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Abstract. Generation of coherent radiation in the IR and terahertz 
ranges during the propagation of a multi-terawatt laser pulse along 
a nanowire target is investigated. In the process of interaction, 
dense electron bunches are displaced from the target and acceler-
ated in the laser field, generating intense electromagnetic radiation. 
Three regimes of interaction can be realised depending on the dura-
tion and shape of the laser pulse. In the first regime, when the laser 
pulse is long enough (tens and hundreds of femtoseconds), electrons 
are only partially forced out of the target. The characteristics of the 
low-frequency part of the spectrum of the generated radiation are 
determined in this case by the duration of the laser pulse, as well as 
by its amplitude and target parameters (geometric dimensions and 
concentration of electrons). In the second regime, the laser pulse 
has a large amplitude and a steep rising edge (the amplitude of the 
first half-wave is of the order of the maximum pulse amplitude); as 
a result, most of the electrons are displaced from the target already 
at the initial moment of interaction. In this regime, unipolar and 
bipolar pulses with a duration of tens of laser field periods can be 
formed. Changing the target length makes it possible to control the 
period of field oscillations and their number in the generated radia-
tion. In the intermediate regime of short laser pulses with an insuf-
ficiently steep rising edge, oscillations of the formed electron 
bunches can occur in the macroscopic Coulomb attraction field of 
the charged target, which gives rise to radiation with a frequency 
several times lower than that of laser radiation. In this case, the 
pulses of the generated radiation contain a few cycles of the field 
with decreasing amplitude and increasing frequency. Using numeri-
cal simulation in three regimes of interaction, the characteristics of 
IR and terahertz radiation are found, in particular, the pulse 
shapes, ranges of generated frequencies, amplitudes and angular 

distributions of radiation are determined. It is shown that the 
amplitude of the generated pulse can reach subrelativistic and rela-
tivistic values (the field strength is more than 1 TV m–1 at a fre-
quency ten times lower than the laser radiation frequency), and the 
energy conversion efficiency can be of the order of one percent. 

Keywords: interaction of high-power laser pulses with matter, 
acceleration of electrons by laser pulses, generation of terahertz 
and IR radiation, nanoscale targets.

1. Introduction 

The development of methods for generating terahertz and IR 
radiation is of great importance for many fields of science and 
technology [1 – 3], including visualisation of the internal struc-
ture of objects, remote electromagnetic sensing, biomedical 
diagnostics, study of material characteristics, terahertz spec-
troscopy, including nonlinear one, acceleration of electrons 
and ions, etc. For the formation of terahertz and IR fields 
with a high intensity, the most promising is the use of plasma 
as a working medium, since in this case, there are no limita-
tions associated with breakdown, while high-power laser 
pulses are an excellent option for exciting plasma. Terahertz 
radiation was first experimentally recorded in the study of the 
propagation of a laser pulse in a plasma in 1993 [4]. Since 
then, a large number of different schemes have been proposed 
and studied [5 – 21] based on solid-state and gas targets: a 
high-power laser pulse ionises them and then interact with the 
resulting plasma. 

At present, nanofilms have become one of the traditional 
types of solid targets widely used in laser-plasma experiments. 
The thickness of nanofilms can be several nanometres, and 
the transverse dimensions significantly exceed the diameter of 
the laser beam and reach hundreds of micrometres. If a non-
adiabatic laser pulse with sufficient power is normally inci-
dent on such a target, then all electrons are synchronously 
displaced from the nanofilm and accelerated under the action 
of the longitudinal (along the laser beam axis) component of 
the Lorentz force [22, 23]. The first experiments convincingly 
demonstrated the formation of relativistic electron bunches 
during the interaction of high-power laser pulses with nano-
films [24 – 26]. 

The generation of coherent terahertz and IR relativistic 
pulses at normal incidence of a high-power non-adiabatic 
laser pulse on a nanofilm strip of limited width was studied in 
[13, 16, 19]. During the interaction of a laser pulse with a solid 
target, dense electron bunches are displaced from the target 
and accelerated in the laser field, generating intense electro-
magnetic radiation due to acceleration. The concentration of 
electrons in the formed bunches and their total charge increase 
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with an increase in the plasma frequency of the target, which 
leads to an increase in the maximum radiation amplitude. 
Therefore, subrelativistic intensities of terahertz and IR radi-
ation can be obtained only with the use of solid targets. 

To increase the efficiency of generation of terahertz and 
IR radiation by the displaced electron bunches the transverse 
size of the nanofilm should be comparable to the diameter of 
the laser beam or be smaller than it [19]. This condition can be 
met not only for nanofilm strips of limited width, but also 
when using low-dimensional targets, in particular, filamen-
tous targets (nanorods, nanotubes, nanowires). 

In this work, we investigated the generation of coherent 
terahertz and IR radiation generated in the course of propa-
gation of relativistic laser pulses along a filamentary target, 
which has a length comparable to or greater than the laser 
radiation wavelength l in this direction and dimensions sig-
nificantly smaller than l in the transverse direction. Similar to 
the case of normal incidence of a laser pulse on a nanofilm, 
the physical mechanism of generating radiation with a fre-
quency lower than that of the laser pulse (IR and terahertz 
ranges) can be associated with partial or complete forcing of 
electron bunches out of a filamentary target followed by their 
longitudinal acceleration by the laser pulse field. When the 
laser field reaches a sufficiently large amplitude, the electrons 
overcome the Coulomb barrier of the target and begin to 
accelerate in a direction perpendicular to the axis of the laser 
beam, emitting a dipole radiation wave. Upon proceeding to 
the relativistic regime, the longitudinal momentum becomes 
larger than the transverse one, and the entire electron bunch 
moves in the direction of propagation of the laser pulse, too 
[27]; as a result, the bunch trajectory deviates from the per-
pendicular direction towards the axis of the laser beam. The 
vector of the total momentum and the directional pattern of 
the radiation from the bunch also change direction, and the 
relativistic Doppler effect breaks the symmetry of the dipole 
radiation pattern, which leads to an increase in the radiation 
intensity of the bunch in the direction of motion. This process 
is repeated in each half-period of the laser pulse, resulting in 
the formation of an inhomogeneous wave. The acceleration 
time of electron bunches depends on the parameters of the 
laser radiation and the target and can be much longer than 
the cycle of the laser field. The emission of a single electron 
accelerated by a high-power laser pulse is considered, e.g., in 
[28, 29], and the emission of dense electron bunches from 
nanoscale targets under the action of a short relativistic laser 
pulse and their further acceleration by the laser field are stud-
ied in [30, 31]. The generation of terahertz radiation using a 
wire target in the case of weakly relativistic laser pulses was 
studied in [32, 33]. 

The efficiency of interaction with filamentous targets can 
be much higher than with thin films in the regime of normal 
incidence of a laser pulse, since with an increase in the film 
thickness (or the electron concentration in it), the reflection 
coefficient of the laser pulse increases. This reduces the trans-
mission of radiation through the film and, therefore, the 
strength of the laser field and the time of its interaction with 
plasma electrons decrease. For a filamentous target, the dis-
placed electrons and the laser pulse copropagate for some 
time, which increases the duration of their interaction, whilst 
the field amplitude varies slightly. 

Numerical simulations have shown that, depending on the 
duration and shape of the laser pulse, three regimes of inter-
action can be realised. In the first regime, when the laser pulse 
is long enough (from tens to hundreds of femtoseconds), elec-

trons are only partially forced out from the target, and in the 
optimal case, the process of forcing out occurs during the 
entire action of the laser pulse. A unipolar pulse propagates 
from the target in each direction; the low-frequency compo-
nent of its spectrum can, in a certain approximation, be con-
sidered as a result of optical field rectification during its inter-
action with the target (below, for convenience, we will call this 
case the optical field rectification regime). The characteristics 
of the low-frequency part of the spectrum depend on the 
duration of the laser pulse and its amplitude, as well as on the 
parameters of the target (geometrical dimensions and concen-
tration of electrons). 

In the second regime, the non-adiabatic laser pulse has a 
large amplitude and a steep rising edge (the amplitude of the 
first half-wave is of the order of the maximum pulse ampli-
tude). As a result, most of the electrons are displaced from the 
target already at the initial instant of interaction, and the total 
duration of the laser pulse does not play a significant role (the 
non-adiabatic laser pulse regime). Due to the large number of 
electrons in the displaced bunch, unipolar and bipolar radia-
tion pulses with a duration of tens of laser field periods and a 
relativistic amplitude can be formed in this regime. Finally, in 
the intermediate regime of short laser pulses with an insuffi-
ciently steep rising edge, some formed bunches of electrons 
return to the target, and can oscillate in the Coulomb attrac-
tion field of ions, which leads to generating radiation with a 
frequency several times lower than that of laser radiation. In 
this case, the radiation pulses contain several cycles of the 
field oscillation with decreasing amplitude and increasing fre-
quency. Since such radiation arises during the Coulomb 
relaxation of a system perturbed by a laser pulse to a state of 
equilibrium, below we will call it Coulomb relaxation radia-
tion. The characteristics of IR and terahertz radiation in three 
regimes of interaction are found, in particular, the character-
istic pulse shapes, ranges of generated frequencies, amplitudes 
and angular distributions of radiation are determined.

2. Interaction of a high-power laser pulse  
with a filamentous target in the regime  
of optical field rectification

The generation of electromagnetic radiation during the prop-
agation of a multi-terawatt laser pulse along a filamentary 
target was investigated by two-dimensional (2D3V) numeri-
cal simulation using the fully relativistic XOOPIC code [34]. 
A Gaussian laser pulse (Fig. 1a) with a wavelength of  l = 
1 mm was polarised linearly along the y axis, had a duration of 
10 periods of laser radiation (hereinafter, the total duration at 
the level e–1 from the maximum of the field amplitude is indi-
cated) and propagated from left to right along the x axis (the 
beam axis passes through the centre of the target with the 
coordinate y = 55l). The field distribution in the transverse 
direction was Gaussian with a beam diameter of 20l (at the 
1/e level for the field strength), and its dimensionless ampli-
tude a0 = 10 (intensity 1.4 ´ 1020 W cm–2). Hereinafter, the 
dimensionless field amplitude is determined in accordance 
with the expression a0 = eE0 /(mcw), where E0 is the dimen-
sional amplitude of the laser pulse; w is the laser radiation 
frequency corresponding to the wavelength l; e and m are the 
absolute value of the charge and the rest mass of electron; and 
c is the speed of light in vacuum. For convenience of com-
parison, a similar normalisation is applied to the generated 
field, in particular, to the component Bz. The left edge of the 
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target was located at a point with coordinates x = 40l, y = 
55l, the target width (size along the y axis) was 0.02l (20 nm), 
the length was 0.5l (size along the x axis), and the initial elec-
tron concentration n = 100ncr, where ncr = (mw2)/(4pe2) is the 
critical concentration. In the simulation, it was assumed that 
the target becomes ionised at the moment of the laser pulse 
arrival (since a0 >>  1), and the plasma is cold and collisionless. 
The mass of ions mi in the simulation was taken equal to 
1840m. Along the x and y axes, the cell had a size of 1.15 ´ 
10–2l, and each cell contained 2000 particles. The size of the 
simulation window in Fig. 1 was 80l ´ 110l, and in other 
cases it was 60l ´ 60l. Moving window technology was used 
in the numerical simulation. 

A typical form of the field component Bz during the prop-
agation of a high-power laser pulse along a filamentary solid-
state target is shown for two time moments in Fig. 1. After 
interaction, a spherical wave (cylindrical in 2D simulations) 
diverges from the target, its parameters (amplitude, duration, 
and shape of the pulse) changing along its front, and some of 
the target electrons are carried away by the laser pulse. The 
amplitude of the laser pulse near the axis slightly decreases 
due to energy losses for the acceleration of the target electrons 

and reflection from the target. The shape of the pulses propa-
gating along the y axis (up and down) is shown in Fig. 2. 
These pulses are slightly different because they correspond to 
different half-cycles of the laser field (positive and negative); 
they are unipolar pulses, the duration of which is determined 
by the duration of the laser pulse. There is also a high-fre-
quency component in the radiation pulses at the frequency of 
the laser field, since it is polarised in this case along the y axis. 
For polarisation of the laser field along the z axis, the emitted 
pulses will be similar (except for the reverse polarity), with the 
frequency of the high-frequency component being 2w. Since, 
as a result of the interaction of laser radiation with the target, 
a unipolar pulse propagates in each direction, we can say that 
the optical field is rectified. This statement will be supported 
below by qualitative considerations. For other values of the 
system parameters, radiation pulses can also contain short 
peaks of opposite polarity (see, for example, the right-hand 
pulse in Figs 2a and 2b, where a short single peak of positive 
polarity is visible), i.e., be bipolar. The presence of peaks of 
opposite polarity is associated with the return of part of the 
accelerated electron bunches to the target before the end of 
the laser pulse. 
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Figure 1. (Colour online) Interaction of a high-power Gaussian laser pulse with a filamentary solid-state target (the image contrast is enhanced for 
better visibility of the generated field): spatial distributions of the dimensionless component Bz of the field after (a) 40 and (b) 60 periods of laser 
radiation after the onset of interaction. 
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Figure 2. Field component Bz along a straight line passing through the middle of the target parallel to the y axis, (a) 40 and (b) 60 periods after the 
onset of the interaction. The target is located at a point y = 55l.
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The shapes of pulses propagating at angles of 90° (right-
hand pulse in Figs 2a and 2b) and 45° to the x axis are shown 
in Fig. 3. The pulses are similar in shape, but their amplitudes 
differ by a factor of 2.5 (the pulse propagating at an angle of 
45° has a larger amplitude). The total pulse lengths are com-
parable: 12l for 90° and 14l for 45°. The low-frequency parts 
of the spectra B

~
z of these pulses are shown in Fig. 4. The spec-

tra also have similar characteristics: the spectral width at the 
1/e level is 22 THz for 45° and 25 THz for 90°. In both cases, 
the maximum spectral amplitudes are achieved for the low-
frequency components. The parameters of the pulses change 
along the front of the generated wave (depend on the angle 
with respect to the direction of the laser pulse propagation) 
due to the relativistic motion and the change in the velocity 
direction of the electron bunches forming them upon acceler-
ation by the laser field after escaping from the target, as well 
as the relativistic transformation of the angular characteris-
tics of the radiation of the bunches. 

The initial moment of the laser pulse interaction with the 
target is shown in Fig. 5. Figure 5a (after 10 periods of the 
laser field from the onset of the interaction) shows several 
bunches of electrons emitted from the target. Each bunch is 
formed by its own half-period of the laser pulse; therefore, 
bunches expelled in the positive (negative) direction of the y 
axis follow with a period equal to the period of the field. 

Radiation in the positive (negative) direction of the y axis is 
formed by both groups of bunches, while the contribution of 
bunches emitted in the same direction is the largest (due to the 
relativistic Doppler transformation of the radiation ampli-
tude). The distributions along the x axis of the transverse (py) 
and longitudinal (px) momenta of emitted electrons after 20 
periods of the laser field from the onset of the interaction are 
shown in Figs 5b and 5c. Comparison of these figures shows 
that the longitudinal momentum px is approximately propor-
tional to the square of the transverse momentum py. This can 
be qualitatively explained as follows. After escaping from the 
target, each bunch falls into the field of an almost plane laser 
wave, because the displacement of the bunches along the y 
axis is significantly less than the diameter of the laser beam. 
For a single electron in a plane wave field, the longitudinal 
momentum px is proportional to the square of the transverse 
momentum py [27]. The transverse momentum of the electron 
is completely determined by the vector potential of the wave; 
as a result, the longitudinal momentum px of the electron 
turns out to be proportional to the square of the laser pulse 
field and exceeds py at a0 >>  1, while the rate of change in px 
is also much greater than the rate of change in py. Then, when 
an electron is accelerated by a wave, the radiation field gener-
ated by it along the y axis is determined mainly by the longi-
tudinal pulse px, i.e., it is also proportional to the square of 
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the laser pulse field. Thus, the interaction as a whole can be 
approximately characterised as a rectification of the optical 
field. This effect, which manifests itself most clearly when 
analysing the motion of a single electron in the field of a plane 
wave, in the presence of a target is complicated by the pres-
ence of other electrons and the Coulomb force of attraction of 
ions (see Figs 3a, 5b, and 5c). 

The characteristics of the low-frequency part of the gener-
ated radiation in this regime depend on the charges of the 
electron bunches, which are determined by the duration and 
amplitude of the laser pulse, as well as the concentration of 
electrons in the target and its geometric dimensions. As the 

amplitude of the laser pulse increases, the amplitude of the 
generated pulse also increases, but its duration decreases. 
This is due to the earlier formation of outgoing bunches, 
because they begin to form at a certain amplitude of the laser 
pulse half-wave, and in the case of a Gaussian pulse, several 
weaker half-waves will always pass before the arrival of the 
forming half-wave. When the target is depleted (all electrons 
leave it), the radiation is significantly attenuated; as a result, 
the duration of the formed pulse decreases. Thus, in this 
regime, it is important to match the amplitude of the laser 
pulse with the concentration of electrons in the target in order 
to obtain a radiation pulse with the longest duration and 
greatest amplitude. 

3. Radiation arising from Coulomb relaxation 
oscillations of an electron bunch after exciting 
the target by a short laser pulse

Another mechanism of generation of radiation, whose fre-
quency is low as compared to the frequency of the laser field, 
is shown in Fig. 6. A Gaussian pulse has a total duration of 
two periods of laser radiation, its amplitude is a0 = 20, and the 
target length is 2l, the other parameters are the same as for 
Fig. 1. The left edge of the target is located at a point with 
coordinates x = 30l, y = 30l. The spatial distribution of the 
component Bz and the field along a straight line passing 
through the middle of the target parallel to the y axis are 
shown in Fig. 6a (on the right side, a laser pulse is seen that 
passed through the target) and Fig. 6b, respectively. 
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In this intermediate regime of short laser pulses with an 
insufficiently steep rising edge, the electron bunches that 
escaped from the target at the initial stage of interaction, after 
some time lag behind the laser pulse and are accelerated in the 
negative direction of the x axis by the macroscopic Coulomb 
field of the charged target, determined by spatial distributions 
of ions and returned low-energy electrons. When approach-
ing the target, bunches of electrons can gain relativistic 
energy; as a result, they fly through the region where the ions 
are located and begin to oscillate around it along the x axis. 
The shape and size of the electron bunch continuously change 
in the course of motion, the maximum size during the first 
period of oscillations is up to 0.5 mm along the y axis and up 
to 1.5 mm along the x axis, while the maximum deviations of 
the bunch centre from the target centre are not greater than 
0.3 mm along the y axis and 1.1 mm along the x axis. It should 
be noted that a bunch can cross the horizontal axis several 
times in one oscillation period. With such oscillations, the 
velocity of the bunch along the horizontal axis approaches the 
speed of light at certain times, which leads to the characteris-
tic radiation pattern shown in Fig. 6. If two or more electron 
bunches are involved in the oscillations, the radiation pattern 
can be much more complicated. 

The first period of high-amplitude radiation in the posi-
tive and negative directions of the y axis is associated with the 
initial displacement of electron bunches from the target and 
return to it, while the remaining half-periods are associated 
with oscillations of the bunches in the Coulomb field of the 
target. The initial amplitude of the field generated during the 
oscillation of electron bunches turns out to be of the order of 
0.1, then the amplitude decreases, and the period of the oscil-
lations also slightly decreases. The total duration of the radia-
tion pulse is determined by the decay time of the electron 
bunch. It should be noted that a similar mechanism for gener-
ating low-frequency radiation can be realised with nanofilm 
targets [13]. 

The shapes of pulses propagating at different angles to the 
x axis are shown in Fig. 7. A decrease in the duration and an 
increase in the amplitude of negative half-waves at an angle of 
45° and positive half-waves at an angle of 135° is associated 
with the relativistic Doppler effect [27]. Thus, the half-wave at 
values of s/l from 60 to 65 in Fig. 7c (angle 135°) is generated 
during the relativistic motion of the bunch to the right (in the 
positive direction of the x axis), and the half-wave at s/l from 
58 to 60 is generated during the bunch motion to the left (in 
the negative direction of the x axis). At angles close to 90° 
relative to the x axis, the relativistic Doppler transformation 
does not play a significant role; therefore, the durations of 
negative and positive half-waves of radiation field are close 
(Fig. 7b). Thus, in general, the radiated field has a strong 
phase modulation and a wide frequency spectrum (Fig. 8), 
i.e., the radiation is very different from the harmonic one, 
which is especially pronounced for angles of 45° and 135°. 
The maximum of the emission spectrum for all angles falls on 
about 43 THz for the selected simulation parameters and the 
wavelength turns out to be on the order of seven laser radia-
tion wavelengths. In the emission spectrum, the ratio of the 
intensities of the second and first harmonics is greatest for an 
angle of 135°. The maximum amplitude of the Coulomb 
relaxation radiation is also the largest in this direction, and 
the durations of the positive half-waves are the smallest. This 
is because the first return of electron bunches after excitation 
to the initial position of the target occurs when moving in the 
negative direction of the x axis, since the laser pulse moves to 

the right. At the first return, the bunches are still relatively 
dense and compact, and the amplitude of their oscillations is 
greatest, then the size of the bunches grows, and the concen-
tration of electrons in them decreases, the amplitude of the 
oscillations also decreases, and the radiation amplitude 
decreases. The lowest harmonic level and pulse amplitude are 
recorded at an angle of 90°. It should be noted that, taking 
into account the value of the period, the maximum amplitude 
of the relaxation radiation turns out to be subrelativistic in 
this case. 

4. Interaction of a high-power non-adiabatic 
laser pulse with a filamentous target

In this regime, a non-adiabatic laser pulse has a large ampli-
tude and a steep rising edge; as a result, most of the electrons 
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are displaced from the target already at the initial moment of 
interaction and carried away by the laser pulse. The spatial 
distribution of the Bz component 20 cycles of the laser field 
after the onset of interaction is shown in Fig. 9a, and the field 
along a straight line passing through the middle of the target 
parallel to the y axis is shown in Fig. 9b. A Gaussian laser 
pulse has a steep rising edge with an amplitude of the first 
half-cycle of the field of the order of the maximum pulse 
amplitude (the rise time is much shorter than the pulse decay 
duration); the total duration is three cycles of laser radiation. 
The field is polarised along the z axis, the dimensionless 
amplitude is 20, and the other parameters are the same as for 
Fig. 1. The left edge of the target is located at a point with 
coordinates х = 30l, у = 30l; its length is 0.5l. At these 
parameters, a unipolar pulse with an amplitude of ~0.2 and a 
total length of ~5l is formed, which is similar to bipolar 

pulses formed at normal incidence of a nonadiabatic laser 
pulse on a nanofilm strip of limited width [19]. 

Figure 10 shows the distribution of the electron concen-
tration 20 cycles of the laser field after the onset of the interac-
tion. On the right, a dense bunch of emitted electrons is visi-
ble, which continues to move to the right along with the laser 
pulse. On the left, a somewhat less dense bunch is also visible, 
which is formed by electrons that have turned back due to the 
Coulomb attraction by ions. The target ions are located near 
a point with х = 30l, where the electron concentration is low. 
The maximum concentration of electrons in a bunch accom-
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panying a laser pulse turns out to be almost two orders of 
magnitude higher than the concentration in other bunches at 
this time and amounts to about 2 ´ 1021 cm–3, i.e., the laser 
pulse carries away most of the target electrons. 

An increase in the target length generally leads to the 
appearance of two radiation sources located near the ends of 
the target. The spatial distribution of the Bz component after 
20 periods of the laser field after the onset of interaction for 
this case is shown in Fig. 11 (the laser pulse is visible on the 
right). The target length is 5l, the laser pulse has a total dura-
tion of two cycles of laser radiation, and the other parameters 
are the same as for Fig. 1. The radiation field is formed as a 
result of the superposition of two cylindrical waves with axes 
shifted by the target length and usually has a complex struc-
ture. With an even greater increase in the target length and at 
a fixed laser pulse amplitude, the field structure is qualita-
tively retained. However, the number of accelerated bunches 
increases, some of them slow down and turn back, which 
leads to chaotic generation of short pulses with reverse polar-
ity. As a result, the radiation field in each direction takes the 
form of a random sequence of short radiation pulses. The 
possibility of effective use of such fields requires a separate 
study. 

At the same time, by a consistent choice of the target 
length and the laser pulse amplitude, it is possible to synchro-
nise the radiation pulses from the left and right ends of the 
target. In this case, the pulses are added coherently, which 
leads to an increase in both the maximum radiation ampli-
tude and its duration. The spatial distribution of the Bz com-
ponent for such a case is shown in Fig. 12a, and the field 
along a straight line passing through the middle of the target 
parallel to the y axis is shown in Fig. 12b. The target length is 
2l, the other parameters are the same as for Fig. 9. In this 
case, the maximum radiation amplitude more than doubled 
and attained 0.45 (the field strength in dimensional units is 
~1.5 TV m–1 at a distance of 20 mm from the target), the 
period is approximately 5l, the pulse becomes bipolar and 
contains two oscillation cycles. With such parameters, this is 
already a pulse of relativistic radiation, and its effective 
dimensionless amplitude, calculated taking into account the 
real radiation frequency, is 2.25, i.e., the conversion coeffi-
cient for the effective dimensionless amplitude turns out to be 

more than 11 % (2.25/20). The value of the dimensionless 
amplitude plays an important role in the action of radiation 
pulses on charged particles. The coefficient of conversion of 
the laser pulse energy into the energy of the generated radia-
tion (the energy efficiency of the process) is, in this case, 
~0.7 %. The energy of the laser pulse used in the simulation is 
8.6 J (the required peak power of the laser pulse is ~850 TW); 
therefore, the energy of the generated radiation reaches 
60 mJ. A further matched increase in the laser pulse ampli-
tude and target length leads to an increase in the radiation 
amplitude and period. For example, by increasing the laser 
pulse amplitude to 50 and the target length to 5l, one can 
obtain radiation pulses with an amplitude of 0.7 and a 
period of 10l, while the pulse shape approximately corre-
sponds to Fig. 12b. Here, the conversion coefficient for the 
effective dimensionless amplitude reaches 14 %, and the con-
version coefficient for energy turns out to be ~0.4 %. Further 
increase in the amplitude of terahertz and IR radiation is 
possible by using the focusing of generated pulses [19]. In 
addition, since the radiation pulses are formed by the rising 
edge of the laser pulse, its length can be reduced in compari-
son with that used in the simulation (3l). The diameter of 
the laser beam can also be reduced to four to five wave-
lengths, which will lead to a further increase in the energy 
efficiency of generation. 

Analysis of Figs 9 and 12 shows that an increase in the 
target length with a constant laser pulse amplitude converts a 
unipolar pulse into a bipolar one; in addition, the number of 
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cycles of the generated radiation increases. This is because 
low-frequency radiation is formed mainly at the ends of the 
targets; therefore, the left and right ends emit with a time 
delay required for the laser pulse to travel the length of the 
target, resulting in repeated radiation pulses. Unfortunately, 
the reserves for using this approach when increasing the tar-
get length are limited, because the required amplitudes of the 
laser pulse quickly become too large, for example, for a target 
with a length of 10l, a0 = 100 is required (the radiation fre-
quency is 15 THz, and the period is 20l). 

Thus, due to the large number of electrons in the displaced 
bunch, the interaction of a high-power non-adiabatic laser 
pulse with a filamentary target can form unipolar and bipolar 
radiation pulses with a duration of tens of laser periods and a 
relativistic amplitude. In this case, the radiation characteris-
tics are determined mainly by the amplitude of the half-wave, 
displacing most of the electrons, and weakly depend on the 
total duration of the laser pulse. In addition, changing the 
target length makes it possible to control the value of the 
period and the number of oscillations of the generated radia-
tion. 

5. Discussion of results and conclusions 

The longitudinal scheme of interaction of high-power laser 
pulses with a filamentous target is characterised by a signifi-
cant increase in the interaction time of electron bunches dis-
placed from the target and the laser pulse compared to the 
case of its normal incidence on a nanofilm target. The exper-
imental implementation of the considered scheme requires 
solving the problem of fixing the target in the appropriate 
way. Indeed, the target is located on the axis of the laser 
beam; therefore, the presence of any elements supporting it 
can significantly change the nature of the interaction. 
However, it should be taken into account that in two-dimen-
sional modelling, the target is assumed to be infinite along 
the z axis. Consequently, in the experiment, nanofilm strips 
with a width equal to the length of the filamentous target in 
two-dimensional simulation can be used. In this case, the 
strip of the nanofilm should be located along the z axis, and 
the incidence of the laser pulse should be grazing. The 
obtained simulation results can be used in experiments if the 
laser beam has an elliptical cross section with the length of 
the major axis much larger than the nanofilm width (size 
along the x axis), or for a conventional laser beam with a 
circular cross section with the diameter much larger than the 
nanofilm width.

Thus, in this paper, we investigated the generation of 
coherent radiation in the IR and terahertz ranges during the 
propagation of a multi-terawatt laser pulse along a nanowire 
target. In the process of interaction, dense electron bunches 
are displaced from the target and accelerated in the laser field, 
generating intense electromagnetic radiation. It is shown that, 
depending on the duration and shape of the laser pulse, three 
regimes of interaction can be realised. 

In the first regime – the regime of the optical field rectifi-
cation – the laser pulse can be quite long (tens and hundreds 
of femtoseconds), and electrons are only partially forced out 
of the target. In this case, the generated radiation has the 
form of unipolar pulses, and the characteristics of the low-
frequency part of their spectrum are determined by the dura-
tion of the laser pulse, as well as by its amplitude and target 
parameters. In the second regime, the non-adiabatic laser 
pulse has a large amplitude and a rather steep rising edge (the 

amplitude of the first half-wave is of the order of the maxi-
mum pulse amplitude). As a result, most of the electrons are 
displaced from the target immediately at the initial stage of 
interaction. In this regime, relativistic unipolar and bipolar 
pulses with a duration of tens of laser field periods can be 
formed. Changing the length of the target allows controlling 
the value of the period and the number of periods in the gen-
erated pulse. Finally, in the intermediate regime of short laser 
pulses with an insufficiently steep rising edge, relaxation oscil-
lations of the formed electron bunches can arise in the macro-
scopic Coulomb field of a charged target after its excitation, 
which gives rise to Coulomb relaxation radiation with a fre-
quency several times lower than that of laser radiation. In this 
case, the pulses of the generated radiation contain several 
cycles of field oscillation with decreasing amplitude and 
increasing frequency. 

Using numerical simulation, the characteristics of IR 
and terahertz radiation are found in three regimes of inter-
action, in particular, the pulse shapes, ranges of generated 
frequencies, amplitudes and angular distributions of radia-
tion are determined. It is shown that the amplitude of the 
generated pulse can reach subrelativistic and relativistic val-
ues (the field strength in dimensional units is ~1.5 TV m–1 at 
a distance of 20 mm from the target), and the energy conver-
sion efficiency can be about 0.5 % – 0.7 %. More detailed 
studies of radiation in three regimes will be presented in sub-
sequent publications.
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