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Single-cycle strong terahertz pulse generation from a vacuum-plasma interface driven

by intense laser pulses
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Single-cycle strong terahertz pulses can be generated by irradiating ultrashort intense laser pulses onto a
tenuous plasma slab. At the plasma surface, laser ponderomotive force accelerates electrons and induces net
currents, which radiate terahertz pulses. Our theoretical model suggests that if 7,>27/w,, with 7, as the
laser-pulse duration and w), as the plasma frequency, the emission frequency is around rzl. On the other hand,
the emission frequency is around w,/2 if 7, <27/ w,. Our numerical simulations support the theoretical
model, showing that such a terahertz source is capable of providing megawatt power, field strengths of MV/cm,

and broad frequency tunability.
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I. INTRODUCTION

Recently, strong terahertz electromagnetic pulse genera-
tion has been attracting great interest, since terahertz radia-
tion potentially has wide applications in terahertz imaging,
material characterization, and tomography [1,2]. Typical
laser-based terahertz emitters are electro-optic crystals, semi-
conductors, photoconductive antennas, etc. However, due to
the breakdown limit and low conversion efficiencies, it is
difficult to obtain powerful terahertz sources with these
schemes. Instead, terahertz radiation produced from electron-
beam-based and laser-plasma-based emitters were proposed,
such as transition radiation of electron beams [3], synchro-
tron radiation from accelerator electrons [4], Cherenkov
wake radiation in magnetized plasmas [5], coherent radiation
from plasma oscillations driven by ultrashort laser pulses [6],
and radiation from plasma channels and formed filaments of
an intense laser pulse propagating in air [7-10]. Some of
these schemes can produce high-peak and/or high-average-
power terahertz emission, though their conversion efficien-
cies remain low.

In 2005 we suggested a scheme for high-efficiency tera-
hertz emission based on the excitation of laser wakefield in
inhomogeneous plasmas through linear mode conversion
[11]. Later Wu et al. [12] proposed another terahertz-
emission scheme based on the laser wakefield excitation in a
thin plasma slab with the thickness around a terahertz wave-
length, in which a single-cycle terahertz pulse at the corre-
sponding plasma frequency is radiated from a transient net
current driven by the laser ponderomotive force. Compared
with the other schemes mentioned above, both schemes can
lead to table-top terahertz sources with the electric field
strength over 1 MV/cm and the power beyond 1 MW. These
powerful terahertz rays could be used for the study of high-
field terahertz science [13].

In this paper, we extend our previous work on single-
cycle terahertz emissions [12] and consider a longer driving
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laser _pulse with the duration 7,>27/w,, where w,
=\ne’/me, is the plasma frequency, and n is electron den-
sity. We find that the emission frequency is simply about Tzl,
and the plasma slab need not be close to plasma wavelength
\,, provided the inhomogeneity region near the vacuum-
plasma interface is less than )\p, where )\p=277c/ ,. The ad-
vantage with a thin plasma slab with the thickness of ~\,, is
that both the forward and backward emitted terahertz pulses
are in single cycle and of comparable magnitudes regardless
of the density profile.

The paper is organized as follows. In Sec. II, based on
one-dimensional (ID) particle-in-cell (PIC) simulation, a
theoretical model is developed for terahertz pulse generation
by the action of laser ponderomotive force on a plasma slab.
The scaling predicted by the theoretical model is confirmed
by further numerical simulations. The effects of plasma in-
homogeneity at the plasma boundary are discussed. To illus-
trate multidimensional properties of terahertz emissions,
two-dimensional (2D) PIC simulation results are presented in
Sec. III. Finally, a conclusion is given in Sec. I'V.

I1. 1D PARTICLE-IN-CELL SIMULATIONS
AND MODEL CALCULATION

A. 1D PIC simulation results

Let us consider that a plane femtosecond laser pulse is
obliquely incident onto a tenuous plasma slab at an angle of
a, as shown in Fig. 1. The plasma slab is underdense and has
a sharp surface and a width of several N\, along the x direc-
tion. For simplification, the incident laser pulse is assumed
to have a sine longitudinal profile a;=a sin[wm(t
—x/c)/ 7 ]sin(kx—wt) for 0=(t—x/c)=<17, and a;=0 other-
wise. It hits the left boundary of the plasma with s polariza-
tion in order to distinguish it easily from the p-polarized
terahertz emission. Here a;=eA;/mc is the normalized
laser vector potential with the peak amplitude a,, which is
related to the light intensity through [ =a% X 1.37
X 10" (um/N\)?> W/cm?, where \ is the laser wavelength in
vacuum. We take initial plasma density n=0.01n., which
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FIG. 1. Schematic of single-cycle terahertz emission from the
vacuum-plasma interface generated by a laser pulse obliquely inci-
dent onto a plasma slab.

corresponds  to  N\,=10N. Here, n,=mgqw?/e’=1.1
X 102! (um/\)? cm™ is the critical density for a laser pulse
with wavelength N. The plasma slab is localized from x
=200\ to x=300A\ in a 400N-long simulation box. In addition
we retain a free parameter \ in the presentation of simulation
results, so that one can scale to any laser wavelength. For
A=1 um, one has n,=1.1X10*" cm™ and n=1.1
X 10" cm™.

Our 1D PIC code adopts a boosted frame moving along y
direction in order to deal with the oblique incidence of the
laser pulse [14]. Defining fields F.=(E,*cB,)/2 in the
moving frame, we see that F, and F_ represent the forward
and backward p-polarized electromagnetic waves, respec-
tively. Here we mainly focus on analyzing F_ emitted from
the left boundary of the plasma slab and obtain the temporal
profile of the radiated terahertz pulses in the reflection direc-
tion.

Figure 2(a) illustrates the temporal profiles of the tera-
hertz pulses with different laser durations 7, =207, 407,, and
607y, where 7y=N\/c is the laser oscillation period. The laser
amplitude is ay=0.2 (I=5.5X10'® W/cm? for A=1 um),
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FIG. 2. (Color online) (a) Temporal profiles and (b) frequency
spectra (arbitrary units) of the terahertz waves F_. We take n/n,
=0.01 and laser pulses with a3=0.2 and a=45°, and different du-
rations 7, =207, 407, and 607,.
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and the incidence angle is @=45°. One find that the radiated
terahertz pulse is single cycle, and its duration is almost
equal to the incident laser duration. As the duration in-
creases, the terahertz pulse becomes weaker. In all these
three cases, we observe that the radiation amplitude F_
~10~* in vacuum, which exceeds 1 MV/cm for the electric
field. Spectra of F_ in Fig. 2(b) show that the central fre-
quency of the pulses is around 27/ 7;, which is around sev-
eral terahertz for A\=1 wm. In addition, Fig. 2(a) shows that
there are 2w oscillations riding on the terahertz wave, which
is most obvious for the case with 7,=607,. These features
are closely related to the laser ponderomotive force, which is
in the form F ,,:—mCZVai/ 2 in the weakly relativistic limit
(a2<1) [15]. For a linearly polarized light, ai:ai[l
—cos(2kx—2wt)]/2, with as a, the pulse profile, it shows that
F, contains two time scales: pulse durations 7, associated
with a, and 2w oscillations, which corresponds to terahertz
and 2w components in radiation fields as shown in Fig. 2(a).

In our previous study [12], if the laser duration 7; is
around or shorter than 27/ w),, high-amplitude laser wake-
fields can be generated, and emitted terahertz waves have
central frequencies of around w,. The presented results in
Fig. 2 represent a different regime.

B. Theoretical model

To explain simulation results above, we derive a model
for the terahertz radiation from laser-induced plasma trans-
verse currents at plasma surface. As shown later, it is differ-
ent from terahertz generation by transient longitudinal cur-
rents due to photo-Dember or surface field mechanisms in
semiconductors [16]. Following Ref. [17], one transforms all
variables from the laboratory frame to a moving frame with
the velocity c sin ae,, where e, is a unit vector along the y
direction. In this frame, plasmas stream along e, with a rela-
tivistic factor yy=1/cos a. The assumption of translational
symmetry in the moving frame implies that possible plasma
perturbations in y or z direction are excluded and the descrip-
tion is restricted to light reflection in the specular direction.
Maxwell’s equations lead to

(aﬁ—%aﬁ)A<x,t)=—%jL<x,t), (1)
C €gC

1
Trp(x,t) = P, (2)
0

Here, A and ¢ are the vector and scale potentials, respec-
tively, j, is the electron current in y or z direction, and p is
the charge density.

The particle’s velocity v, momentum p, and relativistic
factor vy are related by

p 2
p=myv, y= 1+(—>. (3)
mc

Because of the conservation of the generalized transverse
momentum, one has

d{p, +qA)=0, (4)

which leads to
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p.=mw,=p) —qA, (5)

where pi:mﬁvi:—eymc tan o denotes the initial trans-
verse momentum of the plasma streaming in negative y di-
rection. The initial distributions of electrons and ions are
given by n,=Zn;(x)=n,0(x), where n, is the electron density
of the unperturbed plasma in the moving frame, and O(x) is
the profile function of the plasma density.

Substituting Eq. (5) into the transverse current j, =
—e(n,v, .—Znv, ;) in Eq. (1), one can derive a set of equa-
tions regarding the vector and scalar potentials for the wake-
field and its emission, which are the same as those given by
Lichters et al. [17] derived for high-harmonic generation
from a solid surface. These equations are listed as follows:

2
w,\*> 1
‘9;2&’=(_2) [n-0(x)], (7)
c ) cosa
Y- \/1+(aLl—_e/§2tan a)z’ ®)

s(x,7) = (ap, — ey tan @) + O(x)ey tan @,  (9)

0s «
where ay and ay, are the respective vector potentials of the
terahertz wave and incident laser normalized by mc/e, ¢ is
the scalar potential of the driven plasma wave normalized by
mc?/e, n is normalized by n,, and s(x,f) is the terahertz
radiation source. Here we also have assumed that |ar]
<|ay|, which is generally applicable as found in the numeri-
cal simulation.

By adopting the quasistatic approximation [ 18], we obtain

O(x) { (1+a; cos® @) }
n= 2 1],
2 [ (1+¢@cosa)

(10)

-1]. (11)

In the weak relativistic case |¢| <1 and (a, cos a)®<1, Eq.
(11) can be reduced to

2 :(92)2 O(x) {(l+aicos2 a)

o ¢/ 2cos al (1+¢cosa)?

2
ﬁ§<p+k[2,(“)(x)<p= —22®(x)ai cos a, (12)

where k,=w,/c=2m/\,. For a homogeneous plasma slab
BO(x)=1, we take ¢=0 and dp/9E=0 at E=x—ct=0 as the
boundary conditions, and we find that the scalar potential
within the laser pulse is given by

a3 cos a k,z, cos(k;é) - k; cos(k,£)
1- 2 2 ) (13)
4 Py

()=

where k;=2m cos a/d; and d;=c7;, and terms of order
()\/)\p)2<1 and (\/d;)?><1 have been neglected.

For long laser pulses satisfying the relation k,2<k§, ¢ can
be approximated by
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at cos a

@(§) = 11~ cos(lig)]. (14

In the weakly relativistic case using Egs. (7), (9), and (14)
together, the source equation for s-polarization incidence la-
ser pulse becomes

2 .
ay sin a cos a

1 k7 cos(k€), (15)

sy(x,1) =

which is in the y direction. It indicates that the terahertz
emission is always p polarized. The generation of the tera-
hertz radiation is determined by Eq. (6), from which the elec-
tric field in the laboratory frame is found to be

2 ct
)
Ef(x,t) = —£2— dx’sy(x',t—|x—x'|/c), (16)
2cwcos a )
where Er is normalized by mcw/e. The source s, is localized
from the surface x=0 to the front of the laser pulse x=ct. The
integral can be solved as

2 .
S inlkx+ 1)) = sinfl (- )]}
L

Ep(x,t) =
(17)

This equation shows that the terahertz emission is composed
of two parts, which propagate in the specular reflection and
laser transmission directions, respectively. Let us consider an
observer at the point x <0 at the left side outside the plasma.
The reflected field component is given by

2 .
A

% ad—sin[kl(x +en)]. (18)
L

ET(x’t) =

From Eq. (18) we can see that the frequency of terahertz
emission is only related to the duration of long incident laser
pulses, rather than the electron plasma frequency. This ex-
plains the simulation results above. Notice there is no tera-
hertz emission for normal incidence or a=0, which is differ-
ent from surface depletion field and photo-Dember
mechanisms in semiconductors [ 16]. For normal incidence of
laser pulses onto plasma, the pure longitudinal current —env,
is canceled completely by the displacement current JE,/ dt.
As a result, there is no electromagnetic emission in this case.

For short laser pulses with k;«klz, the scalar potential and
the electric field corresponding to the reflected emission can
be approximated by

2
plxd) = P = coslky (e colh (19)
a(2) sina N |
Eq(x,1) = )\—sm[kp(x +ct)]. (20)

p

From Eq. (20), we can see that for short laser pulses, the
radiation frequency is decided by initial plasma density
through &, \n, which is consistent with Refs. [11,12].
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FIG. 3. (Color online) (a) Peak field |F_|,,, of the terahertz
pulses as a function of the inversion of laser durations. The plasma
density is n/n.=0.01 and the laser has ay=0.2 and a=45°. (b)
|F_|,nax as a function of the laser intensity for n/n,=0.01, 7
=207, and a=45°. (c) |F_|,uax as a function of sin o with «
e[0°,15°,30°,45°,60°,75°] for n/n.=0.01, ay=02, and 7,
=207,. (d) Temporal profiles of F_ for ay=0.2, 7,=207, and «
=45° and different plasma densities n/n,=0.01, 0.04, and 0.09.

C. Comparison between the model and simulations

In the following, we compare the analytical results given
by Egs. (18) and (20) with numerical simulations. Figures
3(a)-3(c) show that the peak field strengths |F_|,,., are pro-
portional to the inversion of the laser durations d;, the laser
intensity ag, and sin @, as predicted by Eq. (18). Figure 3(d)
illustrates the effect of plasma density. One can easily note
that when plasma density increases from n/n.=0.04 to
n/n,=0.09, the terahertz pulse profile does not change except
for the enhancement of 2w oscillation modulation in the
emitted pulses. This indicates that the terahertz-emission
strength and frequency have no relation with initial plasma
density for long laser pulses. When the emission frequency is
lower than the plasma frequency, only the plasma region
from the surface to a depth of d; cos a participates in the
generation of the emission.

When plasma density is not uniform and increases lin-
early in a length much longer than plasma wavelength, linear
mode conversion mechanism takes the main role of terahertz
emission. In Fig. 4, we compare our schemes with linear
mode conversion for different density profiles. The single-
cycle pulse is radiated from a homogeneous plasma with the
density n/n.=0.01 in x € [100\,200\]. The multicycle pulse
is produced by linear mode conversion in an inhomogeneous
plasma slab with density linearly increasing from 0 to 0.01n,
in x € [100N\,200N]. Note that the peak fields emitted from
both schemes are nearly equal. If the initial density is trap-
ezoid with a linearly rising part near the surface, the emis-
sion pulse is still single cycle and similarly as with the case
of homogeneous plasma. This implies that the density homo-
geneity of the plasma slab is not necessary. However, it de-
mands that the length of the linearly rising part is shorter
than the radiation wavelength. One notes that the emission
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FIG. 4. (Color online) Comparison of (a) temporal profiles and
(b) power spectra (arbitrary units) of F_ from different density pro-
files. The flat plasma profile (solid lines) represents a homogeneous
plasma slab with n/n.=0.01 from x=100\ to x=200\. The trap-
ezoid profile (dashed lines) linearly rises from O to 0.01n,. for x
€ [100N\, 105\ ] and remains uniform for x=200\. The linear profile
(dotted lines) rises linearly from 0 to 0.01n, for x € [100N,200\]. In
all three cases, we take a(=0.2 and a=45°.

spectrum from the present mechanism is shifted to a higher-
frequency regime and becomes broader than that from the
linear mode conversion case.

Figure 5(a) illustrates the temporal profiles of the tera-
hertz pulses with short laser duration 7, =207, in much more
underdense plasma such as n/n.=0.0001, 0.0004, and
0.0009, where we also take ay=0.2 and @=45°. We find that
as the plasma density increases, the radiation pulse becomes
stronger. Figure 5(b) shows that the central frequency of the
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FIG. 5. (Color online) (a) Temporal profiles of the backward
emission F_ at the angle of 45° for ay=0.2, 7,=207,, and a=45°
and different plasma densities n/n,=0.0001, 0.0004, and 0.0009.
(b) Power spectra (arbitrary units) of F_ in (a).
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terahertz spectra is just the plasma frequency, which agrees
with Eq. (20).

II1. 2D PARTICLE-IN-CELL SIMULATIONS

It should be pointed out that the above 1D model and 1D
PIC simulations are valid as long as the laser spot size is
large compared with the terahertz wavelength. For a laser
beam with a Gaussian profile exp(—rz/Wi) in transverse
space, the 1D model applies for W;>d;. It is easily under-
stood that for W; <d,, the radiation source size is smaller
than the radiated wavelength, so the generated terahertz
wave will diffract dramatically. In order to obtain collimated
terahertz emission, W; >d; should be maintained [12].

For 1D case, there is terahertz emission only when the
laser is obliquely incident onto the plasma slab. However, in
2D space, because of the finite beam diameter, the pondero-
motive force has a transverse component which can drive
transverse current, equivalent to the oblique incidence of the
laser pulse. In this case, instead of collimated emission, coni-
cal terahertz emission with radial polarization is obtained. In
the following we present 2D PIC simulation results with
normal-incidence pulses to illustrate some multidimensional
properties of the terahertz emission. As shown in Fig. 6, the
simulation box is 240\ X 240\, and the plasma is located in
the dotted rectangular region with initial density n/n.=0.01.
The laser pulse is s polarized and has parameters ay,=0.2,
7.=207,, and W;=20\. It propagates along the x direction at
y=120\. Figure 6(a) shows the generated terahertz magnetic
field B,. It is found that there are indeed two single-cycle
terahertz pulses in the reflection and transmission directions.
For N\=1 um, the amplitude of terahertz field strength ex-
ceeds 6 MV/cm. The induced radiation appears to have a
symmetric double-lobe shape corresponding to conical emis-
sion. There is no terahertz emission along the beam axis. In
the three-dimensional space, because of the axial symmetry
of the ponderomotive force, the terahertz electric field would
be radially polarized and the magnetic field is in the azi-
muthal direction. Figure 6(b) shows the evolution of the
transverse current j, at the vacuum-plasma interface x
=120\ driven by the transverse ponderomotive force. One
notes that the current propagates along the plasma surface
with a velocity close to ¢ and decays slowly. This current
should be relevant to the propagation of terahertz pulse in
vacuum around the plasma surface.

IV. CONCLUSION

To conclude, we have presented a theoretical model for
the generation of single-cycle high-power terahertz radiation
from a tenuous underdense plasma slab. This radiation is
generated by the currents at the vacuum-plasma interface due
to the ponderomotive force of the incident laser pulse. It
shows that the radiation frequency can be controlled by ei-
ther the inverse of the laser-pulse duration or the plasma
frequency, depending upon their relative magnitudes. The ra-
diation frequency takes the smaller one. The theoretical
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FIG. 6. (Color online) (a) A snapshot of the magnetic compo-
nent B, of the terahertz emissions from 2D PIC simulation at
t=2407,. The dashed arrow points to the laser incidence direction,
and the dotted rectangle marks the plasma surface. (b) Temporal
profile of the transverse current J, along the left boundary
x=120\ of the plasma slab.

model is well confirmed by PIC simulation. Our theoretical
model is valid for ai< 1, or weakly relativistic laser intensi-
ties, for example, =10'7 W/cm?. The latter is usually high
enough to produce powerful coherent terahertz sources at a
few tens of MW level, suitable for applications in nonlinear
and high-field terahertz science.
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