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Abstract.  We consider the effect of electron – positron pair produc-
tion on the generation of a quasi-stationary magnetic field in the 
interaction of an ultra-intense circularly polarised laser pulse with 
a thick plasma target. Full-scale three-dimensional numerical simu-
lations by the particle-in-cell method performed taking into account 
quantum electrodynamic effects indicates a qualitative change in 
the generation of the magnetic field at a laser radiation intensity
I L  10 24 W cm–2, which gives rise to a macroscopic number of elec-
tron – positron pairs. In this case, the amplitude of the magnetic 
field increases with an increase in the radiation intensity, whereas 
the amplitude of the magnetic field is hardly intensity-dependent 
when the effect of electron – positron pair production is neglected. 

Keywords: inverse Faraday effect, electron – positron pair produc-

tion, particle-in-cell simulation.

It is believed that next-generation laser systems (ELI-NP [1], 
Apollon [2]) will enable experimental studies of laser-plasma 
interactions in the parameter range that delimits the classical 
and quantum regimes. One of the most significant features in 
this case is the radiation reaction force, which is able to largely 
determine the dynamics of particles. To date, numerical simu-
lations  have  revealed  a  large  number  of  configurations  of 
laser-plasma interaction in which the radiation reaction leads 
to new effects, such as radiative trapping of particles [3 – 5], an 
increase in the amplitude of plasma waves [6, 7], new regimes 
of  ion  acceleration  [8 – 12],  effective  absorption  of  a  laser 
pulse [13 – 15], etc.

Despite  the  importance  of  the  problem  of  the  particle 
dynamics in an external electromagnetic field with radiation 
friction taken into account, in fact it has not yet been solved 
in the general case. Quasi-classical approximation can often 
be used, according to which the radiation reaction can be con-
sidered as an additional force in the equation of motion of a 
charged particle. In addition to the classical expression for the 
radiation reaction force written in the Landau – Lifshitz form, 
if necessary, one can take into account the quantum correc-
tion to the force associated with the cutoff of the synchrotron 

radiation  spectrum at  an  energy  equal  to  the  energy of  the 
radiating particle, which leads to a decrease in the total radia-
tion power and can be accounted for the multiplication of the 
force by some factor g < 1 [16, 17]. This factor depends on the 
dynamic quantum electrodynamic (QED) particle parameter 
c, which is equal to the ratio of the effective field in the parti-
cle’s  own  reference  frame  to  the  Sauter – Schwinger  critical 
field ES [18]: 

E
E B E

S

2 2

c
g u u#

=
+ -_ _i i

,  (1)

where 

E e
m c

S
e
2 3

'
=  » 1.32 ́  1018 V m–1;  (2)

g is the Lorentz factor of the particle; u is the particle velocity; 
E and B are the electric and magnetic fields, respectively; me is 
the electron mass; c  is  the speed of  light;  '   is Planck’s con-
stant; and e > 0 is the electron charge magnitude.

In  this  work,  we  study  the  absorption  of  the  angular 
momentum of high-intensity circularly polarised laser radia-
tion  by  a  plasma  (also  called  the  inverse  Faraday  effect), 
which leads to the generation of a quasi-stationary magnetic 
field [19 – 28]. In the presence of additional interaction, which 
can be associated, for example, with plasma fields [26], inter-
particle collisions [27] or radiation reaction [28], the electro-
magnetic angular momentum carried by a circularly polarised 
laser pulse can be transferred to plasma electrons. In this case, 
the electrons acquire a torque that gives rise to an azimuthal 
current and, therefore, to an axial magnetic field. In our work, 
it is the radiation reaction that is considered as the dissipative 
force. In this case, the inverse Faraday effect can be qualita-
tively described from the quantum point of view: In the course 
of nonlinear Compton scattering, an electron absorbs N >> 1 
laser photons with a total orbital angular momentum N'  and 
radiates  one  high-energy  photon  with  an  orbital  angular 
momentum ' , and the difference in angular momentum (N – 
1)'  is converted into the orbital motion of the electron. 

Analytical models were proposed in [28, 29] that describe 
this process both in the classical and quantum regimes. In the 
latter case, the semiclassical approach considered above was 
used, which made it possible to calculate a decrease in the effi-
ciency of generation of the magnetic field and, therefore, its 
maximum amplitude due to the factor g. However, when the 
radiation intensity is as high as 1024 W cm–2, the interaction 
occurs in the regime when each photon radiated by the elec-
tron can carry away a significant part of its energy. Together 
with  the  fact  that  the  radiation  is  stochastic  in  nature,  this 
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leads to a significant spread of the parameters of particles, for 
example,  of  the  energy  relative  to  the mean  value,  which  is 
described by the semiclassical approach. It is evident that the 
angular  momentum  absorption  efficiency  calculated  from 
some averaged particle characteristics, in the general case, does 
not coincide with the coefficient obtained as a result of averag-
ing the efficiency calculated for each individual particle. 

At such intensities, an equally important QED effect is the 
decay of gamma photons radiated by electrons into electron –
positron pairs (the Breit – Wheeler process) [30]. Recent stud-
ies have shown that this process can significantly modify the 
interaction  of  laser  radiation  with  matter  [31 – 37].  In  this 
paper, we consider the so far separately unexplored problem 
of the influence of secondary particles produced as a result of 
QED processes on  the generation of magnetic  fields during 
the  interaction  of  high-power  laser  radiation with  plasmas. 
Due to the complexity of the phenomenon, the main research 
tool in our work was numerical simulation. 

Full-scale  three-dimensional  numerical  simulations 
were performed with  the QUILL  code  [38], which  imple-
ments  the  particle-in-cell  method  and  the  Monte  Carlo 
method for describing quantum processes. The initial field 
distribution of the laser pulse was set in such a way that at 
the instant the centre of the laser pulse crossed the plane x 
= 0, which coincided with the left boundary of the target, 
it was of the form: 
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where r2 = y2 + z2; a0 = eE/(mecwL) is the dimensionless pulse 
amplitude; wL = 2pc/l; l = 1 mm is the radiation wavelength; 
sx = c/t; t = 10 fs is the pulse duration; r0 = 3.2 mm is the 
beam waist radius; and n = 2 for the Gaussian envelope and 
n = 4 for the super-Gaussian one. The simulation results sug-
gest that the transverse envelope of the laser pulse does not 
significantly affect  the generation of  the magnetic  field and 
the  electron – positron  pair  production.  The  grid  steps  in 
space are Dx = 0.015l and Dy = Dz = 0.25l, and the time step 
is Dt = 0.01l/c. In the target region (0 < x < d, –10l < y, z < 
10l, where d is the target thickness), two particles, an electron 
and an ion, were initialised to simulate a completely ionised 
plasma with a density ne in each cell. The size of the simula-
tion domain was 35l in the x coordinate and 25l in the y and 
z coordinates.

Initially,  we  determined  the  parameters  of  the  plasma 
target  for  which  the  amplitude  of  the  generated magnetic 
field  reached  its maximum,  in  the  case when  the  decay  of 
photons  into  electron – positron  pairs  was  not  taken  into 
account.  It  was  found  that  the  optimal  parameters  of  the 
laser  radiation  and  the  target  are  in  the  relation  a0 =  kne, 
where ne is the electron density of the target measured in units 
of nonrelativistic critical density ncr = mewL

2/(4pe2), and k is a 
numerical coefficient of  the order of 10.  It was  found that 
the laser pulse is greatest absorbed by the target rather than 
reflected from it when this relation is fulfilled (Fig. 1). The 
presence of a maximum in the dependence of the absorption 
coefficient  on  the  plasma  density  can  be  attributed  to  the 
fact that at low plasma densities it is impossible to generate 
sufficiently  high  currents  to  absorb  the  laser  pulse,  and 

therefore  it  passes  through  the  target  with  hardly  any 
absorption and, when interacting with supercritical plasma, 
the laser pulse is reflected without being strongly absorbed. 
In  the  intermediate region corresponding to a near-critical 
plasma, that is, to a plasma with a density ne » 0.1a0ncr, the 
laser pulse undergoes strong absorption.

Next,  we  carried  out  a  series  of  numerical  simulations 
with different parameters of  the  laser pulse and  target: The 
laser pulse amplitude a0 varied in the range 250 – 2500, which 
corresponded to the intensity range 7 ́  1022 – 7 ́  1024 W cm–2, 
the target density satisfied the condition a0 = 12.5ne, and the 
target  thickness was d =  10 mm. Each  simulation was  per-
formed  twice:  with  and  without  the  decay  of  photons  into 
electron – positron  pairs. An  example  of  the  distribution  of 
the quasi-stationary magnetic field is shown in Fig. 2.

An analysis of the simulation data indicates the existence of 
different laser pulse – target interaction regimes. For a dimen-
sionless laser pulse field amplitude a0 K  750, an increase in the 
laser pulse intensity leads to an increase in the amplitude of the 
generated magnetic field, while taking into account the decay 
of hard photons  into electron – positron pairs has hardly any 
effect on the generation of the magnetic field (Fig. 3). This can 
be  explained  by  the  fact  that  the  angular momentum of  the 
laser  pulse  is  zero  on  its  symmetry  axis,  and  the  angular 
momentum is at its maximum in the region of the maximum of 
the radial derivative of the field intensity, that is, at the edges of 
the laser pulse. In this case, the decay of hard photons is deter-
mined by the magnitude of the field, and the absorption of the 
angular  momentum  is  determined  by  the  magnitude  of  the 
radial derivative of the field. Thus, these processes are spatially 
separated and therefore hardly affect each other. 

Without taking into account the decay of gamma photons 
into electron – positron pairs, for a dimensionless laser pulse 
field amplitude a0 L  750 the simulations showed a decrease in 
the efficiency of magnetic field generation and the attainment 
of  the  limiting  value  of  the magnetic  field  amplitude  for  a 
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Figure 1. Coefficient  of  laser  pulse  absorption by  a  thick  target  (d =  
10 mm) as a function of the electron density calculated as the difference 
from unity of the ratio of the final laser pulse energy to the initial one. 
In the simulation, the laser field amplitude a0 = 500 was used, and the 
decay of gamma photons  into electron – positron pairs was not  taken 
into account. The maximum absorption coefficient is reached for ne = 
40ncr = a0ncr/12.5.
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radiation intensity I » 1024 W cm–2,  in accordance with the 
semiclassical  description  developed  in  [29].  Taking  into 
account  the  production  of  electron – positron  pairs,  this 
dependence  changes  qualitatively.  For  a  laser  pulse  field 
amplitude  of  750  K   a0  K   1250,  which  corresponds  to  the 
intensity at which a macroscopic number of pairs begins  to 
emerge (their density reaches a maximum of 1.3 ́  1024 cm–3 » 
9.5ne for a0 = 1000), a decrease in the magnetic field ampli-
tude is observed compared to the case when the simulation is 
performed without photon decay taken into account. When 
simulating  in  the  indicated  range of  laser pulse  amplitudes, 
electron – positron  pairs  are  formed mainly  behind  the  rear 
boundary of  the  target  and near  the  axis  of  the  laser  pulse 
(Fig. 4b), which, possibly, is one of the reasons for a decrease 

in  the efficiency of magnetic  field generation. However,  the 
specific mechanism due to which this happens is still unknown, 
and this issue calls for additional investigation.

With a further increase in the laser pulse amplitude (a0 L  
1250), the direct dependence of the magnetic field amplitude 
on it is restored. In this case, the electron – positron plasma is 
produced  inside  the  channel  devoid  of  target  particles  and 
formed in the process of hole-boring, while its density becomes 
comparable  to  the  target  density  and  reaches  a  maximum 
value of 3.2 ́  1025 cm–3» 94.7ne for a0 = 2500 (Fig. 4c). In this 
regime, the electron – positron plasma, apparently, also par-
ticipates in the absorption of the angular momentum of laser 
radiation  and,  consequently,  in  the  generation  of  the mag-
netic  field.  This  leads  to  the  fact  that  the  amplitude  of  the 
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Figure 2. (Colour online) Distributions of the longitudinal quasi-stationary magnetic field Bx obtained by simulations taking into account gamma 
photon decay into electron – positron pairs for a laser field amplitude a0 = 1500 at different points in time (a) in the plane ‘longitudinal coordinate 
x – radius r’ and (b) on the x axis. Vertical dashed lines indicate target boundaries. The magnetic field is normalised to the quantity mecwL/e » 
0.1 GG for l = 1 mm. By the point in time t = 15l/c, the laser field in the target region is practically absent due to its absorption and partial reflec-
tion.

0 500 1000 1500 2000 2500 2500
a0

2

4

6

8

10

Bx/GG Bx/GG

0 500 1000 1500 2000
a0

2

4

6

8

10

a b

Figure 3. (Colour online) Dependences of the amplitude of the generated magnetic field on the amplitude of the laser pulse in the simulation (a) with 
and (b) without electron – positron pair production. Red curves: the maximum value of the longitudinal magnetic field; blue (green) curves: the aver-
age value of the magnetic field, calculated by formula (4) for m = 1 (0).
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magnetic field does not saturate, as in the case when pair pro-
duction is not taken into account, but continues to grow with 
increasing radiation intensity. Interestingly, in this regime the 
electron – positron plasma is ‘trapped’ by the laser pulse, that 
is, the laser pulse does not push it in the transverse direction 
by the ponderomotive force, in contrast to the target plasma. 
As noted above, the effect of radiative trapping and a signifi-
cant change  in  the macroscopic dynamics of particles when 
interacting with laser radiation, whose intensity is close to the 
threshold for the onset of the production of a large number of 
electron – positron  pairs  from photons,  is  observed  in  some 
other configurations of laser-plasma interaction.

It should be noted that there are several ways to determine 
the amplitude of  the magnetic  field  from numerical  simula-
tion  data.  In  particular,  we  used  three  different  methods 
according  to  which  the  dependence  of  the  magnetic  field 
amplitude on the laser pulse intensity repeats the one described 
above. The first method corresponds to the red curve in Fig. 3 
and  involves  calculating  the  minimum  (due  to  the  chosen 
polarisation of the laser pulse, the generated magnetic field is 
directed oppositely to the x axis) of the magnetic field compo-
nent Bx over the entire region and over the simulation time. 
The second and third methods correspond to the green and 
blue curves in Fig. 3 and involve calculating, over the simula-
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Figure 4. (Colour online) Electron – positron plasma structures produced during the interaction of laser radiation with a thick target for a0 = (a) 
500, (b) 1000, and (c) 2500. The distributions of electron (ne; green), ion (ni; blue), and positron (np; red) densities normalised to the relativistic 
critical density a0ncr are presented in the xy plane at the point in time  t = 20l/c. The maximum densities of the electron – positron plasma were 
1.1 ́  1023 cm–3 » 1.7ne, 1.3 ́  1024 cm–3 » 9.5ne, and 3.2 ́  1025 cm–3 » 94.7ne for a0 = 500, 1000, and 2500, respectively.
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tion  time,  the  minimum  of  the  average  component  value 
,BxG H  calculated by the formula 

max

( , ) d dB
r x
m B x r r r x1

max max
x m x

m
1

max

G H=-
+

+

x r

0 0
y y , (4)

where m = 0, 1; xmax = 2d; and rmax = 1.5r0.
Thus, we have discovered an effect consisting in a qualita-

tive change in the generation of a quasi-stationary magnetic 
field during the interaction of circularly polarised laser radia-
tion with a thick plasma target when the radiation intensity 
exceeds 1024 W cm–2, which is associated with the production 
of  a  macroscopic  number  of  electron – positron  pairs.  The 
production of pairs has  the effect  that  the amplitude of  the 
magnetic field increases with increasing intensity of laser radi-
ation. When the pair production is neglected, the amplitude 
of the magnetic field reaches a certain limiting value and does 
not  increase  at  an  intensity  above  1024 W  cm–2.  The  result 
obtained is an important addition to the qualitative picture of 
this process. An explanation and an analytical description of 
the mechanism of magnetic  field generation with allowance 
for  the  production  of  secondary  particles  is  planned  to  be 
given in future publications.
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