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ABSTRACT

A practical configuration for generating narrowband terahertz (THz) pulses based on plasma dipole oscillations (PDOs) is studied using
two-dimensional particle-in-cell simulations. In this scheme, two slightly detuned laser pulses collide obliquely in a helium gas. Plasma strips
are generated along the paths of the laser pulses by field ionization. The PDO created in the overlap region of the two laser pulses emits a
THz pulse with a peak electric field strength of a few gigavolt per meter. An energy conversion efficiency of 0:542� 10�3 is achieved for laser
pulse intensities 4:82� 1016 W=cm2, a spot radii of 5lm, and a collision angle of 10.8�. A force balance model is extended for the obliquely
colliding configuration of the pulses. As the complications, such as generating plasmas separately or aligning the beams with preformed
plasma, are eliminated from our new configuration, this makes a future experimental study of PDO more straightforward.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142159

I. INTRODUCTION

Powerful terahertz (THz) radiation sources have recently been
proposed for use in applications, such as THz imaging,1 detection of
cancer cells,2 pump-probe experiments,3 and terahertz electron accel-
eration.4 However, currently available THz sources have both advan-
tages and limitations. Semiconductor oscillators are stable and
compact, but because of the junction transit time of carriers, the out-
put frequency range is restricted to subterahertz (200GHz–1THz).5

Quantum cascade lasers (QCLs) can provide continuous-wave (cw)
THz radiation in the few-THz range6 (1–4.4 THz), but their output
power is just tens of milliwatts, which is not suitable for high-peak
power applications. Recently, lithium niobate crystals have been found
to be very efficient sources of tunable THz radiation.7 However, solid-
state systems are generally prone to material damage by high-intensity
driving lasers, which limit their scaling to high-power THz.

Laser–plasma interactions can be the basis for alternative high-
power THz sources because plasma is already in a broken-down state
and not susceptible to material damage. Numerous ideas have been
explored; some of which utilize plasma as a source of charge carriers
to generate strong radiating currents, while others utilize the plasma
waves as radiating antennae. Two-color THz8 or coherent transition
radiation (CTR)9 fall into the first category, while the Cherenkov
wake,10 mode conversion,11 two-plasmon merger,12–14 and the

superluminal wakefield scheme in density gradient of a plasma15 cor-
respond to the second category. Roughly, broadband THz radiation is
generated from the first kind, while relatively narrowband pulses are
produced from the second. These mechanisms have a common advan-
tage in that there are no practical limitations to increase the power of
driving lasers, and, in principle, arbitrarily high-power THz waves can
be generated. In systems where the plasma oscillation is used as a
source of THz emission, the low conversion efficiency of the plasma
wave to the THz is generally of concern. The low efficiency originates,
partially, from low coupling of the two waves (plasma and THz waves)
as their phase velocities, i.e. (x,k), vectors do not match exactly.

We previously proposed generating a local ensemble or bunch of
electrons that perform plasma oscillations, namely, plasma dipole
oscillations (PDOs).16 In principle, all the electrostatic energy of PDOs
can be converted to THz emission, leading to a high coupling effi-
ciency. Furthermore, the monochromatic emission spectrum from
PDO is potentially beneficial to applications, which require narrow
bandwidth THz radiation.17–21 The PDO-THz radiator is one of the
few sources that can generate narrowband, but simultaneously high-
power THz radiation from laser–plasma systems. THz free-electron
lasers (FELs) are another class of sources that share similar characteris-
tics but are huge and expensive facilities, which limit their accessibility
for various applications.22,23
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In our previous study,16 the PDO is generated by two short
(�30 fs) laser pulses colliding head-on in a strip of pre-formed plasma
inserted along the path of the laser pulses. The width of the plasma strip
is made comparable to the pulse spot diameter to minimize shielding of
THz emission by the ambient plasma. However, such configurations
have several drawbacks from an experimental point of view: a narrow
plasma strip cannot be readily produced and aligning two laser pulse
foci and ensuring exact head-on collision in a narrow plasma strip is
challenging [Fig. 1(a)]. We show that these issues can be easily solved by
generating the plasma strip using the driving pulses themselves via field
ionization of neutral gas [Fig. 1(b)]. As the plasma strip is always local-
ized to the laser pulse trajectories, we obtain the freedom to change the
collision angle of the pulses at will (i.e., the pulses do not need to propa-
gate anti-parallel along a straight plasma strip); laser alignment is con-
siderably less restrictive. Furthermore, as discussed in our previous
study,16 oblique collision of the driving pulses can potentially have the
advantage of increasing the conversion efficiency. In this paper, we pre-
sent simulation studies showing that the THz radiation can be generated
well from ionized plasmas as well as from pre-formed plasma,16 espe-
cially when the driving pulses collide obliquely. Helium (He) has been
used as the background neutral gas. From two-dimensional (2D)
particle-in-cell (PIC) simulations, we obtained conversion efficiencies of
order 10�3 and electric field strength of several gigavolt per meter.
Simulation results in this paper imply that the PDO-THz can be effi-
ciently generated even under such experiment-friendly conditions, pre-
serving the high efficiency obtained from head-on collision of the pulses
in a pre-formed plasma strip. In addition, the efficiency is found to be
insensitive to the collision angle of the driving pulses.

The paper is organized as follows. In Sec. II, the force balance model
for PDO generation for oblique collision is presented. In Sec. III, the sim-
ulation setup using field ionization model are described. Simulation
results are presented in Sec. IV. Conclusions are given in Sec. V.

II. THEORETICAL MODEL FOR GENERATION OF PDO

When two slightly detuned laser pulses collide in plasma, elec-
trons are trapped and dragged by the train of beat ponderomotive
(PM) potential of the pulses. The trapped electrons move in unison
with the phase velocity of the beat wave and are displaced until the
ponderomotive force is balanced by electrostatic restoring force of
ions. After the laser pulses have passed, the displaced bunch of elec-
trons is released and oscillates at the plasma frequency. We call such a
local electron bunch that oscillates in-phase, the plasma dipole oscilla-
tor (PDO). The PDO produces a coherent radiation burst with narrow
bandwidth centered at the plasma frequency. The theoretical model
for the production of a PDO is described in our previous study.16

Here, we present a slightly modified theory for obliquely colliding laser
pulses with angle h0. The ponderomotive force for oblique angle is
given by

fpm ¼ �mcx
a2

c
cos h0 cos 2h0

1
2
e2ik cos h0x�iDxt þ c:c:

� �
; (1)

where Dx ¼ x1 � x2j j; 2k ¼ k1 þ k2; and m; c; and x1;2 are the
electron mass, speed of light, and the angular frequencies of the laser
pulses, respectively. The normalized amplitude of the driving laser
field, a, are given by a Gaussian profile,

a ¼ a0 exp �
t � twð Þ2

s2

� �
;

where tw and s are wave-breaking time and pulse duration, respec-
tively, and a0 is the peak value of the normalized electric field strength
defined by a0 ¼ eE0=mcx. Note that the time is arranged so that the
wave-breaking occurs at t ¼ 0. The cycle-averaged Lorentz factor

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

p
’ 1 for non-relativistic laser pulses (a0 � 1). The

equation of motion for electrons driven by this ponderomotive force is

@2dx
@t2
þ x2

pdx ¼ �cxa2cosh0cos2h0
1
2
e2ik cos h0x�iDxt þ c:c

� �
; (2)

where dx is the displacement of an electron fluid element, which can
be written as dx ¼ 1

2 x̂ tð Þe2ik cos h0x�iDxt þ c:c: The equation for the
amplitude x̂ is then

@2x̂
@t2
þ x2

px̂ ¼ �cxa2 cos h0 cos 2h0: (3)

The amplitude grows until it reaches the wave-breaking limit,24 given
by x̂ � 1=kb, where kb ¼ 2k cos h0. The modified condition for wave-
breaking is, therefore,

8
x2s2a20

’ e�2n
2

n2 þ x2
ps

2=16
cos2 h0 cos 2h0; (4)

where n � tw=s, i.e., the time taken to reach the wave-breaking limit,
tw, is normalized by the pulse duration s. When wave-breaking occurs,
electrons are trapped in the PM potential and are dragged with its
phase velocity,

v/x ¼
Dx

2k cos h0
: (5)

With this phase velocity, the electrostatic restoring force increases line-
arly over time

FIG. 1. Illustration of (a) generation of PDO in pre-ionized plasma strip and (b) pro-
duction of PDO by field-ionization of He gas.
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Epeak ¼ a
en0
�0

v/xt; (6)

where a is the fraction of trapped electrons. When the ponderomotive
force is balanced by the restoring force at t ¼ trel, the maximum dipole
field is determined,

eEpeak
mcx

¼ f
a20ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ a20=2
p cos3 h0exp �

2 trel � twð Þ2

s2

� �
: (7)

Here, f is due to the ensemble average of PM forces, which has been
confirmed by one-dimensional (1D) PIC simulation to be f ’ 0.3.16

Note that Eq. (7) has a dependence on h0 via the cosine term and tw,
which is obtained from Eq. (4).

III. SIMULATION SETUP

For 2D PIC simulation, we used our in-house code, cplPIC, which
has been verified for numerous applications of laser–plasmas.25–29 The
cplPIC code employs the standard Yee-mesh-based field solver,30

Villasenor–Buneman charge-conserving scheme for current calcula-
tion,31 and Boris mover for particle motion.32 For field ionization of
neutral particles by the laser field, we used the barrier-suppression ioni-
zation (BSI) model33 for electric field larger than the critical field EðtÞ
> Ecrit and ADK (Ammosov–Delone–Krainov) tunneling ionization
model,34 otherwise : The critical electric field is given by35

Ecrit ¼
ffiffiffi
2
p
� 1

� �
nij j3=2; (8)

where ni is the ionization energy of the unperturbed electron ground
state. The ionization rate from the ADK formula adapted for laser–
plasma interaction35 for He gas is given by

WHe s
�1½ 	 
 7:42� 1018

E0:492½GV=m	 � exp � 828:26
E½GV=m	

� �
: (9)

Note that the ADK model is determined by numerical solution of the
time-dependent nonlinear Schr€odinger equation.36 The ionization rate
for He! Heþ is shown in Eq. (9), and we also take the same formula
into account for Heþ! Heþþ.

IV. SIMULATION RESULTS

Figure 2(a) represents the magnetic field (Bz) of the PDO-
radiation. The simulation parameters are as follows. The dimension of
the simulation domain is 200� 200lm2 on an x–y plane. Along the
third dimension (z), physical quantities (e.g., Bz) are uniform. The
mesh size in each direction is Dx ¼ 5� 10�8 and Dy ¼ 1� 10�7 m,
respectively, and the simulation time step is Dt ¼ 1:4� 10�16 s, satis-
fying the Courant condition. Two linear-polarized (in z direction)
Gaussian (�e�t2=s2e�r2=r2

) laser pulses are launched from left
and right boundaries of the domain at incident angle 21.8� to the
horizontal line and collide at the center of the domain (x ¼ 100
and y ¼ 100lm). The normalized peak amplitude of the laser pulses,
a0 ¼ eE0ks= 2pmc2ð Þ ¼ 0:15, where e and m are electron unit charge
and mass, c is the speed of light, and ks is the scale length that is set to
0.8lm in our simulations. Corresponding laser intensity is
4:82� 1016 W=cm2. The wavelengths of the laser pulses are k1 ¼ 0:8
(from left boundary) and k2 ¼ 0:74lm (from right boundary),
respectively. The pulse duration and focal spot radius are set to
s ¼ 30 fs and r ¼ 5lm, respectively. The simulation domain is filled
uniformly with neutral helium (He) particles. The He gas density is set
to n0 ¼ 1:24� 1024 m�3 with 10 simulation particles per cell.

To measure the temporally evolving fields of PDO and the associ-
ated radiation in He gas, several virtual probes are placed in the simu-
lation domain. The central dipole field, measured at probe 1 (100 lm,
100 lm), grows to approximately �8GV=mð Þ during the overlap of
laser pulses and commences the plasma oscillation subsequently.
Probe 2 and probe 3 are located 2lm away longitudinally from the
central probe 1 and demonstrate how long the locked phase between
dipole electrons lasts. It is observed that beyond t¼ 3.5 ps, the

FIG. 2. (a) Magnetic field (Bz) of PDO-radiation at t¼ 2.12 ps. The laser pulses are incident obliquely with 21:88 to the horizontal. High-intensity pulses cause field ionization
and create two plasma strips. The small white circles at the center represent the position of virtual probes. The concentric circles, indicating the direction out of the page, repre-
sent the z axis. (b) Longitudinal electric field (Ex ) obtained from the three different virtual probes; probe 1 is located at the center of the PDO 100 and 100 lmð Þ and probes 2
and 3 at the left and right sides of probe 1 with 2 lm gap. (c) Radiation field (Ex ) obtained from probe 4 that is located at neutral He gas, at ð100 and 160lmÞ.
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off-central phases are considerably different to the central ones.
However, the radiation field Ex [Fig. 2(c)] measured at probe 4 (100
and 160 lm), i.e., non-plasma side, shows that the radiation field
decays much faster than that. The long-lasting (lasting over the emis-
sion decay) oscillation of the electric field at the dipole center shown in
Fig. 2(b) is believed to be wakefield, rather than a dipole oscillation.

The progress of ionization procedure and the plasma electron
density near the PDO after the pulse collision is presented in Fig. 3. A
density modulation with the beat wavelength and turbulent structure
(indicating the wave-breaking) are observed in Fig. 3(a). Figure 3(b)
represents the average density in a window around the PDO, i.e., x
¼ (87–112 lm), y ¼ (92–106:5lm). With the field strength of the
laser pulses, the electrons of neutral helium atoms are stripped off
almost instantaneously. The resultant electron density is twice the ini-
tial helium density. The power spectra of the electron oscillation at the
PDO center and the radiation show monochromatic peaks exactly at
the plasma frequency fpe 
 14.3THz [black dashed line in Fig. 3(c)].
The results described above, i.e., GV/m field strength, narrow spec-
trum around the plasma frequency, high conversion efficiency of order
10�3 (which will be shown later), all indicate that oblique pulse colli-
sion in field-ionized plasma can generate THz pulses with similar

efficiency to a head-on collision of the pulses in a pre-formed plasma
strip. This result is a useful guide to experiments and relaxes the tech-
nical challenges, such as exact head-on collision, generation of a nar-
row plasma strip, and pulse injection into it, while preserving the high
efficiency and strong THz yield found in our previous study.16

A. Parametric study: Effects of detuning, angle,
and pulse strength

We examined the effects of various parameters (b/; a0; h0) on
generation of PDO and radiation. Here, the velocity of the beat wave
of colliding pulses is given by b/ ¼ Dx=ð2ckÞ ¼ v/=c, i.e., controlled
by detuning of the pulse frequencies. In Figs. 4(a)–4(c), the peak elec-
tric field at the dipole center, Epeak, is measured by varying the laser
pulse amplitude a0, beat velocity b/, and pulse collision angle h0. The
theoretical scaling obtained from Eq. (7) predicts well Epeak(blue
squares) as a function of either a0 or b/ [Figs. 4(a) and 4(b)]. We find
that the angle dependence is weak [Fig. 4(c)]. The red squares in Figs.
4(a)–4(c) represent the electric field of the emitted radiation measured
at a distance, from probe 4. The reduction in the field strength is just
by the typical 1/

ffiffi
r
p

decay of 2D dipole radiation.

FIG. 3. (a) Electron density (ne) near the PDO center at t¼ 2.12 ps. (b) Evolution of averaged electrons, helium ions, and neutral helium density around the PDO. (c) FFT of x
directional electric field (Ex ) that is obtained from probe 1 in Fig. 2(b). The dashed line shows the expected plasma frequency fpe ¼ 14.3 THz. (d) FFT spectra of Ex obtained
from different positions in the far-field radiation zone; red (60 lm), green (80 lm), yellow (100 lm), and gray (120 lm) from the dipole center along the y direction, respec-
tively. The inset is the radiation peak amplitude of Bz vs distance from the dipole center. The dash line (sky-blue) is a fitting curve, 0.065/

ffiffi
r
p

.
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To calculate the total radiation energy of PDO, we used an array
of virtual probes along the horizontal line at y ¼ þ160 lm with the
10lm intervals. The total energy radiated per unit lateral length (z) of
THz radiation passing through the lines can be calculated as follows:

dUrad

dz
¼
ð ð

1
l0

B2
z c dt dx ’ Dx

X
i

ð
1
l0

B2
zc dt

� �
i

; (10)

where Dx is the interval between the probes and i is the probe index.
The time integration is calculated numerically for data obtained from
each probe. For a theoretical prediction of the radiation energy, we cal-
culate the total field energy over the dipole region accumulated during
the pulse overlap using Eq. (11), with a phenomenological R factor
that is the fraction of initial dipole energy converted to radiation
energy. We also use another phenomenological factor a, which repre-
sents the fraction of trapped electrons. For head-on collision (h0 ¼ 0)
of the pulses, the PM potential train traps almost all the background
electrons ða � 1), but for oblique collisions of the pulses (h0 > 0), the
longitudinal component of the PM force is lower than for head-on col-
lision. Thus, we found a lower value of a ¼ 0:83 fits best for most of
the cases. The total radiation energy vs a0 is shown in Fig. 4(d), which
demonstrates that the radiation energy scales with increasing a0,

dUrad

dz
’ R

dUdi

dz
¼ R

ð ð
�0E

2
peak tð Þdxdy: (11)

Figure 4(e) shows the total radiation energy for varying b/. Saturation
of dUrad=dz for large b/ can be explained by the factor neglected in
the theory; for a large b/, the wave-breaking threshold increases, and
the trapped fraction can be reduced. Figure 4(f) shows that the

radiation energy of the PDO, both from theory and simulations, is
weakly dependent on the angle (h0) of pulse collision. Such insensitiv-
ity to the angle can be an advantage for an experimental setup of the
system.

Note that in calculation of Eq. (11), we multiply the dipole
area to the field square. For calculation of dipole area, in Fig. 5, we
compare the measured dipole length with the theoretical estimate,
given by

FIG. 4. The peak electric field Epeak and radiation energy per unit z directional length dUrad=dz for the change in various parameters (b/; a0; and h0). For Epeak, Ex is mea-
sured at probe 1 (blue) and probe 4 (red) corresponding to the placements in Figs. 2(b) and 2(c). The gray dotted and dashed lines represent the theoretical curves obtained
from Eq. (7). Theoretical curve fits the simulation data when R ¼ (a) 0.9, (b) 1.0, (c) 0.78–1.0, (d) and (e) 1.0, and (f) 0.99 and a ¼ 0.83 and (c–f) a ¼ 0.7–1.0.

FIG. 5. Dipole length vs collision angle of two laser pulses. The filled squares rep-
resent the dipole length measured from the simulations. The gray dashed line is the
theoretical curve from Eq. (12).
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L ¼ 2cs cos h0; (12)

where h0 is the collision angle of the two laser pulses, s is the pulse
duration, and L is the dipole length. Obviously, the collision angle is
the dominating factor determining the dipole length. Figure 5 shows
that Eq. (12) agrees well with the simulation data.

One advantage of colliding laser pulses with large angles is that
the length of the dipole can be determined by the collision angle of the
pulses rather than by the duration of the pulses (when the pulses col-
lide at a no angle, dipole length is determined by pulse duration only
� 2c s). As the constraint that the pulse length should be kept below
the THz wavelength kp can be removed, long but weak laser pulses can
be used instead of short strong pulses to obtain similar amplitudes of
dipole oscillation. This feature can be useful in reducing the cost of the
system and, furthermore, increasing the efficiency of laser-to-THz
conversion.16

B. Energy conversion efficiency

We have calculated the conversion efficiency of driving pulse
energy to the PDO radiation energy

g ¼ Urad

Ulaser1 þ Ulaser2
; (13)

where the denominator represents the energy of the two laser pulses.
The total radiation energy has been calculated using Eq. (10). The best
efficiency obtained is 0:542� 10�3 for a0¼ 0.15, b/¼ 0.0389, and
h0 ¼ 10:8�. This is a fairly high efficiency, comparable to efficiency
(1.5 �2.2 �10�3) using THz pulse generation in strong magnetized
plasma.37 We expect that it can be increased considerably by optimiz-
ing the pulse shape and duration, as suggested in Ref. 16. The effi-
ciency vs b/ [Fig. 6(b)] has a similar tendency to dUrad=dz vs b/ [Fig.
4(e)], which decreases for large b/. The efficiency peaks at a0 ’ 0:15
and decreases [Fig. 6(a)]. Since Urad has a very weak angle-
dependence [Fig. 4(f)], so does the efficiency [Fig. 6(c)].

V. CONCLUSION

We have examined the feasibility of generation of THz pulses by
obliquely colliding two laser pulses in helium gas. The mechanism of
THz emission is generating the plasma dipole oscillation (PDO) in a
field-ionized plasma. From 2D PIC simulations with the field-
ionization based on ADK model, it was demonstrated that plasma
strips are created by field ionization, trailing the laser pulses. A PDO is
generated in the overlap region of the field-ionizing plasma strips,
which results in the emission of strong THz pulses. This result indi-
cates that a strong, narrowband THz wave can be generated from a
simple, experiment-friendly system of laser–gas interaction, without
pre-created plasma. We note that previously, only broadband THz
pulses have been generated from similarly simple laser-gas systems (by
CTR or two-color mechanisms). When generating a PDO with
obliquely colliding laser pulses, the dipole length is determined by the
angle of pulse collision and pulse duration, giving another control in
generating PDO. From our simulations, at the optimum condition, we
attained the energy conversion efficiency of PDO-THz up to
0:542� 10�3, with field strength �9GV/m. Any potential change of
such a high efficiency due to 3D geometry, which we expect to be
small, should be further investigated. As the limitation of angle-
dependence in generating PDO have been removed by confirming
that the obliquely colliding pulses can still generate the PDO very
effectively, the efficiency can be enhanced further using much weaker
but longer laser pulses with optimization of the pulse shape, as sug-
gested in our previous research.16
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