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A survey on the mechanisms of powerful terahertz (THz) radiation from laser plasmas is presented. Firstly,
an analytical model is described, showing that a transverse net current formed in a plasma can be converted
into THz radiations at the plasma oscillation frequency. This theory is applied to explain THz generation
in a gas driven by two-color laser pulses. It is also applied to THz generation in a tenuous plasma
driven by a chirped laser pulse, a few-cycle laser pulse, a DC/AC bias electric field. These are well
verified by particle-in-cell simulations, demonstrating that THz radiations produced in these approaches
are nearly single-cycles and linear polarized. In the chirped laser scheme and the few-cycle laser scheme,
THz radiations with the peak field strength of tens of MV/cm and the peak power of gigawatt can be
achieved with the incident laser intensity less than 107 W/cm?.
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1. Introduction

Terahertz (THz) waves with the field strength up to
MV/em or beyond are demanded for broad applica-
tions, such as nonlinear THz spectroscopy, THz non-
linear physics in condensed matters and semiconduc-
tors, nonperturbative THz electro-optics, etc.:2. Such
THz waves are usually obtained from accelerator-based
sources, which are still limited by the bandwidth, wave-
form, and the availability to most users. Therefore,
table-top powerful THz sources®~9 based on laser-
plasma interactions or laser-gas interactions have been
attracting significant attention recently. For example,
strong THz radiations can be produced from the laser
wakefield in inhomogeneous plasmas by linear mode
conversion!* or from the transition radiation at plasma-
vacuum boundaries using ultrashort electron bunches
produced from laser wakefield acceleration®!. The two-
color laser scheme has been most intensively investigated
in the last 10 years. Using this scheme, a linearly-
polarized THz radiation of a few of hundred kV/cm has
been demonstrated experimentally®~14  which is the
strongest THz radiation driven by lasers. However, this
scheme does not display a favorable scaling of the THz
intensity with the laser intensity when the latter is high
enough!'®l. An air plasma channel driven by a short
intense laser pulse was also experimentally shown to be
capable of emitting a radically polarized THz radiation
by Cherenkov-like emission!'®!7]. Such a THz radiation
is weaker than that produced from the two-color laser
scheme. The THz radiation can be strengthened consid-
erably provided that a DC bias field is applied to the
air plasma channel™®!. In this case, the THz radiation
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becomes linearly polarized along the bias field direction
and the THz amplitude is determined by the bias field
strength. The amplitude of such a THz radiation is lim-
ited by the bias field amplitude available!'], generally
smaller than a few tens of kV/cm. This THz radiation
can be enhanced to some degree when an AC/DC bias is
applied9!.

The THz generation mechanism of both the two-color
laser scheme and the DC/AC bias field scheme can be ex-
plained as that of a net current being formed in a plasma
and then converted into THz radiations at the plasma
oscillation frequency through plasma dynamics!*®19. In
the two-color laser scheme, the second harmonic light
breaks the symmetry of the fundamental light ionization
of gas[14’15’20] and forms a transverse net current in the
gas plasma. In the DC/AC bias field scheme, a net
current is formed along the bias direction. According
to the THz generation mechanism, two schemes are pro-
posed to achieve THz radiations with the field strength
meeting the requirements of the applications2l. The
first scheme uses a laser pulse of a few-cycle duration
to produce a MV/em—GV/cm THz radiation, because
single-cycle laser pulses with the carrier-envelope (CE)
phases controlled are availablel21:22l. The waveforms of
such lasers can become highly asymmetric at certain CE
phases. An asymmetric laser pulse can induce a strong
net transverse current as it passes through a plasma. The
second scheme is to take a chirped laser pulse. A net cur-
rent can be excited efficiently because the half-cycle laser
field is asymmetric with the following half-cycle field. In
the two schemes, the produced THz radiation amplitude
scales linearly with the incident laser amplitude.

The outline of the paper is as follows. In section 2, the
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mechanism of THz radiation generation from a trans-
verse net current in a plasma is described by a theoretic
model. In sections 3-6, the theory is applied to four ex-
amples in which the net currents are formed by two-color
laser pulses in the gas ionization process, by a few-cycle
laser pulse in a plasma, by a chirped laser pulse in a
plasma, and by applying a bias DC/AC electric field in
a plasma, respectively. Finally, the paper concludes in
section 7.

2. Theoretical model

There are a few of schemes to generate a transverse net
current in a plasma and then the net current is converted
into THz radiations, e.g., the well-known two-color laser
schemel®1%! the few-cycle laser schemel?3, the chirped
laser schemel'®! and the bias electric field schemel8:19],
In this section, we assume that a transverse net current
has been formed in a plasma and analyze how the current
is converted into a THz radiation. The analytic results
will then be applied to the four schemes mentioned above
in the next four sections.

A. THz radiations from net transverse currents in plas-
mas

The generation of the THz radiation is analyzed by
a theoretical model in one-dimensional (1D) approxima-
tion. Assume that there is a quasi-static net current
Jyo = —enevyo along the y-direction in a plasma, where
e is the electron charge, n, is the plasma electron density,
and vy are the velocities. This net current can be con-
verted into a THz radiation!*®19:23] by plasma dynamics.
The physical mechanism is described as follows. Once a
temporal or spacial fluctuation (a spacial fluctuation can
cause a temporal one) appears in the quasi-static net cur-
rent (e.g., a fluctuation in the electron velocities or the
plasma density), an EM (or THz) radiation is formed
with the electric field Ery, along the y direction, in
terms of the wave equation

02 92 A7 97,
(502~ i) Brme = 3 5 (1)

In turn, FE7y, acts on the plasma electrons and
then the electron velocities vyg become v, = wvyg —

ff eErn,/med€, which perturbs the net current fur-
P

ther. The perturbation of the net current reinforces Eryy,
again. Due to this feed-back loop, the net current is con-
verted into the THz radiation. For convenience, we use
the vector potential Ary, of Fry, is used to express the
electron velocities as

eATHZ

Uy = + Vyo, (2)

MeC

and the wave equation as

0? o2 wg dmencvyo
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where w, = \/4mre?n,/m, is the plasma oscillation fre-
quency and Jy has been replaced by —enevy in the wave

equation. Here, we neglect the Lorentz forces of the
electrons by the THz magnetic field, because the THz

radiation is not relativistic.
B. Frequencies and waveforms of the THz radiations

The solution of Eq. (3) in an infinite plasma was ob-
tained in Ref. [19] and the properties of the solution
in a semi-infinite plasma were discussed in Ref. [15].
In the two cases, the THz radiation is shown to have
the frequency of wp, which is easy to understand from
the three terms of Eq. (3) on the left hand. If there is
a vacuum-plasma boundary, the THz radiation source
in the plasma will propagate into the vacuum via the
boundary. Considering a vacuum-plasma boundary, the
exact solution of Eq. (3) is difficult to derive. However,
it can be predicted that the THz radiation in the vacuum
has the central frequency of w, and a near single-cycle
waveform. This is because the THz radiation source at
wp can penetrate into the vacuum only through the skin
effect. The head of the THz radiation into the vacuum is
the strongest, which comes from the THz source closest
to the vacuum-plasma boundary. The sequent part of
the THz radiation in the vacuum becomes weaker, which
comes from the THz source farther from the vacuum-
plasma boundary. Due to the skin effect, the THz radia-
tion source only within the spacial range of about one A,
or At near the vacuum-plasma boundary can penetrate
into the vacuum efficiently. Thus, the first cycle of the
THz radiation in the vacuum is much stronger than the
sequent part. Such a waveform and the central frequency
of the THz radiation in the vacuum have been shown by
the particle-in-cell (PIC) simulations in Refs. [15] and
[19]. These will also be seen either in the following PIC
simulations or the solution presented below under some
approximations.

C. A solution under the approximation of an infinitesimal
size plasma

Equation (3) is solved to obtain the THz radiation
waveform in the vacuum. From Eq. (3) one can get

2
Yoeay

by replacing ¢ and z with £ =¢ — x/c and ¢y =t + z/c.
One can solve Eq. (4) by the Laplace transform method
and obtain the solution:

Ari = TR R(wpED) < 1), ()

e

Aru, + WgATHz + 47T667Le’l]y() =0, (4)

where Jy is the order-order Bessel function. Here, we
neglect the change of n. with time and space. The ap-
proximation of an infinitesimal size plasma is taken to
make sure that Ay, at £ > 0 and ¥ > 0 exists at the
same time and space. Without this approximation, the
analytical expression of the THz waveform is difficult to
give (also see Ref. [15]).

Equation (5) presents the THz vector potential in the
plasma. At the left vacuum-plasma boundary the THz

vector potential is Ay, (t, 2 = 0) = =<0 [Jo (wpt) — 1] .
Therefore, in the left vacuum the THz vector potential

is Arp, = 20 {Jolwp(t + 2/c)] — 1}. Then the THz
electric field in the left vacuum is

_ MeWpUyo T
Ern, = . J1 {wp(t + C)]a (6)
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where J; is the first-order Bessel function. Equa-
tion (6) shows that the THz radiation has the cen-
tral frequency of w, and a near single-cycle waveform.
The THz field in the right vacuum can be given by

Erp, = T2t ) [wp(t — %)} in the same way.
D Amplitude scaling of the THz radiations

From Eq. (3), one can achieve the scaling of the ampli-
tude of the THz radiation with incident laser parameters.

Considering vy is a constant with respect to ¢ and z, one
can obtain

ATHZ X ’Uyo . (7)

In the following sections, Eq. (7) will be applied to
different cases to determine the dependence of the THz
amplitude on laser parameters.

3. THz radiation driven by two-
color laser pulses in a gas

Firstly, THz emission from a gas is investigated. In-
teraction of ultrashort laser pulses with tenuous gases
includes the laser field ionization of gases and the inter-
action of the laser pulses with formed plasmas. For the
jth electron, it follows the equation of motion given by

e

vy j(z,t) = [AL(z,t) — AL(zjo, tjo)],  (8)

MeC

where Ay, is laser vector potential polarized along the y
direction, and we set that the jth electron is born at place
x50 and time t;o. We assume that the initial velocity of
all newly born free electrons is zero. After the laser pulse
passes through the electron, it gains a net velocity

e
Uy, = _mecAL(ij’th)’ 9)

which is determined by the born place and time t — x/c.
The average velocity of electrons at x and ¢ is given by

e

N
Uyo = Zvy,j/N - <AL(x07t0)>’ (10)

MeC

where <AL(1‘Q,t0)> = Zj\,:l AL(I‘jo,tjo)/N, N is the to-
tal electron number at = and ¢, and (Ar(zg,%o)) should
be a function of z —ct. Assume the ionization stops at x¢
where laser pulses have left or gas atoms have been ion-
ized completely. Then all (Ap(zo,%0)) at < x¢ should
be statistically the same and quasi-static transverse cur-
rents are formed in the wake of the laser pulse.

The above analysis is applicable for gas targets ir-
radiated by either one-color or two-color laser pulses.
When one-color lasers are incident, the THz pulses will
be produced relatively inefficiently. When two-color
lasers are incident, the symmetry of positive and nega-
tive half-cycle of the fundamental wave is broken!®15],
The two-color-laser ionization causes net currents in the
same direction in every cycle and can thus emit THz
pulses more efficiently than one-color lasers (this holds
only when the lasers are not intense[?”!). When the tar-
get is a fully ionized plasma slab, either one-color or

two-color waves are adopted, the net current is null, i.e.,
vyo = 0, and no THz pulses can be generated.

To check the above results, 1D PIC simulations are
used. In our PIC code, the field ionization of gases
is included with tunneling ionization rates calculated
by the ADK formulal®¥. For simplicity, only hydro-
gen gas (Hy) is used, which generates one kind of
plasma density only. A slab target with the gas den-
sity ngas = 1.25 x 107°n, and the length Lg.s = 200X
is used starting from = = 500\, where n. = mews /4me?
is the critical density and wy = 27/Tp is the laser
frequency. A laser pulse is incident along the 4z di-
rection with the vector potential Aj = &,a;,, where
ap, = sin*(7&/7) - [a1cos(kof) + azcos(2koé + )],
ko = wo/c, 7o is pulse duration, a; and as are normalized
amplitudes for the fundamental and the second-harmonic
waves, respectively, and 6 is their relative phase. In the
following simulations 79 = 20Ag, a2 = a1/2, and 6 = 7/2.

The temporal and spatial distribution of THz emission
is shown in Fig. 1(a). There are two THz pulses, one
going along the +2z direction and the other along the
—x direction. These THz pulses penetrate into the vac-
uum and have a waveform with the first cycle being the
strongest. This can be seen more clearly in Fig. 1(b),
which shows the temporal evolution of THz pulses ob-
served at 20\ in front of the left gas-vacuum boundary.
Their corresponding spectra are plotted in Fig. 1(c). One
can see that the THz pulses have frequencies of 0.003wq
(1 THz), 0.005wp, and 0.0lwg, which are equal to their
individual wp. Note that there is the 0—frequency com-
ponent because of the asymmetry of the positive and
negative peaks of the THz pulse. These are consistent
with the previous analysis.

4. THz radiation driven by a
chirped laser pulse in a plasma

Reference [15] shows that the THz intensity does not
scale monotonically with the laser intensity in the two-
color laser scheme due to the difficultly controlled gas
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Fig. 1. (a) Temporal and spatial distribution of THz pulses
from a Ha gas target with the density ng.s = 1.25 x 10”5 n..
Waveforms (b) and spectra (c) of THz pulses from H, targets
with different initial gas densities. A two-color laser with
ay = 0.06 is taken. This figure can also be seen in Ref. [15].
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ionization. We propose using a single chirped laser pulse
irradiating on a plasma target, so that electrons can get
net acceleration in the transverse direction during each
laser period. If the chirping value sign of the laser is fixed,
then the net acceleration of electrons will be found in the
same direction in all laser periods, which can cause very
strong net currents. To demonstrate the scheme men-
tioned above in a simple way, we take the chirped pulse
electric field Ey, = éye1, with

eL = agsinfkoé(1 + C¢€)]sin(n&/LY), (11)

where the pulse duration LY = (/1 +4CLY — 1)/2C
for the chirping parameter C' and LY is the pulse dura-
tion at C = 0. For positively chirped pulses C' > 0,
LY < LY and for negatively-chirped pulses C < 0,
LY > LY, when the total period number of laser pulses
stays the same at any given C. Taking such chirped
pulses, one can easily calculate the net transverse net ve-
locity vyo. For example, when C' = 1.0 and —0.024, there
are vyo = —0.0115a02me/mewo and 0.0413a¢2we/mewo,
respectively. According to Eq. (6), one can obtain

_ _ —0.07apwy z
Bri(C = 10) = — 22, [wp(t + C)} . (12)
and
2
Fruy (C = —0.024) = 2200 7 [wp(t + f)} . (13)
wo C

PIC simulations are used to test the analysis above.
We fix the C, change the pulse amplitude, and ob-
tain the THz amplitude as a function of ag, which
is shown in Fig. 2. The THz pulse amplitude is
shown to increase linearly with a9 for both posi-
tive and negative chirped pulses. The ratio of slopes
[0ETH,/0a0|c=—0.024)/ [0 ETHz/0a0|c=1.0] = —3.59 is ex-
actly confirmed by Fig. 2. According to the simulations,
when ag = 0.067 (6.1 x 10> W/cm™2) and C = —0.024,
the THz amplitude is 1 MV /cm. According to Eq. (13),
the THz amplitude is 1.6 MV /cm, which is in approxi-
mate agreement with the simulations.

5. THz radiation driven by a few-
cycle laser pulse in a plasma

A transverse net current can also be produced in a
plasma if a few-cycle laser pulse is taken through con-
trolling its CE phasel®!. A laser pulse with the lin-
ear polarization is taken along the y direction propa-
gating in the +z direction. The laser electric field has
the form of E, = Egexp(—£?/78)sin(woé + 6), where
2v1In 27y is the FWHM duration, 6 is the CE phase,
& =t —x/c, and c is the speed of light in the vac-
uum. The laser pulse illuminates upon a tenuous plasma.
The plasma electrons move under the laser electric field

with velocities ffoo —eE,/med. After the laser pulse
passes through the electrons, they gain the velocities
Vyo = f_’f‘;o —eEy/medé — fj:; —ePBy/med€. One can
obtain

2

%) sin(9). (14)

e\/m
Uyo = —
m

EQTO exp ( —

e
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Fig. 2. THz pulse amplitude as a function of the chirped
laser amplitude for two different chirping parameters, where
the electron density is 2.5 x 107 °n. and a plasma target is
taken. This figure can also be seen in Ref. [15].

We take such &, that E,(&,) — Ey(4+00) — 0. This can
be satisfied if &, is taken as a few of 7.

From Egs. (14) and (7), one can achieve the scaling of
the amplitude of the THz radiation as

2.2

040 ) sin(9). (15)

ATHz o E()TO exp <—

In terms of Eq. (15), the THz amplitude enhances ex-
ponentially with the decrease of 79 and it reaches the
maximum when 79 = v/2/wp. For example, as the
laser FWHM duration 2+vIn27; changes from 1.5 cy-
cles to 1.0 and 0.5 cycles, the THz amplitude increases
by 57 and 412 times, respectively. While 7y is large,
0 exp(—w3Tg/4) is quite small and nearly no THz radia-
tion can be produced, as is usually encountered. The CE
phase is also a key parameter and the THz amplitude
is proportional to sin(6). Moreover, the THz amplitude
scales linearly with the laser amplitude Fy.

In addition, from Egs. (6) and (14) one can obtain

. WaTe x
Ern, = —V/mwp Egmo sin(6) exp ( -~ >J1 [wp(t + E)}
(16)

These 1D results are expected to be valid because the
laser spot size is much larger than its wavelength.

Then Egs. (15) and (16) are then checked through
2D PIC simulations. A 1-um-wavelength laser, with the
electric field E, = Egexp(—&2/78 — y?/r2) sin(wof + 0),
propagates along the 4z direction. A plasma slab is
distributed between x = 180 pym and x = 280 pum. It
has a uniform density profile with the electron density
ne = 1.2 x 101® cm™ (or w,/2m = 10 THz). The test
standard simulation parameters are the laser FWHM
duration 3.3 fs or one laser cycle, the CE phase 6 = 90°,
the laser intensity 107 W -cm ™2, and the spot radius
ro = 20 pm. The following simulations are performed
either with the standard parameters or with one of these
parameters changed.

Figure 3 shows the spatial distributions of the pro-
duced THz radiation propagating along the —x direction
in the vacuum on the left of the plasma. The left col-
umn (a) in Fig. 3 is the simulation results with the
standard parameters. One can see that the transversely
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spatial distribution of the THz field at ¢ = 100 fs fol-
lows exp(—y?/rg). Its amplitude is about 16 MV /cm
at t = 100 fs. As it propagates leftwards, its wavefront
spreads outside and it attenuates gradually. In addition,
the single-cycle waveform of the THz radiation can be
observed clearly. When the laser FWHM duration is
increased to 1.25 cycles (or 4.2 fs), the spatial distribu-
tions of the THz radiation are shown in the right column
(b) in Fig. 3. The distributions of the THz radiation
are similar to those shown in Fig. 1(a). However, its
amplitude at ¢ = 100 fs is about 3 MV /em, which is 4.3
times smaller than that in Fig. 3(a). This agrees with
the expectation of Eq. (15).

Further simulations with different laser FWHM dura-
tions within 0.5 to 4 cycles are performed. The temporal
waveforms of the THz radiation obtained from four typi-
cal simulations are shown in Fig. 4(a), where these wave-
forms are observed at y = 0 and 2 = 162 pm (or 18 pm
away from the left boundary of the plasma). These THz
waves have central frequencies around w, /27 = 10 THz
and near single-cycle profiles. ~We obtain the THz

(a) duration=1 cycle (b)  duration=1.25 cycles
16 3.0
50 _t:lOO fs 8 500 t=100 fs 15
of Bl of # [ {00
-50 -8 50t -15
1 I I _ 1 1 1 _
50 100 150 16 50 100 150 3.0
12
=200 fs 50 =200 fs 2
E 50 6 - 1
S or ‘. 0 of l(. 0
= 50 -6 50| -1
1 1 1 —-12 1 1 1 -2
50 100 150 50 100 150
12 2
50 | 1=400 fs 6 50 | =400 fs 1
0F (d 0 of j(‘ 0
-50[ -6 _50f -1
1 1 1 ~12 1 1 1 -2
50 100 150 50 100 150
x (um)

Fig. 3. (Color online) Snapshots of the spatial distributions
of THz electric fields with the unit of MV /cm. (a) The sim-
ulation results with the standard parameters. (b) The simu-
lation results with the standard parameters, except for when
the laser FWHM duration of 1.25 cycles is used.

10°F

L : E — theo
2 Y@ 210k ® - pC "
S 10 S E
= 2102k
<o 2107
< 2 oE
-é —40 — duration=0.50 cycle 10 F
duration=0.75 cycle E
g — duration=1.00 cycle N10°KF
=-801 —duration=1.25 cycles | T E
) I I I B 106 1 1 I 1 I
0 100 200 300 400 500 0.5 1.0 15 2.0

Time (fs) Duration (cycles)

Fig. 4. (Color online) (a) The temporal waveforms of the THz
electric fields at x = 162 ym and y = 0 for different laser
FWHM durations. (b) The THz amplitude as a function of
the laser FWHM duration, where the amplitude is normal-
ized by that with the laser FWHM duration of 0.5 cycle. The
circles are the PIC results and the solid curve is given by Eq.
(3) with 6 = 90°.

amplitude from such temporal waveforms and display
the THz amplitude as a function of the laser FWHM du-
ration by the circles in Fig. 4(b). In this figure, the THz
amplitude is normalized by that with the laser FWHM
duration of 0.5 cycle. The solid curve is given by Eq.
(15) with # = 90°. One can see that the PIC results are
in good agreement with the theoretic results. In particu-
lar, with the decrease of the laser FWHM duration from
1.5 cycles to 0.5 cycle, the THz amplitude enhances by
about three orders of magnitude. When the duration
is larger than two cycles, the THz radiation observed
becomes weak to the numerical noise level.

The laser CE phase 6 between 0° and 180° is then
changed. The temporal waveforms of the THz radiation
are shown in Fig. 5(a). The THz amplitude as a func-
tion of the CE phase is displayed by the circles in Fig.
5(b). The dependence of the THz amplitude on the CE
phase follows the sine function accurately, which is con-
sistent with Eq. (15). Particularly, when the CE phase
is 90°, the THz radiation is the strongest. This provides
a method to measure the CE phase of an ultrashort laser
by the intensity of the THz or electromagnetic radiation.

Next, we change the laser intensity within 10'° —
10'"® W -cm™? is changed. Figure 6(a) shows the tem-
poral waveforms of the THz radiation at different laser
intensities and Fig. 6(b) is the THz intensity versus the
laser intensity. One can see that the THz intensity scales
linearly with the laser intensity, which accords with Eq.
(15). The laser at even 10'® W - cm ™ is also observed to
produce 3.3 x 10 W - cm ™2 THz radiation (or the am-
plitude of about 1.6 MV /cm). According to Fig. 6(a),
one can calculate the peak powers of the THz radiations
because their transversely spatial distributions follow
exp(—y?/r¢) approximately. One can predict that the
generation of the 1 GW THz radiation needs the half-
cycle laser of 8 TW or the single-cycle laser of 300 TW,
which is independent of the laser intensity.

In addition, all of the above simulation results are in
approximate agreement with Eq. (16). For example,
with the test standard simulation parameters (the laser
FWHM duration is one laser cycle and the laser inten-
sity is 1017 W - cm™?), the THz amplitude is 31 MV /cm,
which is not much different from the 16 MV /cm value
obtained from the simulations of Fig. 3. Actually, the
Thz amplitude is 21 MV/cm for our other simulation
with a plane laser. The THz waveforms in Figs. 4-6 can
also be approximately described by Eq. (16).

6. THz radiation driven by a
DC/AC bias field in a plasma

A straightforward scheme['?! is then proposed wherein
a bias electric field is applied on a plasma and then a
static net current is formed. We take a bias electric
field with an arbitrary frequency, Epias = é,Eq cos(wt).
Set the vector potential of the plasma response field as
A, then the equation of motion for electrons is given by
meOV/0t = —e(Epjas — OA/cOt), where the bias field is
assumed to be much weaker than the relativistic correc-
tion and the Lorentz force is neglected. Then one can
derive velocities of electrons as

vy = [—eEpsin(wt)/mew + eA/mec], (17)
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Fig. 5. (Color online) The temporal waveforms of the THz
electric fields at = 162 pm and y = 0 for different laser CE
phases. (b) The THz amplitude as a function of the laser CE
phase. The circles are the PIC results and the solid curve is
the sine function of the laser CE phase.
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Fig. 6. (Color online) (a) The temporal waveforms of the THz
electric fields at * = 162 pm and y = 0 for different laser in-
tensities. (b) The THz intensity as a function of the laser
intensity.

where we have assumed the initial electron velocity and
fields are assumed to have vanished before the bias is
triggered. Neglecting the motion of the plasma ions, we

calculate the current density J, = —neev, insert it into
the wave equation, and obtain
0? 0? cw?
2 2 P .
= — — —w: |A = ——=Fysin(wt). 18
(WWP © Bosinwr).  (19)

If the bias and the plasma are distributed uniformly in
space, Eq. (17) can be simplified into

9?A 9 2 .

e +wp A= (wpc/w)EO sin(wt). (19)
From Eq. (18) the electric field of the plasma response
is given by

B, = { %[cos(wpt) — cos(wt)], w# wp (20)

80 gin(wpt), w = wp

The electric field clearly has two components with the
frequencies of w and wy,. For a DC bias, ie., w = 0,
E, = Ep[cos(wpt) — 1], which includes both DC and
wp’s components. For w € (0,v2w,) the EM radiation
is strengthened, compared with the case of a DC bias.
In particular, when w approaches to wy, a resonance ap-
pears and E, is strengthened significantly.

For a plasma slab with a finite size in the z direction,
the electric oscillation in the plasma can be converted
partially into EM radiation along the +x direction from
the plasma to the vacuum. The frequency of the radia-
tion field is the same with the electric oscillation in the

plasma. The radiation amplitude is also proportional to
FEy. In particular, for a DC bias pump, one can easily
obtain the solution of Eq. (15)

Eru, = Eo {Jo [wp (t + %)} _ 1} } . (21)

Then 2D PIC simulations are run to verify the above
results. Uniform plasmas with the electron density 7n,
within 10" — 10 ¢cm™2 and the thickness within 2X,
are taken in the z direction, where A\, = 2mc/wy, is the
plasma wavelength (e.g., A, = 30 um for the plasma with
ne = 1.2x 108 em=2). A DC/AC bias electric field with
the amplitude Ey within 10-1000 kV/cm and along the
y direction is applied to the plasma.

In Fig. 7 we take a DC bias with Fy = 10 kV/cm.
The spatial distribution of this EM radiation is plotted
in Fig. 7(a). One can see that there are two planar
EM waves propagating along the +x direction from the
plasma. The EM waves (Ey) oscillate at the center of
Ep=10 kV/cm starting from E, = 0.

The waveform properties of the EM waves can be
seen more clearly in Fig. 8. Figures 8(a) and (c) are the
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Fig. 7. (Color online) The spatial distribution of EM waves
E, at t = 400 fs, where the plasma density is 1.2 x 10*® cm ™3
and the DC bias field along the y-direction has the amplitude
of 10 kV/cm. This figure can also be seen in Ref. [19].
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Fig. 8. (a) Waveforms of EM waves emitted from plasmas

with different densities and (b) the corresponding spectra,
where the DC bias field along the y-direction has the am-
plitude Ey = 10 kV/cm. (c) Waveforms of EM waves for
different DC bias amplitudes, where the plasma density is
1.2 x 10"® cm™3. This figure can also be seen in Ref. [19].
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temporal waveforms observed at 10 um away from the
left vacuum-plasma boundary. Three curves in Fig. 8(a)
represent the cases for different plasma densities. Their
corresponding spectra are plotted in Fig. 8(b), which
shows that the EM waves have both a DC component
and an wy’s component. Three curves in Fig. 8(c) dis-
play the EM waves for different bias field amplitudes Fy,
where they take the unit of the corresponding Fy. One
can see that these three curves nearly coincide, which
indicates that the EM wave amplitude scales linearly
with the bias amplitude exactly. As a result, a plasma
can convert a dc bias field into EM radiation with the
frequency and amplitude controlled by the plasma den-
sity and the bias amplitude, respectively. In addition,
the waveform and the amplitude of the THz radiation
accords with Eq. (21) very well.

7. Summary

In conclusion, theory and PIC simulations show that
a net transient current produced in a plasma can be
converted into THz radiations at the plasma oscillation
frequency, which can explain THz generation mechanism
in the two-color laser scheme. Under this theory, a few
schemes to produce transverse net currents in tenuous
plasma have been proposed, allowing for the generation
of a powerful THz emission. These schemes include the
chirped laser scheme, the few-cycle laser scheme, and
the bias field scheme. The produced THz radiation am-
plitudes scale linearly with the laser amplitude or bias
amplitude. In the chirped laser scheme and the few-cycle
laser scheme, the asymmetric laser pulse is used to form
a strong net current in the plasma and then produce
powerful THz radiations. In the chirped laser scheme,
one can take a large chirped value to obtain a high asym-
metric laser pulse. In the few-cycle laser scheme, one can
employ the CE phase of 90° to achieve an asymmetric
laser pulse. In this case, a short laser pulse should be
used because the THz radiation amplitude increases ex-
ponentially with the decrease of the laser duration. In
particular, THz emission amplitude as large as tens of
MV /cm is possible with the chirped laser scheme or the
few-cycle laser scheme at the laser intensity of less than
10*7 W /cm?.
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Natural Science Foundation of China (Nos. 11105217
and 10925421) and the National Basic Research Pro-
gram of China (No. 2009GB105002).
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