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Low-noise terahertz (THz) radiation over 100 MV/cm generation by a linearly-polarized relativistic laser pulse in-
teracting with a near-critical-density (NCD) plasma slab is studied by theory and particle-in-cell (PIC) simulations. A
theoretical model is established to examine the dipole-like radiation emission. The THz radiation is attributed to the single-
cycle low-frequency surface current, which is longitudinally constrained by the quasi-equilibrium established by the laser
ponderomotive force and the ponderomotively induced electrostatic force. Through theoretical analysis, the spatiotemporal
characteristics, polarization property of the THz radiation, and the relation between the radiation strength with the initial
parameters of driving laser and plasma are obtained, which are in good consistence with the PIC simulation results. Fur-
thermore, it is found by PIC simulations that the generation of thermal electrons can be suppressed within the appropriate
parameter regime, resulting in a clear THz radiation waveform. The appropriate parameter region is given for generat-
ing a low-noise intense THz radiation with peak strength reaching 100 MV/cm, which could find potential applications in

nonlinear THz physics.
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1. Introduction

THz radiation has attracted significant attention during
the last few decades for its exclusive properties.[!'?) THz
pulses with a field over 1 MV/cm are important for non-
linear lattice excitations,®! insulator-to-metal transitions, !
photo-induced superconductivity,®! and ultrafast control of
ferroelectric polarization.!®) More intense milli-Joule (mJ)
THz wave with field strength over GV/m can be applied to

[7-9

nonlinear pump-probe experiments!’™ or provide opportu-

nities for high-gradient acceleration of electrons.!%-141 Con-

15.16] 4nd nonlinear

ventionally, gigantic accelerator facilities!
crystals!!”=11 are mainly used to produce intense THz radia-
tion. Compared with these traditional methods, laser-produced
plasmas have recently acted as promising drivers toward high-
power, low-cost and table-top THz emissions.?! In particular,
solid-density plasma targets are expected to produce stronger
radiations than gas targets, because they can withstand quite a
high laser pump intensity, and more electrons can participate
in the radiation generation process.

When the laser pulse interacts with the solid slab, a large
number of hot electrons are generated on the front. Among

them, electrons with sufficient high longitudinal velocity can
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escape from the laser field, and then go deep into the tar-
get. When these electrons pass through the vacuum interface
of the rear target, due to the discontinuity of the dielectric,
they will produce a transverse transient current and emit co-
herent transition radiation (CTR).2!-2* An electron sheath is
formed behind the target to produce a strong electrostatic field.
The low-energy part of the electrons is reflected by the sheath
field and undergoes deceleration and acceleration in the sheath
field, thus emitting bremsstrahlung-like radiation (BR).!*! In
addition, the number and velocity of electrons in the sheath
vary with time, resulting in a time-varying current. Then, the
changing current generates electromagnetic radiation referred
to as sheath radiation (SR).[26-3% The parameter range of these
three THz generation mechanisms was discussed in detail in
Ref. [31]. Generally, in the process of THz generation, a vari-
ety of mechanisms related to hot electrons coexist, which dis-
torts the THz waveform to a certain extent.

In this paper, we propose a scheme to produce intense
low-noise THz by reducing the density of the plasma slab
from solid density to near-critical density ranging from 1.0n,
to 4.0n., where n. is the critical density. Such a near-critical-
density (NCD) plasma slab can be fabricated by high-pressure
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gas3>3] in the laboratory. When the sharp-edged plasma
slab is irradiated by a linearly polarized laser pulse which is
not transparent to the slab, the surface electrons on the front
side of the target are first compressed into a thin layer by the
laser ponderomotive force, and at the same time, the electron
layer is dragged back by the ponderomotively induced charge-
separation electrostatic force. Within the parameter range of
our scheme, the ponderomotive force and electrostatic force
are in quasi-equilibrium. This quasi-equilibrium makes the
surface electrons move collectively and stably in the quite thin
layer of the target. During this process, the escape of hot elec-
trons, which usually occurs at solid density, is suppressed in
the NCD target. Thus, the radiation noises related with ther-
mal electrons no longer emerge. The single-cycle longitudi-
nal motions of these surface electrons induce a surface current
which gives off the dipole-like THz emission at the front sur-
face. Although the longitudinal velocity of these source elec-
trons is not very high, because few surface electrons can es-
cape, and the radiation of source electrons is highly coherent,
intense THz pulses over 100 MV/cm can still be produced. A
simple model is established to study the angular, spatial dis-
tribution, and polarization properties of the radiation. The ef-
fectiveness of the scheme is verified by particle-in-cell (PIC)
simulation. The radiation characteristics and the dependence
of radiation intensity on the initial parameters of the incident
laser and plasma target are all in good consistence with the
theoretical predictions.

2. Theoretical analysis

As shown in Fig. 1(a), a spherical coordinate with zenith
direction pointing to +x direction is established. Here r, 0,
and ¢ are the radical distance, polar angle, and azimuthal an-
gle; 7, 6, and ¢ are the corresponding unit vectors, respec-
tively. A sharp-edged plasma slab with near-critical density
is normally irradiated by a linearly polarized relativistic laser
pulse incident from the left boundary. The slight imbalance
between the ponderomotive force and the charge-separation
field can excite a low-frequency longitudinal current on the
front surface where the electrons are compressed into a very
thin layer. The duration of the current is roughly the same as
that of the driving laser, so the radiation frequency is almost
near the carrier frequency of the driving pulse’s envelope. The
carrier frequency of the laser pulse with a duration of 100 fs is
10 THz. Considering a circular current source with radius w,
the far-zone interference enhancement of radiation with wave-
length At at observation angle 0 is described by the interfer-

ence factor: 34

2
F(6) = {Jl (27;”0 sin9> /sin@] . 1)
T

Here, J; is the Bessel function of the first order. If the trans-

verse size of the current source is much less than the radiation

wavelength, i.e., wy < Ar, F(0) is almost constant. Thus, the
circular source can be taken as a point source whose radiation
is highly coherent. The radiation is like a spherical wave that
propagates perpendicularly to a spherical wave-front centered
at the laser spot, as shown in Fig. 1(c).

(a)

OA B

Fig. 1. (a) The schematic of the spherical coordinate system. (b) The
schematic of the model for the motion of the surface electron layer. (c)
The three-dimensional spatial distribution of THz radiation.

A simple model is used to illustrate the low-frequency
motion of the surface electron layer, 3 as shown in Fig. 1(b).
When the rising edge of the laser pulse arrives at the plasma
surface, the surface electrons can be pushed forward by the
ponderomotive force. Electrons then pile up with uniform den-
sity npo in the compression layer (between AB), leaving be-
hind a charge depletion layer (between OA) where ions are in-
ertially confined, and giving rise to a strong electrostatic field
E.. According to the Poisson equation, E¢g is supposed to be
of linear profile in the depletion layer with Ees = Eox/d and
in the compression layer with Ees = [1 — (x —d) /Is]Eo. Here,
Ey = enopd /€ is the maximal electrostatic field, d denotes the
displacement for the front surface of the compression layer;
ls=c/wpe = c\/W is the skin depth of laser pulse in
compression layer, in which c is the light speed, @p the fre-
quency of electron plasma wave in compression layer, & the
permittivity of vacuum, ng the initial electron number density,
me and e the electron mass and charge, respectively.

The movement of the surface electron layer is determined
by the pressure imbalance between ponderomotive and space-
charge force:

d(npolspx)
dr

eEonpols

:pr* ) )

2
where the laser pressure is Fpx = 2I(1 — Bx)/c(1+ ). The
intensity of linearly polarized pulse is I = 2w%eya’m2c’ e A3 .
Together with charge conservation nyols = no(x+[s), the rela-
tivistic motion of the electron layer can be written in normal-
ized quantities as[3°!

d(’}/xﬁx) — ﬁ 1 I*Bx
dt No X + /X2 +1/a2Ny 1 + B«

— 47’ NoX. (3)
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Here, a = ¢E /meyc is the normalized laser amplitude, in
which @ = 27mc /A is laser frequency, and Ay is laser wave-
length; v, = 1/4/1—f2 is relativistic factor. X = x/A,
Bx = dx/cdt, T =t /Ty are the quantities normalized by wave
length, light speed, laser period, respectively. Ny = ng/n. is
6038ome /e
0 and B,(0) =
tion of displacement and speed can be numerically calculated
from Eq. (3).

In the near-critical-density regime, take ayp = 1.0 and

normalized by the critical density n. = Together

with initial conditions X (0) = 0, the exact solu-

Ny = 2.0 as an example, the maximal velocity calculated from
Eq. (3) is By ~ 0.01, which is much less than light speed. This
means that a quasi-static balance between laser pressure and
charge-separation force is established. Thus, the longitudi-
nal motion of the surface electron layer can be simplified to
a quasi-static form

4a? 1
No X +/X2+ 1/7*No

Then the displacement of the electron layer surface under the

=471’ NyX. 4)

quasi-static condition is

2
a
S — )
Nom+/2a% + Ny
“1)2

Taking X into the normalized equation L = (27) ' (Npo)
and NpoLs = No (X + L), we can obtain Nyo = 2a* + Ny and

= (2n)"! (2a2+N0)_1/2. Here, L, is the skin depth of
the compression layer normalized by A, and Ny is the num-
ber density of the compression layer normalized by n.. After
calculating B¢ and Nyo, we can determine the current source
Jx = —eNponccﬁx. The current emits THz radiation that prop-
agates into the vacuum. The retarded vector potential of the
radiation is determined by3”!

1 Jx(F it —r/c)
Adrt) = oy / I qy. ©6)

The superscript is used for the physical quantities at the source

zone. This formula indicates that the vector potential at
(r,t) is determined by the current source at the retarded time
t —r/c. At the far-zone observation point, r can be regarded
as a constant. Considering the transverse Gaussian distribu-

tion of laser intensity, the volume integration of j, equals

— [enpocBils2mr’dr’. In terms of normalized quantities, the
vector potential could be expressed as
Ay( R, T—R)
ey _ / B R'dR'. )
s(R',T—R)

On the left side of Eq. (7), the vector potential is normalized
by mec/e. R and R’ are radial coordinates normalized by .
A (R, T) can be numerically acquired by integration according
to Eq. (7).

Taking A = A((R,7)é, into B =V x A and using the
formula for curl in the spherical coordinate system, we have
B, =0,Bg =0, and By(R,0,7) = —dA(R, 7)sin0/(A9IR).

For spherical radiation, A, (R, 7) has dependence on T — R. Re-
place —d/dR by d/dt, the magnetic field can be expressed in
normalized form as

eBy(R,0,7) B
me (o
Because E x B = S and energy flux vector S points to the

1 0 [eA(R,T)] .
T¥T {] sin 6. ®)

MmeC

positive r direction, the electric field has only the 6 compo-
nent with Eg = cBy.

The vector potential in Eq. (6) is used for the three-
dimensional (3D) situation. For the two-dimensional (2D)
simulation (at the xy plane) which is symmetric along the z
direction, vector potential has the following form:

ol I Mo
27rc & <c(t—t")

[2(t—1)2 — ,2]1/2

For the 3D situation, A,(r,¢) in Eq. (6) is solely determined by
Jx(F' ;') at retarded time ¢’ = ¢t — r/c. However, for the 2D sit-
uation, A, (r,r) is determined by j.(r,') at times earlier than
the retarded time, i.e., ' <t —r/c. This wake effect results
from the lateral points on the line perpendicular to the 2D sim-
ulation plane, and will quickly disappear to zero. A,(r,¢) in the
2D situation can be simplified to a normalized form as

eAy(R,T) _l/T*R d7’
me@y [(‘L’ )2 —Rz}l/z

To keep the direction of the field in the 2D simulation as the
same as those in the xy plane (at z = 0) in the 3D spherical co-
ordinate, we define in the 2D situation that B, = B, fory >0
and By = —B, fory < 0.

Ax(rt ds’. (9)

3. PIC simulations

Two-dimensional PIC simulations are performed to check
the validity of our analytical model by using the relativis-
tic PIC code EPOCH.!?®! A linearly polarized Gaussian laser
pulse, whose electric field oscillates in the z direction, is
normally incident from the left boundary and focused on
the front surface of the plasma slab positioned at x = 0.
The normalized intensity of laser pulse at the focus plane
is ag = asin®(n7/7 ) exp(—R' /W$). Here, the normalized
laser intensity maximum is ap = 1.0. The pulse duration
is 7, = 30.0 and the waist radius is Wy = 5.0. The wave-
length is Ag = 1 um. The laser parameters correspond to
IoAg ~ 1.37 x 10" W-cm™2 - um?, which is the relativistic
threshold. The fully ionized plasma slab is 2 pm thick and
consists of protons and electrons with an initial density of
no = 2.0n.. The initial temperature of the electrons is zero.
The size of the simulation box is 10049 x 1004y and the spa-
tial resolution is up to 30 cells per wavelength, with each cell
containing 50 protons and 50 electrons. For reference, the ini-
tial time T = 0 is set at the moment when the rising edge of the
pulse impinges on the left surface of the target.
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Fig. 2. The snapshot of radiation field (a) Eg and (b) By, averaged in one laser cycle from simulation. (c) The snapshot of B, indicated by
formula (8). The electric field is in units of 3.0 MV/cm, and the magnetic field is in units of Tesla. (d) The angular distribution of Bé, where
the red solid line represents the simulation result and the blue dashed line represents the sin-square fitting. (e) The inset plot gives the temporal
spectrum of Fy by simulation (red line) and theory (blue line). The main plot gives the corresponding frequency spectra of Fy .

Figures 2(a) and 2(b) show the snapshot of electric field
Eg = £E, cos 8 — E,sin 0 in units of 3.0 MV/cm and the mag-
netic field By = £B; (plus is for y < 0 and minus for y < 0)
in units of Tesla at T = 45.0. Figure 2(c) gives the theoretical
distribution of B, as indicated in Eq. (8) with the same param-
eters as in the simulations. It can be seen that the analytical
model well reproduces the radiation pattern observed in the
simulation. The intense spherical low-frequency electromag-
netic wave is emitted from the exact center of the laser focus.
The whole wave profile presents a single cycle type. The po-
larization of the magnetic field is along the ¢ direction and
that of the electric field is along the 6 direction, while other
components are almost equal to zero (not shown). According
to the direction of the radiated field, we can infer the Poynting
vector to be predominantly normal over a spherical wavefront.
The intensity of radiation is not distributed uniformly over the
spherical wavefront, but is obviously dependent on the emis-
sion angle. Figure 2(d) shows the energy angular distribution
of Bé (red solid line) at the vacuum semi-circle with radius
R = 35, together with the fitting to sin-square function (blue
dashed line). The angular distribution matches well with sin-
square fitting, which is the typical distribution for a charged
particle traveling non-relativistically in a straight line, as indi-
cated by Eq. (8). The radiation peaks at the direction along the
plasma-vacuum interface and decreases to zero at the target
normal direction, naturally separated from the reflected laser
pulse and harmonics.

We define the field quality Fi. = (Eg/c & By)/2, which
describes the flux of radiation propagating in £r directions.

The inset plot in Fig. 2(e) shows the single-cycle time wave-
form of F4 (red line) recorded in simulation at the observation
point at R = 30 on the target surface. The fact that F (red
dashed line) equals zero proves that radiation flows in the pos-
itive r direction. The whole F time spectrum (red solid line)
lasts about 307 from about T = 30 to T = 60, almost as the
same as the duration of the laser pulse. The blue solid line
gives the theoretical spectrum indicated by Eq. (8), in which
A, is numerically calculated by Eq. (10). The satisfactory con-
sistence of the simulation spectrum with the model confirms
the reliability of the theoretical model. The field peak is about
24.0 Tesla, corresponding to 72.0 MV/cm. The correspond-
ing frequency spectrum of F, is shown in the main plot in
Fig. 2(e). The spectrum covers a range from O up to ~ 30 THz,
with its peak at ~ 12.0 THz, which roughly equals the carrier
frequency of the laser pulse envelope. The frequency of THz
radiation can be easily controlled by adjusting the laser dura-
tion.

For sharp-edged plasma, when laser is normally incident
with intensity above 10'® W-cm™2, the j x B mechanism
would dominate the energy absorption. Other collisionless
mechanisms, such as vacuum heating and resonance absorp-
tion, are not evident because no electric field is parallel to the
density gradient. Figure 3(a) shows the longitudinal trajectory
of electrons at the exact center of the laser focus. All electrons
are flowing slowly along the theoretical trajectory (red solid
line) predicted by Eq. (5). Even though these electrons expe-
rience evident double-frequency oscillation, it is worth noting
that the electrons are confined in laser field and are not effec-
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tively heated. Figures 3(b) and 3(c) show the momentum spec-
trum of electrons at two successive quarter periods 7 = 14.75
and 7 = 15.00, respectively. At T = 14.75, all electrons in the
compression zone are pushed forward, while during the next
1 /4Ty, they are completely dragged back. Electrons seldom
turn to be thermal by escaping from the laser field. Because of
the orderly collective movement of surface electrons under the
constraints of laser and electrostatic pressure, the waveform of
THz radiation is quite clear, which cannot be achieved by the
thermal electron bunch with large divergence and somewhat
stochastic motion.

0.09

—~ 0.06
£
e 0.03

108 =T LR B
106 1r T
104 1r T

102 1t -
Fr=14.75 7=15.00
| I 1

R Ly )
—0.4 0 04 —-04 0 0.4

P, (mec)

Count (arb. units)

100

Fig. 3. (a) The longitudinal trajectory of the surface electron located
at the exact center of laser focus for simulation (black lines) and the-
ory (red line). (b) and (c) The momentum spectra of electrons at two
successive quarter periods.

The influence of laser intensity and plasma density on
THz radiation is further investigated by PIC simulations. Fig-
ure 4 gives the snapshot of By at T = 45.0 for (a) ap = 2.0,
No =2.0, (b) ap = 1.0, Ny =4.0, (¢c) ap = 5.0, Ny = 10.0,

ag=2.0, Ng=2.0

ao=1.0, Ny=4.0

and their corresponding electron trajectories in (d), (e), and
(f). Different from Fig. 2(a), due to the emergency of thermal
electrons for all these three cases here, disordered radiations
on both the front and the back sides of the plasma slab are ob-
served. For ag = 2.0, Nyp = 2.0 in Fig. 4(a), numerous thermal
electrons are generated due to the relativistically self-induced
transparency (RST) resulting from the relativistic increase of

inertial electron mass by y=+/1+ a(z). The relativistic plasma

frequency reduces to @’ ; = wg /Y = Now}/\/1+ a3, where
wp = \/m is the non-relativistic plasma frequency.
The threshold condition for RST is a)l’p =y, i.e., a(z) = Ng —1.
When laser intensity is enhanced or plasma density is reduced
to meet the threshold value, the laser would penetrate through
the plasma slab and lead to the generation of thermal electrons.
For ap = 1.0, Nyp = 4.0 in Fig. 4(b), although the slab is opaque
for the driving laser, the plasma wave would resonant dramat-
ically with 2y oscillating component of j x B force, so elec-
trons are more likely to free themselves from the laser field
and penetrate deeply into plasma. For higher plasma density
and laser intensity such as ag = 5.0, Ng = 10.0 in Fig. 4(c), al-
though the similarity parameter S = ng/aon. keeps unchanged
with ay = 1.0 and Ny = 2.0, the waveform of radiation is much
more disordered. The trajectories of these electrons are similar
to those in the work of Chen ez al.3°! in solid density regime.
For both the situations, the Rayleigh—Taylor-type instability
and the strong heating of electrons severely distort the longitu-
dinal single-cycle motions of surface electrons. The amplitude
of the oscillation for a large number of fast electrons reaches
several wavelengths. When these fast electrons pass through
the target-vacuum interface, the transition radiations are emit-
ted, as observed in Ref. [21]. The radiation noises from fast
electrons reduce the radiation cleanliness.

ag = 5.0, N() =10.0

50IIII|IIIIIIIIII|IIII
' F (b) "

L —~—
[ (]
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_IIIIIIIIIIIIIIIIIIII 80
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—80

—-25 0 25 50 =50 —25 O

25 50 =50 —25 O 25 50

10 15 20 25 30 0
7(To)

Fig. 4. The snapshots for By [(a)—(c)] and the corresponding longitudinal trajectory of electrons [(d)—(f)] for ag = 2.0, Np = 2.0 (left column),
ap = 1.0, Nyp = 4.0 (middle column) and ap = 5.0, Ny = 10.0 (right column).
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Fig. 5. Parametric dependence of the maximal magnetic field as a function of laser intensity (a), electron density (b), and pulse duration (c).
The dashed lines represent model prediction, and the triangles represent simulation results. The parameters not mentioned in each plot are the

same as those in Fig. 2.

Finally, we change the simulation parameters systemati-
cally and compare the results with Eq. (8). Figure 5(a) gives
the dependence of maximal magnetic field By, on laser inten-
sity ap (ap < 4/ Ng —1) for Ny = 2.0 (red up triangle) and
No = 3.0 (blue down triangle). The radiation field strength
monotonically increases with laser energy, which is well con-
sistent with the theory (dashed line). Notice that for Ny = 3.0
and ap = 2.75, the maximal magnetic field at R = 30.0 reaches
up to 118.0 T (electric field is 354.0 MV/cm). The correspond-
ing maximal radiation energy per solid angle is 0.15 mJ/sr.
Figure 5(b) shows the relationship between By, and electron
density Ny for ag = 0.5 (blue down triangle) and ap = 1.0 (red
up triangle). By, is almost inversely proportional to Ny, which
is also in good agreement with the theoretical value. For the
same laser intensity, lower density shows higher energy con-
version efficiency. Figure 5(c) presents the dependence of B,
on laser duration 7;,. A shorter pulse duration is more benefi-
cial for intense THz emission because the surface oscillation
would be more drastic. Unfortunately, when the laser pulse
is too short, there would be a deviation from our estimation,
because the quasi-static balance is not satisfied under such ex-
treme circumstance.

In theory, we assume that the ions are immobile. To sup-
press the movement of ions, the plasma targets with heavier
ions are preferred. Simulations show that the movement of
ions can be ignored in our laser parameter regime because
the ion mass is over 50 u (u is the atomic mass unit), such as
xenon. We also study the influence of preplasma on the prop-
erties of THz radiation. The targets with preplasma of linear
density are used in the simulations. The results do not change
significantly as long as the scale length of the preplasma is be-
low 200 nm, which is easy to realize by the current plasma
mirror technique. If the preplasma is too long, severe laser
absorption would occur.

Finally, we discuss the experimental feasibility of our
scheme. In the experiment, it is of challenge to obtain plasma
with a fairly uniform density in the near-critical range, because
the critical density is too high compared with the gas density
and too low compared with the solid density. At present, most

targets with near-critical density are porous, *>*!I which is un-
suitable for this THz generation scheme which requires uni-
form density. A well-designed gas nozzle*? can produce a
uniform supersonic gas jet with a density slightly lower than
the critical density, and it can be further compressed into a gas
slab with a higher density by two counter-propagating blast
waves launched by nanosecond laser beams propagating along
the side of the jet.[*?] This may be a proper approach to achieve
the plasma slab with near-critical density and sharp edge in our
scheme.

4. Conclusion

In summary, we have demonstrated a scheme to gener-
ate low-noise, powerful and tunable THz radiation by using
relativistic laser impinging on a NCD plasma slab. The THz
strength obtained is proportional to the driving laser intensity
and inversely proportional to the plasma density. The numer-
ical results indicate that the proper parameter region is as fol-
lows: the plasma density is between 1.0n, —4.0n. and the
laser intensity should satisfy a(% < Ng — 1. In this parameter
regime, electrons will move in a collective form which elimi-
nates the complex movement of thermal electrons, resulting in
a fairly clear THz radiation waveform. This intense THz radi-
ation with peak strength around 100 MV/cm makes it a useful
optical tool in nonlinear THz physics.
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