0 <<  
4 r
3

e
2p g

l ,   (7)

where re is the classical radius of an electron. Condition (7) 
was obtained proceeding from the smallness of the radiation 
friction force FFF »  /( )e a c2 32 2

2 0
2 2g w  [37] in comparison with 

the Lorentz force FL » a0mewc. We showed in [22] that the 
considered  parameters  correspond  to  the  condition  of  the 
model applicability. However,  it should be noted that out-
side the framework (7) of the applicability of our consider-
ation, the theoretical model, in principle, can be extended by 
taking into account the radiation friction force in the parti-
cle motion equation. This actually means that the limitation 
on  the  range  of  applicability  of  the  proposed method  for 
diagnosing laser pulses due to the force of radiation friction 
is removed.

In this work, we considered for definiteness a laser pulse 
with a  temporal envelope proportional  to  the  square of  the 
cosine  and  a  homogeneous  initial  spatial  profile  (since  it  is 
this  profile  that  is  quite  often  encountered  in  real  experi-
ments), which will make it possible to directly use the results 
obtained  to  quantitatively  estimate  the  peak  intensity  and 
diameter of the focal spot in the case of laser pulses close to 
those considered here, as well as to qualitatively estimate the 
peak intensity for pulses without violations of the smoothness 
of  the  intensity  envelope. However,  it  should be noted  that 
Kharin et al. [41] showed in the framework of the plane elec-
tromagnetic wave approximation that, strictly speaking, the 
shape of the secondary radiation spectra depends on the tem-
poral envelope of the laser pulse. Therefore, this method can 
potentially be used to diagnose the features of the temporal 
profile of a laser pulse, as well as its duration. Our proposed 
procedure for reconstructing the discussed pulse parameters 
makes this method universal and allows it to be used for vari-
ous  lasers. Note  also  that  it was  shown  in  [22,  35]  that  the 
energy distributions of electrons depend on the structure of 
the laser field near the focal spot. For example, low-intensity 
diffraction rings near the focus increase the number of parti-
cles  with  average  energy.  Therefore,  we  expect  a  similar 
response in the secondary radiation spectra, which can also be 
used  to  reveal  possible  features  of  the  laser  beam  near  the 
focal plane. Consequently, despite  the  fact  that  the calcula-
tions were carried out for a specific spatiotemporal shape of 
the laser pulse, the results obtained will be qualitatively cor-
rect  for  any  slowly  varying  spatiotemporal  shape,  and  for 
quantitative estimates necessary for diagnosing laser pulses, it 
will be necessary to carry out calculations taking into account 
the assumed shape of the laser pulse, which does not limit the 
proposed technique. Nevertheless,  the  issue of  the  influence 
of the spatiotemporal shape of a tightly focused laser pulse on 
the  secondary  radiation of  electrons  is  undoubtedly  impor-
tant and rather extensive; therefore, it can serve as a topic for 
a separate publication.

4. Conclusions

We theoretically studied nonlinear Thomson scattering of a 
tightly focused laser pulse on an ensemble of charged particles 
in an ultrathin foil. A laser pulse with a homogeneous initial 
spatial  profile was  focused by an off-axis parabolic mirror. 
All six components of the laser field were calculated using the 
Stratton – Chu  integrals,  which  allow  one  to  describe  the 
focusing of the laser beam down to the diffraction limit. In the 
calculations,  the  laser pulse  interacted with a monolayer of 
free electrons, which can be realised in the experiment using a 
sufficiently thin target, where the field produced by the resid-
ual charge turns out to be small compared to the laser pulse 
field. In this case, the dynamics of particles and, consequently, 
the characteristics of the secondary radiation are determined 
by the parameters of the laser pulse, which makes it possible 
to further use the NTS characteristics for its diagnostics.

It was shown that, as in the case of scattering of a plane 
electromagnetic wave, the energy distribution of the second-
ary radiation under NTS of a tightly focused beam is aniso-
tropic in the angle j' and has a larger angular width along the 
polarisation direction of the laser pulse. At the same time, the 
size of the laser beam diameter affects the J-distributions of 
the secondary radiation spectra, which have the largest width 
along  the direction of propagation of high-energy particles. 
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Figure 7. Brightness  of  the  source  of  secondary  radiation  generated 
during NTS of a laser beam on an ultrathin nanofoil (Dz » 0.1Dzmax, 
1.34 ´ 1011 particles in a volume of 10DF ´ 10DF ´ Dz) in the direction 
(j, J) = (0, Jrad)  in the spectral  interval equal to 0.1 % of the emission 
spectrum width (0.1 % BW) for different IF values at a pulse duration of 
25 fs and DF = 1.5l.
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Therefore, with a smaller diameter of the focal spot, second-
ary  radiation  with  the  largest  spectral  width  should  be 
detected at larger angles (at DF in the range l – 4l). In the con-
sidered example with a peak laser power of 200 TW at DF > 
5l, no further decrease in the angle Jrad was observed. In addi-
tion, at small diameters of the focal spot, the secondary radia-
tion  also  propagated  along  the  direction  of  the  laser  pulse 
propagation, and with an increase in the diameter of the focal 
spot,  the  fraction  of  such  radiation  decreased.  Therefore, 
detecting  the propagation direction of  the  secondary  radia-
tion with a wide spectrum and the fraction of secondary radi-
ation propagating forward will make  it possible  to estimate 
the diameter of the focal laser spot. The calculations showed 
an  increase  in the critical  frequency of  the secondary radia-
tion in the Jrad direction with an increase in the intensity of the 
scattered laser radiation, which can be used for its evaluation. 
Thus,  an  analysis  of  the  angular  distribution  of  secondary 
radiation and its spectral composition can form the basis of a 
new method for simultaneous diagnostics of the intensity of 
the laser pulse and the diameter of its focal spot.
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