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Abstract

CrossMark

Electromagnetic emission at the second harmonic of the plasma frequency produced by
nonlinear interaction of counterpropagating laser-driven potential plasma waves are studied
using particle-in-cell simulations. This process has been recently proposed as a method for

generating high-power tunable THz radiation with a narrow spectral line-width (Timofeev et al
2017 Phys. Plasmas 24 103106). In the present paper, we find the optimal conditions for

demonstrating this phenomenon in a laboratory experiment that implies excitation of colliding
wakefields by axially symmetric 830 nm Gaussian laser pulses with the total energy 0.2 J in a
supersonic gas jet. It is shown that the emission mechanism based on the collision of different-

size wakes is always accompanied with the mechanism of plasma antenna which begins to
radiate electromagnetic waves after the build-up of periodic ion density modulation. Such
additional emission makes hydrogen more attractive for this generating scheme than gases with

heavier atoms.

Keywords: plasma wakefields, terahertz generation, electromagnetic emission at plasma

frequency harmonics

(Some figures may appear in colour only in the online journal)

1. Introduction

Generation of electromagnetic (EM) radiation at harmonics of
the plasma frequency w, via nonlinear interaction of elec-
trostatic (potential) plasma waves is a fundamental problem
which has long been studied in relation to both space and
laboratory plasmas [1-5]. These emission processes are pre-
sently believed to play the role in solar radio-bursts [6—8] and
laboratory experiments on terahertz generation in mirror traps
[9-14] where potential plasma waves are excited by the
directed electron flows. The same nonlinear processes may
also generate EM radiation with much shorter wavelengths
(UV and x-ray) in a solid-state plasma with counter-streaming
electron fluxes arising during two-sided irradiation of a thin
foil by relativistically strong laser pulses [15].

Much effort in recent years has been made for the
development of high-power terahertz schemes based on var-
ious plasma processes capable of converting potential plasma
waves in electromagnetic ones [16-19]. The attractive feature

0741-3335/20/045017+09$33.00

of plasma-based THz sources is a possibility to tune the
emission frequency by varying the plasma density and to reach
high values of emission power by exciting large-amplitude
electric fields overcoming the threshold of matter destruction.
For the linear transformation of subluminal potential plasma
waves driven by laser or particle beams to superluminal
electromagnetic modes, one should use either inhomogeneities
of plasma density (regular [20] or periodic [16, 21]) or external
magnetic fields [22-24]. Another opportunity to transfer elec-
trostatic energy to EM oscillations is the nonlinear interaction
of two potential plasma waves producing EM emission at the
second harmonic of the plasma frequency. In contrast to
wy-radiation generated at the plasma cut-off for EM waves, the
second harmonic emission is not screened by the surrounding
plasma and freely escapes from it. Since such a process can
occur in a plasma with the uniform density, the produced
radiation allows for a narrow spectral line-width. The possi-
bility of efficient EM emission at 2w, has been firstly found
in a plasma with counter-streaming electron beams due to
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three-wave interactions between dominant waves colliding at
some acute angle [25-28]. In our recent papers [29, 30], we
have shown that the similar EM emission process can also be
efficiently realized via the head-on collision of Langmuir
waves with differing potential profiles. The role of such col-
liding waves can be played by either plasma wakefields driven
by femtosecond laser pulses focused in different-size spots [29]
or unstable plasma oscillations excited by different-size elec-
tron beams via the two-stream instability [30].

The main advantage of the scheme with colliding
wakefields is the possibility to generate GW, multi-mJ ter-
ahertz pulses by using modern petawatt-class laser systems
[29]. Before reaching these record parameters at the most
powerful facilities, we propose to verify the idea in a proof-
of-principle experiment that is planned to be carried out
using the terawatt laser system (830 nm, 0.2 J, > 20 f5s)
developed in the Institute of Laser Physics (ILP SB RAS,
Novosibirsk, Russia) [31]. In this experiment, by the col-
lision of axially symmetric Gaussian laser pulses in a
supersonic gas jet, we expect to demonstrate down-conver-
sion of high-frequency laser radiation (\y = 830 nm) to
low-frequency THz radiation (A = 10 um) with the effi-
ciency exceeding 0.01%. The choice in favor of 10 pum (the
wavelength of CO, laser) is made for more convenient
detection of such radiation. The main goal of this experiment
is to prove the principal possibility of such down-conversion
which can be easily scaled to high-power CO, laser drivers
capable of producing much lower THz frequencies. Thus,
the goal of the present paper is to find the optimal parameters
for this demonstration experiment and confirm the perfor-
mance of the proposed generating scheme in the optimal
regime by full-scale particle-in-cell (PIC) simulations. Fea-
sibility of the scheme with colliding laser pulses at high
intensities has been already demonstrated experimentally
[32] with regard to the problem of electrons injection in a
wakefield accelerator.

Our simulations of the discussed phenomenon reveal
that the collision of plasma wakes with differing potential
profiles is not the only mechanism that contribute to radial
EM emission at the second harmonic of the plasma fre-
quency. The comparable contribution to the total energy of
the produced radiation comes from the mechanism of plasma
antenna [33-36] which begins to work after modulation of
ion density by oppositely moving wakes. The period of this
modulation is too short to generate w,-radiation via the
linear conversion of each wake [21], but is appropriate for
nonlinear interaction of the primary wake with its long-
wavelength satellite reflected from the ion density pertur-
bation [37]. Due to formation of an inhomogeneous ion
density with the well predictable spatial structure, the pro-
posed experiment will allow us to study the mechanism of
the second harmonic antenna emission in that simplified
form which is usually discussed in idealized theoretical
models and will give us important information for under-
standing similar emission processes occurring in more
complex unstable electron beam-plasma systems.

2. Radiation mechanisms

Let us calculate the power of the second harmonic emission
produced by colliding plasma wakefields. Superposition of
two Langmuir waves (wakes) driven by the ponderomotive
forces of counterpropagating short laser pulses with relatively
small strength parameters (> < 1) and equal wavelengths
can be described by the electrostatic potential

(I)(l', l) = (I)l(l'l)eikzim + '1)2(I'L)€7ikziiw + c.c. (l)

All perturbations associated with excited plasma waves should
oscillate with the plasma frequency w, = Jame*ng/m, (ng is
the unperturbed electron plasma density, ¢ and m, are the
charge and mass of an electron) and move in opposite
z-directions with the phase velocities equal to the laser group
velocity (w/k =v,). Further we will use dimensionless
units, where time is measured in w_ ', spatial coordinates in
¢/wp, velocities in the speed of light ¢, frequencies in w,
wavenumbers in w,/c, potentials ® in m,c?/e, EM fields in
em,c/w,, electric currents in e noc. In such units, the frequency
and parallel wavenumber of each wake are equal to w = 1 and
k=1/v, = 1/«/1 — 1/w} where wy is the laser frequency. In
a homogeneous isotropic plasma, these subluminal waves
cannot get in resonance with electromagnetic modes. EM
radiation can be generated by either nonlinear interaction of
these potential waves or their conversion on ion density
gradients.

In an overlapping region, one wave can be scattered by
electron density perturbations created by a counter-
propagating wave even in the case of uniform ion density.
Such nonlinear interaction generates the longitudinal electric
current

i) = Ja)e? +ce., 2)
) = —%(&mz + S, 3)

which is able to radiate electromagnetic waves at the second
harmonic of the plasma frequency transversely to the propa-
gation axis. In the linear approximation, amplitudes of density
and velocity perturbations for plasma electrons take the form:

Vig = —k®@i(r1), va = k®s(ry), 4
Snip = (AL — k)P 5(r)), )

where A = V| - V| is the transverse part of the Laplace
operator. Substituting these formulas in equation (3), we
obtain the amplitude of the radiating current

) = %@A% — BN D). ©)

It is seen that this current disappears not only for plane waves
(when ®,, do not depend on r,), but also for waves with
locally equal transverse profiles (®(r;) = ®,(r,)). In order to
produce radiation in such a scheme, potential plasma waves
should either have different transverse structures or collide
with a finite impact parameter.

Let us consider generation of EM radiation by the non-
linear current (3) in the case of axially symmetric Gaussian
laser pulses propagating along the same axis. The amplitude
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of electric field E, = £(r)e %! + c.c. in the produced EM
wave inside the plasma can be found from the Maxwell
equations which in the axially symmetric case are reduced to
the following simple form:

[lir2 + 3]£(r) = =2iJ(r). @)
r or Or

By matching the solution of this equation at the plasma
boundary r = R with a radially convergent EM wave in
vacuum E, = (C/J7)e* =2t + c.c., we find the maximal
amplitude of the EM wave escaping from the plasma:

2
JQVBRE — I + 16R2

2C
So=| =
Nk

X

R
i;mmﬁnﬂwm, ®)

where J, and J; are the Bessel functions of the argument
V3 R. Calculating the normal component of the Poynting flux
penetrating through the plasma boundary, we obtain the total
power radiated from the whole plasma column at the second
harmonic of the plasma frequency

p_ P

= 7R f&'(z,dz,
Py

Here, we take into account the slow (0/0z] < k, |V.|)
dependence of radiation wave amplitude on the longitudinal
coordinate z caused by diffraction of laser drivers.

If envelopes of linearly polarized laser pulses focused
into the planes z = z; with the spot-sizes oy, are described by
the normalized vector potentials

2 ) t+
s 90s e’ /”3(4)51112 (7T'(—Z))’
05(2) 27

0:2) = ool + (2 — 2)* /R, Ry =wood, /2. (11)

amplitudes of excited plasma wakes take the form:

mec?

=~ 0.69GW.  (9)

Po=
e

as = ao (10)

2
d,(r) = @g’(&) 2/, (12)

05(2)

, 3 sinT
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4 4 %4 _ 572/n% + /7t
Substituting these formulas in equations (6) and (8) and
assuming that the plasma radius is markedly greater than the
laser waist-sizes, we can extend integration in (8) to infinite
limits and derive the following analytic expression for the
radiation wave amplitude:

13)

£o = Sl b , (14)
2JV3RI — Jo)? + 16R2;
o= 2 72 SXP| o5 2 | (15)
(0'1 + 0'2) 8 0'1 —+ 0'2

By analyzing the factor F,, one can find optimal conditions
for spatial overlapping of colliding plasma wakefields.
Standing plasma oscillations formed by counter-
propagating wakes in the overlapping region create the pon-
deromotive force on electrons pushing them out of wave

antinodes. It results in rapid ion density modulation with the
wavenumber g = 2k via the arising space charge electric
field. On the one hand, such a density modulation destroys
plasma oscillations and shortens their life-time, but on the
other hand it switches on an additional radiation mechanism
referred to as the plasma antenna [33, 34]. The essence of the
mechanism is excitation of superluminal forced plasma
oscillations due to scattering of a primary subluminal poten-
tial wave on a quasi-stationary ion density perturbation. If the
produced plasma channel is comparable in sizes with the
radiation wavelength, these fast oscillations are capable of
radiating obliquely propagating vacuum EM waves. In the
case of laser drivers, the fundamental emission (w = 1) can
be produced via the linear process (w, k) + (0, —g) —
(w, k — q) [21] if the modulation wavenumber falls in the
range 1 — v, < g/k < 1 + v,. In our case g = 2k, the mod-
ulation period appears to be too short to produce oscillations
moving faster than light, but it is appropriate for generating
the second harmonic radiation by the nonlinear process
(w, k) + (w, k — q) — Rw, 2k — g) [37]. Indeed, resulting
oscillations (2w, 2k — g) become superluminal inside a wider
range of g (I — v, < q/(2k) < 1 + v,). The middle of this
range corresponds to emission in the purely transverse
direction [21].

Thus, EM waves at the second harmonic of the plasma
frequency radiated transversely to the axis of wakes collision
can be generated by two different mechanisms: the first one is
based on the nonlinear interaction of primary laser-driven
wakes with mismatching potential profiles in a uniform
density plasma, and the second one suggests the same inter-
action, but the role of counterpropagating wave is played here
by a satellite of a primary wave scattered by the ion density
perturbation.

3. Optimal parameters for demonstration experiment

Let us find out the optimal overlapping scheme for colliding
plasma wakes which maximizes the radiation efficiency 1. We
define this quantity as the fraction of laser energy that is
converted to electromagnetic radiation at the second harmonic
of the plasma frequency (n = Wg/W,). Assuming that the
characteristic duration of the produced radiation 7 in our
axially symmetric problem remains the same as in recent
2D3V PIC simulations in Cartesian geometry [29] (7 ~ 100)
and does not significantly depend on spot-sizes of laser
beams, the energy of the low-frequency radiation pulse can be
estimated as Wi = f Pdt ~ Py (in units of Py/w,). In our
previous paper [29], we searched for the optimal overlapping
of laser-driven wakefields in the case when the colliding laser
pulses had equal energies, were focused into rectangular spots
stretched in one direction and were limited in waist ampli-
tudes by the validity of electrostatic approximation for excited
wakes (ap; < 0.7). Here, we should find similar optimal
conditions for the collision of axially symmetric Gaussian
laser pulses with the given total energy 0.2 J and wavelength
Ao = 830 nm which are typically produced by the terawatt
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Figure 1. The radiation efficiency 7 as a function of the relative
energy content of the first laser pulse d = W;;/WV, in the case

dg) = dop — 0.7.

laser system developed in the Institute of Laser Physics (ILP
SB RAS, Novosibirsk). Since laser pulses are planed to be
collided in a finite-size (~1 mm) supersonic gas jet in a future
experiment, it is more preferable to use the most compact
overlapping scheme as to avoid the influence of density
inhomogeneity on the line-width of produced radiation. The
most compact radiating zone along the optical axis is realized
for the scheme with the matched focal planes (z; = z, = 0)
and different spot-sizes (0p; = o). It is obvious that the
symmetric distribution of energy between colliding laser
pulses discussed in [29] is not the optimal one for such a
scheme if laser amplitudes are limited by the validity of
electrostatic approximation for excited wakes (ag; < 0.7).
Indeed, different-size laser pulses with equal energies
Wit = 2L redadod = rudadol, = Wi (16)
16 16
should also have different amplitudes (for example, if we
chose ag; = 0.7 for the narrow beam, we need a lower
amplitude ag, = ag; 0¢1/002 < ag; for the wide beam). Due
to the strong dependence of radiation power on laser ampli-
tudes P o< agyag, it is more efficient to use equal maximal
values of the normalized vector potential (ag; = ap, = 0.7).
Calculating the radiation efficiency from the theory presented
in section 2, one can find the optimal relative energies
Wi/W, =d and W;,/W, = 1 — d that should be con-
tained in colliding pulses.

To demostrate generation of EM radiation at the frequency
2w,/(2m) = 28.4 THz, laser pulses should create a plasma
channel with the electron density ny = 2.5 x 10"®cm ™. Such
a density is much lower than the critical density for laser
radiation (wy = 25.4). The maximal amplitude of a plasma
wake (13) is achieved if the duration of a laser driver equals
approximately to a half-period of plasma oscillations 7 = 3.48
(in dimensional units 7 = 39 fs). For these parameters, the
dependence of radiation efficiency on the relative energy
content of the first laser pulse 7(d) is presented in figure 1.

It is seen that the most efficient generation of THz
radiation is achieved when 8% of the total laser energy falls
on the first pulse with the narrow focal spot oy; = 1.78 and
92% is contained in the wide laser pulse with gy, = 6.03.

T gy s - —

30 F R i

n=0.032%

-300 -200 -100 0 100 200 300

Amplitude of THz wave, MV/cm  Radial coordinate r, im

Axial coordinate z, hm

Figure 2. Optimal spatial overlapping of colliding plasma wakes
(a) and the amplitude of the radiated THz wave & (b) calculated
from equation (14) for the parameters of demonstration experiment
(table 1).

Unfortunately, our assumption about independence of 7
on laser spot-sizes is not valid for strongly nonlinear wakes
with the typical life-time shorter than 7z >~ 100. As an indi-
cator of plasma wave nonlinearity, we will consider the
electron density perturbation &n, = ®'(1 4 8/03,). At small
laser waist-sizes, plasma waves become strongly nonlinear
én ~ 1 even for the moderate values of laser fields
apr = apgy = 0.7. In the optimal regime discussed above,
density perturbations excited independently by laser pulses
reach the values én; = 0.68 and én, = 0.23. Our PIC simu-
lations show that these two wakes should have sufficiently
differing wavebreaking times [38] which is not optimal for
the collision scheme. To reduce this difference, we slightly
decrease the amplitude of the narrow pulse (ag; = 0.67) and
increase the amplitude of the wide pulse (ag, = 0.8). For the
same energy distribution between colliding pulses, it corre-
sponds to the spot-sizes oy; = 1.86, 0o, = 5.28 and density
perturbations én; = 0.58, én, = 0.33. The validity of the
electrostatic theory for excitation of plasma wakes at these
parameters is further verified using special PIC simulations.

In hydrogen, the plasma radius should be determined by
the barrier-suppressed ionization produced by the electric
field of the second laser pulse. We can neglect diffraction
spreading of this pulse along the length of radiating region
and estimate the radius of ionized plasma channel as R = 12.
The spatial arrangement of laser tricks and corresponding
amplitude profile of the produced EM wave at the plasma
boundary are shown in figure 2.

For the selected parameters of the future experiment
gathered in the dimensional form in table 1, our theory pre-
dicts that the total power and energy of the produced pulse of
the second harmonic radiation with the typical duration 1 ps
should reach 57 MW and 57 pJ, respectively. It corresponds
to the efficiency of laser-to-THz energy conversion n =
0.032%.
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Table 1. Parameters of demonstration experiment.

Parameter Value
Laser wavelength, ), 830 nm
Energy of the 1st laser pulse, Wy 16 mJ
Energy of the 2st laser pulse, W, 184 mJ
Spot-size of the 1st laser pulse, oy, 6.3 um
Spot-size of the 2st laser pulse, o, 18 ym
Maximal laser strength, aq; 0.67

Maximal laser strength, ag, 0.8

Duration of laser pulses, 7 39 fs
Density of plasma electrons, 7, 2.5-10% cm™3
Radius of plasma channel, R 40 ym
Length of radiating plasma channel 0.6 mm
Nozzle diameter 1.5 mm
Frequency of THz radiation, 2w),/(2) 28.4 THz

It should be remembered, however, that the analytical
theory used here to find the optimal regime of EM emission is
able to predict the maximal radiation intensity achieved in
different points along the optical axis, but cannot predict the
pulse duration which is strongly affected by other compli-
cated nonlinear processes resulting in dissipation of wakes
energy. Our estimate 7z ~ 100 is based on recent PIC
simulations [29] which were carried out in slab geometry and
did not account for ion dynamics. Thus, to estimate the per-
formance of the proposed generating scheme for selected
parameters of the future laboratory experiment, we need to
carry out PIC simulations in the more realistic axially sym-
metric case and study effects of mobile plasma ions.

4. PIC model

To study EM emission produced by colliding plasma wakes,
we use two different numerical models based on the PIC
method. The first 2D3V model is used to simulate the process
in axially symmetric (r, z) geometry. Such a model is not
suitable for studying self-consistent dynamics of real laser
fields, but allows to simulate the whole length of radiating
plasma column using the approach of virtual laser pulses in
which the action of laser fields on plasma electrons are
described by the slow-varying ponderomotive force only
(F, = —V]a,(r, H)|*/4). To verify the validity of this sim-
plified approach for the discussed parameters, we use the
second 2D3V model operating in Cartesian (x, z) geometry
and allowing to simulate self-consistent evolution of real laser
fields polarized transversely to the z-axis. Due to the need to
resolve the laser wavelength in this model, our test simula-
tions are limited by relatively small plasma lengths.

We use the well known algorithms of Boris and Yee to
calculate evolution of particles and fields, and Esirkepov’s
scheme to calculate currents. The layout of our simulation
box is shown in figure 3.

In the axially symmetric problem, we simulate a plasma
column of radius R = 12 in which electrons and ions are
uniformly distributed with equal densities. In slab geometry,

Axially symmetric

P System length, 200 ¢/w, )

ag; =0.67 Virtual
0y =186 laser

Ti. TPIasma width
z mn L 12e
vzz3- Absorbing layer (PML), width 5 ¢/w,
Cartesian

Virtual ay, =0.8

Vacuum /\l(lsm‘ 09, =5.28

oo fo o
YIpim waisAs

&z - Plasma buffer, width 0.1 ¢/w,

Vacuum

Real laser;

YIpim waisAs

System length, 20 ¢/w,

vzZ1- Absorbing layer (PML), width 1 ¢/w, &8 - Plasma buffer, width 0.02 c/w,

Figure 3. The layout of the simulation box in axially symmetric (top)
and Cartesian (bottom) geometry.

we consider the infinite plasma layer with the transverse size
L, = 2R = 24. Electrons are characterized by the Maxwel-
lian momentum distribution f, o exp(—p? / (ZApez)) with the

temperature 7, = Apez / (2m,) = 14 eV and ions are assumed
to be cold. To study effects of ion dynamics, we use real ion
masses for hydrogen and helium and, to separate the
contribution of antenna emission, we perform simulations
with immobile ions.

Simulation starts from the state of completely compen-
sated electric charge and zero EM fields. Then we inject
virtual laser pulses into the plasma by acting on plasma
electrons through the additional ponderomotive forces F(r, t)
which are calculated for the given envelopes a; (10) of dif-
fracting laser pulses. Both colliding pulses are focused to the
middle of the plasma column z = 100 and arrive to the focal
plane at the same time. We use the same laser and plasma
parameters as in table 1. In order to exclude parasitic trans-
ition radiation, ponderomotive forces of virtual laser pulses
are smoothly reduced to zero while approaching plasma
boundaries. Since there is no need to resolve the laser
wavelength in the axially symmetric model, we use the large
spatial grid Ar = Az = 0.05 with the time step Ar = 0.025
and 144 macroparticles with the parabolic form-factor in a
cell for each sort.

In slab geometry, we create the self-consistently evolving
laser radiation by setting high-frequency (wo = 25.4) EM
fields (E,, B,) with the given envelopes at simulation
boundaries. Here, we use higher spatial and temporal reso-
lution Ax = Az = 0.01, Ar = 0.005 with 81 computational
particles in a cell.

At the ends of plasma column, we use open boundary
conditions supporting macroscopic plasma homogeneity near
the boundaries. They are realized using special buffers
creating incoming particles and removing outgoing ones.
More detailed description of these conditions can be found in
[30]. To prevent reflection of the generated EM radiation from
the boundaries of the simulation box and further accumulation
of its energy in a system, we use the perfectly matched layers
[39]. The power of the produced radiation is calculated as the
normal component of the Poynting flux averaged over the
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Figure 4. Results of PIC simulations: (a) the map of electric field E (r, z) in the moment ¢ = 1.8 ps for real-mass hydrogen ions (black stars
show the points where we measure temporal evolution of radiation fields), (b) the map of electric field E, (r, z) in the moment ¢ = 3.2 ps for

real-mass hydrogen ions, (c) density of hydrogen ions n;(r, z) in the mo

ment t = 1.8 ps, (d) density of hydrogen ions n;(r, z) in the moment

t = 3.2 ps, (e)—(g) history of electric field E, in different spatial points z = 100, 125, 150 indicated by black stars in case of real-mass
hydrogen ions, (h)-(j) temporal dependence of radiation field amplitudes (envelopes of E, oscillations) for real-mass hydrogen (red) and

immobile (black) ions.

period of electromagnetic oscillations and integrated over the
wall area.

5. Simulation results

Let us first carry out full-scale simulations of THz generation
using virtual laser pulses and then verify the accuracy of this
simplified approach to the description of nonlinear wakes
participating in the collision process.

5.1. Collision of axially symmetric wakes

Results of PIC simulations in axially symmetric geometry are
presented in figure 4. Here, we simulate the collision of dif-
ferent-size laser pulses with the parameters ag; = 0.67,
o1 = 1.86, ag, = 0.8, 09 = 5.28 discussed in section 3. At
the early stage t+ = 1.8 ps of wakes interaction (figures 4(a)
and (c)) when the ion density of hydrogen plasma is not yet
significantly perturbed, the observed EM emission is really
produced via the collision of plasma wakes with mismatching
potential profiles. It is seen that EM waves escaping from the
plasma in the purely transverse direction are generated inside
the region of wakes overlapping only (figure 4(a)) and the
frequency of this radiation is concentrated near the second
harmonic of the plasma frequency (figure 5).

Moreover, the amplitudes of the emitted waves in dif-
ferent spatial points along the optical axis are initially coin-
cide with our theoretical predictions (figures 4(e)—(g)).

T T T T T
-— z=100
8 o 1.0fF —2z=125 -
"g =] —z=150
9 Aw /0 =2.5%)
£
g S 05r .
< =B
o ®
235
§ e
= 0.0 1 1 1 1 1

0.5 1.0 1.5 2.0 2.5 3.0 3.5

Frequency, (o/a)p

Figure 5. Frequency spectra of radiation fields E, in different z-points.

Further temporal evolution of the radiation amplitude in these
points, however, demonstrates the rapid decrease of the
radiation electric field E, near the focal plane and, in contrast,
its significant growth in remote regions. The same effect is
also visible from figure 4(b) presenting the map of electric
field E,(r, z) in the later moment of time ¢ = 3.2 ps. From the
map of ion density n;(r, z) in the same moment shown in
figure 4(d), we can conclude that THz generation at this stage
must be strongly affected by the deep density modulation
with the wavenumber ¢ = 2 created by the ponderomotive
force of standing plasma oscillations. This modulation results
in dissipation of energy accumulated in plasma wakes, but
can also switch on the additional radiation mechanism of
plasma antenna allowing each wake to generate EM radiation
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via scattering on the arising density perturbation. To demonstrate
the influence of ion dynamics on the duration of the second
harmonic emission, we perform simulations with immobile ions.
Results of these simulations are compared with the results
obtained for real-mass hydrogen ions in figures 4(h)—(j). It is
seen that the rapid decrease of the radiation wave amplitude
observed in hydrogen just after reaching the predicted maximal
level (in spatial points z =100 and z = 125) is also reproduced
in the case of uniform ion density. It means that electron non-
linearities responsible for the energy transfer from primary
wakes to non-radiating harmonics are the main reason for lim-
iting the energy of a THz pulse produced by the mechanism of
wakes collision. It is also seen that the duration of the most
intense THz radiation generated in the focal spot (figure 4(h))
appears to be twice shorter than the expected value
Tk 2 100 =~ 1 ps observed in earlier simulations in slab geo-
metry and used in our theoretical estimates. At the later stage of
wakes interaction (f > 2.5 ps), ion dynamics becomes important
resulting in enhancement of EM radiation compared to the level
of emission produced in the plasma with immobile ions
(figures 4(h)—(j)). This enhancement is seen in all observation
points and becomes more pronounced as moving away from the
focal plane.

In our opinion, the presented simulations with mobile
and immobile ions allow us to separate contributions of dif-
ferent radiation mechanisms to the total power of the second
harmonic emission shown in figure 6(a). In the case of
immobile (or infinite-mass) ions, EM emission is completely
determined by the collision of counterpropagating wakes with
different potential profiles, while in the case of mobile ions
we observe additional EM emission produced by each wake
via the mechanism of plasma antenna. Despite the fact that
the maximal amplitude of the radiated EM wave in each
spatial point along z-axis is correctly predicted by our theory,
the total power emitted from the whole plasma volume turns
out to be twice lower than the theoretical value calculated
from equation (9) (figure 6(a)). It is explained by the short
duration of the produced THz pulse which is actually shorter
than the time required for the laser pulse to pass the half-
length of radiating plasma. Thus, the maximal radiation
amplitude is never simultaneously achieved over the whole
radiating zone. By integrating the radiation power over time,
we calculate what part of the laser energy is transformed to
the energy of the second harmonic radiation (figure 6(b)). In
gases with light atoms (hydrogen or helium), this radiation
efficiency is seen to grow during 3 ps and be saturated at the
level of 0.02%. Approximately a half of the total EM energy
is radiated via the mechanism of wakes collision during the
first picosecond and the remaining half is produced via the
antenna mechanism. The presence of this additional radiation
mechanism makes hydrogen more attractive for the proposed
generating scheme compared to gases with heavier atoms.

Thus, full-scale simulations of the proposed demonstra-
tion experiment show that collision of laser-driven plasma
wakes inside the ionized channel created in a supersonic gas
jet is able to generate a narrow-band (Aw/w = 2.5%) THz
radiation pulse with the energy conversion efficiency
exceeding n = 0.02%.
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Figure 6. (a) The history of the total radiation power measured in
PIC simulations for hydrogen ions (black solid) and immobile ions
(black points). Theoretical prediction (9) for the uniform ion density
is shown by the blue dashed curve. (b) Laser-to-THz energy
conversion efficiency n as a function of time for hydrogen, helium
and infinite-mass ions.

5.2. Excitation of wakes by real laser pulses

Let us now verify how accurately the approach of virtual laser
pulses describes excitation of plasma wakefields for the dis-
cussed parameters. Such a simplified approach is valid only for
relativistically weak laser fields (ai < 1) capable of driving
almost electrostatic plasma waves via the potential ponder-
omotive force. The conventional boundary of applicability of
such a relativistically weak regime can be set as ap = 0.7. In
section 3, we have found reasonable to increase the waist
amplitude of the wider laser pulse up to the value ay = 0.8 as
to minimize the life-time difference for colliding wakes. Thus,
we have to verify whether the amplitude of electrostatic
potential of a single laser-driven wake is correctly predicted by
equation (13) derived in the electrostatic limit.

We carry out 2D3V high-resolution PIC simulations in
slab geometry to study excitation of each plasma wake par-
ticipating in the collision process by its own self-consistently
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Figure 7. Transverse profiles of the maximal longitudinal electric
field E,(x) in the wide and narrow wake observed in PIC simulations
(solid) and predicted by the electrostatic theory (dashed).

evolving laser pulse. According to equation (13), maximal
amplitudes of longitudinal electric field E, = [k®,(0)| = ||
of the excited wakes in the focal plane should reach the values

' =0.177 and @y = 0.253. Comparison of transverse
profiles of wake amplitudes ®;(x) and $,(x) predicted theo-
retically (12) with corresponding profiles of electric field E,
observed in PIC simulations is shown in figure 7.

It is seen that amplitudes of the narrow and wide plasma
wake in PIC simulations are reduced compared to their
theoretical predictions by 6% and 11%, respectively. Sub-
stituting the reduced profiles in equation (8), we find that the
electric field amplitude &, of EM wave emitted from the focal
plane getting lower by 17%. Taking into account the scaling
P  £§ and less deviation from theory in regions distant from
focus, we can expect that results of PIC simulations with
virtual laser pulses shown in figure 6(b) overestimate the
efficiency of laser-to-THz energy conversion by no more
than 30%.

6. Conclusion

In this paper, we discuss optimal parameters for the laboratory
experiment aimed at demonstration of the principal possibility
to generate high-power narrow-band THz radiation via non-
linear interaction of counterpropagating laser-driven plasma
wakes. Such a proof-of-principal experiment is planned to be
set up in the Institute of Laser Physics in Novosibirsk (Russia)
using the terawatt laser system capable of producing 830 nm
laser pulses with the minimal duration 20 fs and total energy
0.2 J. Based on the analytical theory of the discussed
phenomenon, we have found the optimal distribution of
energy between colliding laser pulses and optimal conditions
for their focusing providing the most efficient conversion of
laser energy to EM radiation at the second harmonic of the
plasma frequency (28 THz). Full-scale axially symmetric PIC
simulations of EM emission from colliding plasma wakefields
confirm theoretical predictions for maximal amplitudes of
radiated EM waves achieved in different points along the
optical axis, but demonstrate a considerable decrease in

the duration of the produced EM pulse in comparison with the
results of earlier PIC simulations in Cartesian slab geometry.
It is shown that the mechanism of wakes collision in that form
which is theoretically predicted for the uniform ion density
works only during the first picosecond of wakes interaction.
The duration of this emission stage is limited by electron
nonlinearities resulting in the rapid transfer of energy from
primary wakes to non-radiating harmonics. In a plasma with
finite-mass ions, the mechanism based on the collision of
plasma wakes with differing potential profiles is found to pass
the baton to the mechanism of plasma antenna based on
scattering of each wake by the longitudinal ion density
modulation. The maximal contribution of this additional
mechanism to the total radiation energy is achieved by using
hydrogen as a working gas. The resulting THz pulse with the
narrow line-width (Aw/w ~ 2.5%) generated by both
mechanisms is predicted to reach the maximal power 20—
30 MW and total energy 30-40 wJ corresponding to the effi-
ciency of optical-to-THz energy conversion 0.015%-0.02%.

The possibility of generating THz pulses with the power
and energy exceeding typical parameters of free electron
lasers by using more compact devices is interesting by itself,
but the main goal of the proposed experiment is to verify our
theoretical insights about the mechanisms of EM emission
which can be easily scaled to the generation of GW, multi-mJ
THz radiation by modern petawatt-class lasers. Since the
head-on collision of potential plasma waves and their non-
linear conversion on periodic ion density perturbations are
also responsible for EM emission in electron beam-plasma
systems, experimental confirmation of these radiation
mechanisms will be important for understanding EM wave
generation in more complex phenomena in space and
laboratory plasmas with colliding [40] and directed [8, 13]
electron flows.
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