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Sub GV/cm terahertz radiation from relativistic laser-solid interactions
via coherent transition radiation
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Broadband terahertz (THz) radiation with extremely high peak power, generated by the interaction of a
femtosecond laser with a thin solid target, has been investigated via particle-in-cell simulations. The spatial
(angular) and temporal profiles of the THz radiation reveal that it is caused by the coherent transition radiation
emitted when laser-produced hot electrons pass through the front or rear surface of the target. Dependence of the
THz radiation on laser and target parameters is studied; it is shown to have a strong correlation with hot electron
production. The THz radiation conversion efficiency can be as high as a few times 10−3. This radiation is not
only a potentially high power THz source, but may also be used as a unique diagnostic of hot electron generation
and transport in relativistic laser-solid interactions.
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I. INTRODUCTION

Laser plasma interaction is a promising technology toward
tabletop, extremely powerful terahertz (THz) sources [1,2]
with a peak power over a gigawatt, because it overcomes the
damage limitation of other optical material based THz sources
[3]. Another kind of strong THz source is based on traditional
linear accelerators. By bending a relativistic electron bunch in
a magnetic field or sending it through certain structures, THz
sources with an electric field of 70 MV/cm and an energy
exceeding 100 μJ can be generated by a 10-GeV electron beam
[4]. However, these accelerator based THz sources are often
large and expensive; their accessibility is limited. Laser plasma
based THz sources have attracted much attention recently, and
various mechanisms have been reported on the interaction of
a laser with solid [5–7] or gas targets [8–13]. The radiation
mechanisms are often different for interactions with solid and
gas targets. Radiation efficiency and peak THz radiation power
with solid targets can be much higher than those of gas targets,
since more laser energy can be deposited into a small plasma
volume in this case and more energetic electrons are involved
in the radiation process.

In a previous study [14], we showed that strong THz
radiation, with a peak electric field as high as hundreds
of MV/cm, can be obtained with a solid target irradiated
by a femtosecond laser pulse of relativistic high intensity. It
is attributed to the coherent transition radiation (CTR) [15]
by hot electrons produced during the laser-solid interaction,
when they cross the front and rear surfaces of the target. In
the scheme of producing THz radiation by electron beams
produced by a conventional accelerator, e.g., by sending an
electron beam through an aperture [4,16], the radiation field
strength reaches only tens of MV/cm. With the method of
ultrashort laser-solid interaction, although most electrons have
a moderate energy around 1 MeV or less, the THz radiation
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can reach hundreds of MV/cm and higher. As the electron
bunches typically have an ultrashort duration close to the
laser duration, transition radiation from the electron bunches
becomes coherent [15], with a power proportional to N2, where
N is the number of hot electrons. In laser-solid interaction,
the electron charge in an electron bunch can be as high as
nC, which is much higher than the charge of an accelerated
electron beam in a traditional accelerator [16].

In this work, we present detailed studies on the features
of the THz radiation in high power laser-solid interaction
via CTR. The spatial (angular) and temporal profiles of the
radiation and their relation with laser and plasma parameters
will be examined. A theoretical model is given in Sec. II. In
a real situation of laser-solid interactions, the THz radiation
power, frequency spectra, and angular distribution depend
upon the laser and plasma parameters, which can only be
determined by self-consistent numerical simulations such as
particle-in-cell (PIC) simulations. Detailed numerical results
from PIC simulations will be presented in Sec. III, where
a comparison with some recent experimental observations is
made. A summary is given in Sec. IV.

II. THEORY OF COHERENT TRANSITION RADIATION
BY HOT ELECTRONS

Transition radiation of electromagnetic waves is found
when a charged particle crosses the interface of two different
media or travels in a nonuniform medium [17]. In the incidence
plane, the energy spectrum of the transition radiation by a
single electron passing through a target surface can be written
as [15]

d2E
dωd�

= e2

π2c
|S(β,ϕ,φ)|2, (1)

where e is the electron charge, c is the light velocity in free
space, β is the electron velocity normalized to c, ϕ is the
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FIG. 1. Angular (φ) intensity distributions of transition radiation
by a single electron crossing a dense plasma-vacuum interface. (a)
For the case of the incident angle of a test electron with ϕ = 20◦ and
different energies Ek, where the distributions are normalized to their
ownmaxima, which are 0.735, 2.794, and 31.08 for Ek = 0.2,1.0,
and 5.0 MeV, respectively. (b) For the case of an electron energy with
Ek = 0.5 MeV under different incident angles.

electron injection direction, φ is the observation direction, and

S(β,ϕ,φ) = β cos ϕ(sin φ − β sin ϕ)

(1 − β sin φ sin ϕ)2 − (β cos φ cos ϕ)2 . (2)

We plot the angular distributions of the intensity spectrum
of the transition radiation in Fig. 1. In subplot (a), the electron
injection direction is 20°; it can be seen that the radiation
vanishes near this angle. Two asymmetric peaks are found at
the two sides away from this angle, where the larger peak is
located at the electron injection side. When the electron has low
energy, e.g., 0.2 MeV, the radiation is emitted in a large angular
range, and is strongest along the target surface as shown in
Fig. 1(a). When the electron carries larger kinetic energy, the
radiation becomes more collimated and close to the electron
injection direction. Figure 1(b) shows the transition radiation
distributions when a mildly relativistic electron, with Ek =
0.5 MeV, is injected with different angles. When the angle
increases, the strongest emission direction shifts from near the
electron injection direction to the along-target direction, such
as ϕ = 40◦. With further increase of the incidence angle ϕ, the
radiation becomes weaker and disappears at ϕ = 90◦.

In the laser plasma interaction, a huge amount of hot
electrons is involved. Therefore, radiation coherence between
the electrons needs to be considered. The energy spectrum of
CTR by an electron beam passing through a target surface is
given by [15]

d2ECTR

dωd�
= e2N (N − 1)

π2c

∣∣∣∣
∫

S(β,ϕ,φ)f (τ,ρ,v)

× eiωτ−iq·ρdτdρdv

∣∣∣∣
2

, (3)

where f (τ ,ρ,v) is the distribution function of electrons in an
electron bunch, which is a function of time, space, and velocity.
Even though Eq. (3) cannot be solved easily, it is evident
that the integration in Eq. (3) will become finite when the
electron bunch duration τb < 1/ωTHz. In this case, the radiation
is coherent, and its intensity is proportional to N (N − 1).

In the interaction of relativistic laser pulses with solid
targets, the charge of hot electrons in a bunch can reach nC,
which is usually much higher than the case of a conventional
accelerator, although the laser-produced electrons have a broad
energy spread and relatively low average energy. Increasing the
number of hot electrons would be an efficient way to obtain
strong CTR. Since the radiation is coherent, one can demon-
strate the radiation from self-consistent PIC simulations. In
the following section, we present CTR from PIC simulation
of laser-solid interaction. The results are then compared with
some previously related experimental observations.

III. SIMULATION RESULTS

As mentioned in the previous section, self-consistent PIC
simulation provides an accurate description of CTR as a
function of the laser and plasma parameters, which can help
to guide future experimental studies. This is due to the fact
that the key parameters determining CTR, such as number of
energetic electrons, bunch duration, their angular distribution,
and energy spectrum, all depend upon the laser and plasma
parameters.

In the simulation, we have taken a laser pulse described
by the normalized vector potential of the laser field given by
a = eA/mec

2 = a0sin2(πt
T

)exp(− y2

w2
0
), where a0 is related to

the laser intensity Iλ2
0 = a2

0 × 1.37 × 1018 W/cm2 μm2. The
full laser duration T = 30τ0, which is about 80 fs for a laser
with λ0 = 800 nm or 40 fs in full width at half maximum
(FWHM), where τ0 is a laser cycle. The laser spot is Gaussian
profiled with FWHM radius wFWHM = 2

√
ln2w0 = 8.3λ0.

The laser is obliquely incident in 30° onto the target with p

polarization, so that hot electrons can be produced efficiently.
In the simulations plasma density exponentially increases as
n(x) = n0exp(−x/L) from n0 to 10nc, where L is the scale
length, n0 = 0.1nc, and nc = mω2

0/4πe2 is the critical density,
which is 1.74 × 1021cm−3 for a laser with λ0 = 800 nm. If
not specified, the plasma slab is D = 10λ0 thick in the high
density area with 10nc in density and 200λ0 width. Figure 2
shows the schematic of the simulations and measurements. In
the following, we will first show the characteristics of the THz
radiation generally, including their angular distributions and
frequency spectra. Then the effects of laser parameters (e.g.,
intensity and laser spot size) and plasma parameters (e.g.,
target thickness and preplasma conditions) on THz radiation
will be discussed in detail.

FIG. 2. Schematic of laser-solid interaction, hot electron genera-
tion, and THz radiation.
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FIG. 3. (a,b) are snapshots of electric field Ey and magnetic field
Bz (averaged in a laser cycle), respectively. (c,d) are spectra of the
first pulse of backward and forward radiation (FFT of Bz) at the left-
and right-hand side of the target, respectively. (e,f) show spectra of
the entire time series of backward and forward radiation. The laser
pulse is with a0 = 0.6 (intensity I0 = 7.7 × 1017 W/cm2), incidence
angle θ = 30◦, width of laser spot w0 = 4 μm, and duration T =
30τ0 = 80 fs; the plasma has a density scale length of L = 0.4λ0.

A. Angular distributions and spectra of the THz radiation

Snapshots of the typical spatial distribution of radiation due
to the laser-produced hot electrons are plotted in Figs. 3(a) and
3(b). Forward (transmitted) and backward (reflected) radiation
is emitted from the target front and rear surfaces, respectively.
There are sequential radiation peaks, where the electric field
can be as high as hundreds of MV/cm at a distance of 50 μm
from the target. The time delay between the first and second
peaks is slightly longer than 2D/c, which is comparable to
the time for hot electrons to travel forward and backward
through the target. Under an incident angle of 30°, the radiation
amplitude at the upper side is also higher than that at the lower
side, in addition to the fact that the fields at the two sides have
opposite signs. Around an angle of 15°, the radiation fields
vanish.

Figures 3(c)–3(f) show the spectra of backward and forward
electromagnetic fields, which are detected 100 μm(125λ0)
away from the laser irradiated spots in the front and rear
surfaces of the target. Note that the distance is long enough
so that the detected fields are really radiated fields, which are
not affected by quasistatic fields produced around the target
surface. Because multiple pulses are emitted, we perform fast
Fourier transform (FFT) on the first pulses and the entire time

FIG. 4. Angular distributions of energy for (a) backward and (b)
forward THz radiation. Laser intensities are 7.7 × 1017,3.5 × 1018,
and 5.3 × 1019 W cm−2 for black, red, and blue lines, respectively.
Inset in (a) shows the angular distributions of reflected laser energy.
Other parameters follow Fig. 3. THz radiation energy is calculated
from 0 to 100 THz. Reflected laser energy is summed up from 300 to
450 THz (0.8 to 1.2ω0).

series of the radiation, separately. Spectra of the first pulses
for backward and forward radiation are shown in Figs. 3(c)
and 3(d), respectively, while the spectra of the entire time
series are shown in Figs. 3(e) and 3(f). Broadband radiation
with frequency around and less than 40 THz is detected.
Plots of both backward and forward radiation show that the
radiation is emitted in a large angular range, and the upper
(with positive angles) and lower (with negative angles) sides
are asymmetric with higher radiation power found at the upper
side.

This asymmetric distribution originates from the oblique
ejection of hot electrons under the oblique incidence of laser
light. Note that 0° and 30° are the target normal and specular
reflection directions, respectively; hot electrons produced from
the laser-solid interaction are emitted mainly between these
two directions according to a previous theory [18]. Most hot
electrons are ejected around ∼17°, which leads to a hollow
zone of THz radiation around this angle. This is reiterated in
Fig. 4 (see below).

The broad angular distributions of the radiation can be
attributed to the relatively low electron energy of the hot
electrons. With these laser setup parameters, the average
kinetic energy of the hot electrons is generally at the order
of a hundred keV. The transition radiation of a single electron
with moderate energy, such as Ek = 0.5 MeV, is emitted in a
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wide angle range according to Fig. 1(b). Furthermore, as hot
electrons in laser plasma interactions have a divergence angle
and large energy spread, typically with a quasithermal energy
distribution, this naturally leads to broad angular distributions
of the produced CTR. Note that the peak power of the radiation
at the rear side of the target is higher than that at the front side,
suggesting that there are more electrons with higher energy
passing through the rear surface, which will be shown in
Sec. III C. Stronger than the backward radiation, the forward
radiation, shown in Fig. 3(d), has a minimum zone around
15° as well, which is about the direction of transmitted hot
electrons.

Modulations of the spectra in frequency, seen in Figs. 3(e)
and 3(f), are due to the multiple pulses of the radiation, while
the separation between the neighboring peaks of the spectrum
modulations depends on the time interval of the pulses, i.e.,
depends on the target thickness. For example, in Fig. 3(e), it
is f0 � c/2D = 17 THz. Modulations of the spectra in angle,
particularly at large angles, are observed in Figs. 3(e) and 3(f)
as well, which is due to the superposition of the forward and
backward emissions when they meet at the two ends of the
target.

B. Effects of the incident laser intensity and spot size

According to the theory of transition radiation, fast elec-
trons with a stronger energy will emit more collimated
transition radiation. Therefore, we explore this with higher
laser intensities. Angular distributions of energy for both the
THz radiation and the reflected laser in front of the thin target
are plotted in Fig. 4. Since the reflected laser fields and THz
fields superimpose on each other at the front side of the target,
they can be separated from each other in the following way.
The energy for THz radiation is calculated by FFT of the
fields detected at 100 μm away from the laser irradiated spot
center, and is then summed up from 0 to 100 THz in frequency.
Similarly, the energy for the reflected laser energy is obtained
by summing up from 300 to 450 THz, which is 0.8–1.2 times
the laser frequency.

The emissions are not collimated because the produced
hot electrons have a Boltzmann energy distribution, and
most of them are at nonrelativistic velocities. As shown
in Fig. 4, when the laser intensity increases from a few
times 1017−1019 W/cm2, the strongest radiation stays around
large angles along the target surface, i.e., near ±90◦. As
mentioned earlier, the minimum radiation appears around
the ejection directions of most hot electrons. As the laser
intensity increases, Fig. 4 shows that the angle for the minimum
radiation increases from about 13° to 22° for both the backward
and forward radiation. This agrees with the theory by Sheng
et al. [18], which suggests that the ejecting angles of fast
electrons increase with the fast electron energy (and therefore
with the incident laser intensity).

For fixed laser intensity, when the laser is incident in
different angles θ , the THz radiation energy changes since fast
electrons are emitted in different directions and the absorption
rate of the laser is also different. Figure 5 shows the angular
distributions of THz radiation energy for different θ . For
all cases in Fig. 5, we fix the target preplasma scale length
to be L = 0.4λ0, which is optimal under an incident angle

FIG. 5. Angular distributions of energy for (a) backward and (b)
forward THz radiation. Incidence angles are θ = 20◦,30◦,45◦,60◦ for
pink, black, red, and blue lines, respectively. Inset in (a) shows the
angular distributions of the reflected laser energy. Other parameters
are the same as those shown in Fig. 3.

of θ = 30◦ (or the maximum laser absorption with lowest
reflection) [19,20]. As the incident angle changes from 20° to
60°, the THz emission power varies. Especially for the large
incident angle of θ = 60◦, the emission is greatly reduced for
more than an order of magnitude due to the large ejecting angle
of hot electrons and small laser absorption rate. In addition, for
a large incident angle, some hot electrons are emitted along the
target surface [21], but these hot electrons do not contribute
to the generation of CTR as discussed above when ϕ = 90◦ in
formula (2). The angle for the minimum THz emission moves
from around 10° to 20° when the incident angle increases.
In general, the angular distributions for THz radiation under
different laser intensities are quite similar.

Another way to enhance the incident laser energy is by
changing the laser spot size. This changes the THz radiation
in a certain direction in two ways. First, it leads to the change
of the number of hot electrons. Second, it changes the THz
radiation propagation. For the latter, since the focused laser
spot size and corresponding electron beam diameters at the
target surfaces are usually smaller than the corresponding THz
wavelength, a large laser spot size can obviously make the THz
radiation more collimated. THz radiation generated by lasers
with different spot sizes is illustrated in Fig. 6. Comparing to
the spectra in Fig. 3, it is found that the asymmetry of the THz
radiation between the upper and lower sides becomes larger,
when the waist of the laser is increased to w0 = 16 μm. The
radiation at the upper side is much higher than that at the lower
side, as shown in Figs. 6(a) and 6(b). The enhanced radiation
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FIG. 6. (a,b) are spectra of the first pulse of backward and forward
THz radiation, respectively, with laser spot w0 = 16 μm. (c,d) show
spectra of the entire time series of backward and forward radiation.
(e) Angular distributions of energy of the radiation. Other parameters
follow Fig. 3.

is found at small angles, i.e., close to the ejecting angle of hot
electrons. For example, at emission angles of −60°, 40°, and
80°, the energy of the backward radiation with w0 = 16 μm
is 0.58, 5.8, and 1.3 times that of the case with w0 = 4 μm,
respectively. Overall, with a larger laser spot, the emissions
become more collimated along certain directions. In general,
when the laser energy is fixed, an oversized laser spot may
lead to reduced laser absorption and low hot electron energy,
and subsequently, low THz radiation.

C. Preplasma effects

In ultrashort laser interaction with solid targets, the pre-
plasma condition, in particular, the preplasma density scale
length in the front of the target, is a key parameter for
production of hot electrons, including their number and
average energy. The preplasma can also significantly change
the hot electron transport after the laser interaction. Thus
the preplasma scale length can play a significant role for
THz radiation. Hot electrons are produced most efficiently by
collisionless collective effects, such as resonance absorption
[22], vacuum heating [23,24], two-plasmon decay instability

FIG. 7. (a) Intensity of forward and backward THz radiation
near the target surface as a function of the preplasma density
scale length; (b,c) show the total kinetic energy of forward and
backward moving hot electrons, respectively, as a function of the
density scale length, where Ek‖ and Ek⊥ represent longitudinal and
transverse kinetic energy, respectively; and (d) total number of hot
electrons as a function of density scale length. Incident angle θ = 45◦,
a0 = 0.6(I0 = 7.7 × 1017 W/cm2). Target thickness D = 8 μm.

[22], and ponderomotive force acceleration [25]. Resonance
absorption occurs when the laser is obliquely incident with p

polarization, and preferably with small preplasma of the target,
such as less than or around a laser wavelength. Vacuum heating
occurs when the target has a sharply bounded surface such that
the scale length of the preplasma is shorter than the plasma
skin depth L � c/ωp. Two-plasmon decay usually requires
relatively large preplasma. Ponderomotive force acceleration
grows with the laser intensity and dominates when the laser is
relativistically intense and the preplasma is properly large. As
these schemes are dependent upon the scale of the preplasma,
we study the effect of preplasma on the generation of THz
radiation. Such results can help identify the most effective
scale in generating strong THz radiation. The preplasma is
practically determined by the contrast ratio of the laser system
[26].

Figure 7(a) shows how the THz radiation intensity varies
with the scale length of the preplasma. With incident angle
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θ = 45◦, an optimal scale length exists near L = 0.4λ0 for
preplasma, at which the strongest THz radiation is generated.
Under the given laser conditions, the major mechanism of
producing hot electrons is resonance absorption with medium-
sized preplamsa [27]. For resonance absorption, there is an
optimal scale length of preplasma for the maximum absorption
[28]. In the case with incident angle 45°, the optimal scale
length is around L = 0.4λ0. An optimal scale length of
preplasma occurs mainly due to the fact that the number of
produced hot electrons, rather than their average energy, is the
largest.

As discussed earlier, the number of electrons is the key
parameter in generating strong CTR. The charge of the hot
electrons is calculated with the laser plasma interaction length
in the z direction estimated as 6.6 μm (FWHM of laser spot).
The total charges of forward and backward electrons faster
than 0.1 MeV are 6.8nC and 1.6nC, respectively. Because of
the huge charges, the THz radiation can be as high as hundreds
of MV/cm, even though most hot electrons have a moderate
energy around 1 MeV when the laser intensity is of the order
of 1018 W/cm2. From the radiation intensities in the optimal
conditions, estimation of the energy conversion efficiency can
be made, which is at least 0.2% and 0.08% for the forward and
backward radiation, respectively.

It also can be seen from Fig. 7(a), that as the scale length
increases beyond λ0, the intensity of forward THz radiation
reduces very quickly. On the other hand, the backward
radiation decreases slightly and stays at a level about 60% of
the maximum intensity over a wide range of scale length (for
range L/λ0 > 1). When there is a large volume of underdense
plasma involved [29], the dominant mechanism of hot electron
generation changes from resonance absorption to two-plasmon
decay and ponderomotive force acceleration with a reduced
number of hot electrons.

Figures 7(b) and 7(c) illustrate the total kinetic energy
Ek for all hot electrons with Ek � 0.2 MeV produced under
different preplasma density scale lengths. As expected, the
optimal scale length for THz radiation and for hot electron
generation agree with each other. Both longitudinal and
transverse kinetic energies of forward and backward electrons
are plotted. According to Fig. 7(b), at L = 0.4λ0 where res-
onance absorption dominates, the longitudinal kinetic energy
of forward electrons is much higher than the transverse kinetic
energy. Comparing Figs. 7(b) and 7(d), it is found that the
number and total energies of forward electrons are much
greater than backward electrons. When the scale of preplasma
is medium size, such as L = 2λ0, the total energy of hot
electrons is slightly increased, possibly due to ponderomotive
force acceleration and the development of the two-plasmon
decay instability. As a result, the backward THz radiation
shown in Fig. 7(a) increases slightly for L > λ0. However, the
increase is not observed for the forward radiation, since hot
electrons need to propagate through the target and therefore
lose a considerable amount of energy when they reach the
rear surface of the target. Because the number of forward
hot electrons is much more than backward ones according to
Fig. 7(d), the intensity of forward radiation can be 3 times that
of the backward radiation.

In order to show the behavior of hot electrons under
different preplasma conditions, temporal evolution of the

FIG. 8. Temporal evolution of total longitudinal and transverse
kinetic energy of forward and backward hot electrons (with Ek >

0.2 MeV in and near the target). (a) L = 0.4λ0; (b) L = 2.0λ0. Other
parameters follow Fig. 3.

kinetic energy of the hot electrons is plotted in Fig. 8. When
L = 0.4λ0 as in Fig. 8(a), more electrons are accelerated in
the forward longitudinal direction. Interestingly, there are two
peaks for the longitudinal kinetic energy for both the forward
and backward moving electrons (shown by the solid lines). The
first peaks are attributed to the primary forward and backward
hot electrons driven by the laser interaction. The second peaks
are found at later times as a result of transport of the first peaks
through the following processes.

When the first bunch of forward electrons reaches the rear
side of the target, they will be dragged back into the target by
the strong sheath field formed at the rear side, and then form the
second bunch of backward electrons. When these backward
electrons are dragged back by the sheath field formed at
the front of the target, they reenter the target and form the
second bunch of forward electrons. Both second forward and
backward electrons stem from the primary forward electrons
[14]. These are known as the hot electron refluxing processes
[30]. At long preplasma scale length L = 2.0λ0, Fig. 8(b)
shows temporal profiles of hot electron energy. In this case,
the kinetic energies for the forward and backward electrons
are comparable, and are much smaller than those found at
the small scale length of L = 0.4λ0. The effect of hot electron
refluxing becomes much weaker in this case, so that the second
peaks of hot electron flux are not as distinct as in the small
scale length case.

Simulations with normal incidence of laser are performed,
where hot electron production due to resonance absorption
and vacuum heating is excluded. In this case, hot electrons
are mainly produced by ponderomotive force acceleration and
the two-plasmon decay instability. Figure 9 shows that both
forward and backward THz radiation increases with the scale
length of the preplasma. The kinetic energy and number of
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FIG. 9. Correlation of THz radiation and hot electron production
under normal incidence of laser pulses and different preplasma plasma
conditions. (a) THz radiation intensity; (b) number of hot electrons;
(c) kinetic energy of forward hot electrons; (d) kinetic energy of
backward hot electrons. Other parameters follow Fig. 3.

the hot electrons show similar dependence. When L > 2λ0,
the intensity of the forward radiation decreases slightly, due
to the energy loss of hot electrons after the long distance of
propagation. In the meantime, the intensity of the backward
radiation increases monotonically in the range of interest.

It is worthwhile to point out that the CTR efficiency does
not only depend on the hot electron number, but also on the
density ramp. A sharp gradient of optical dielectric constants
of the target at boundaries is more favorable for generation of
transition radiation. A shorter length of preplasma implies a
larger gradient of plasma density. As an example, we compare
the backward THz emissions in Fig. 7(a) when L = 0.5λ0

and 1.5λ0. The emission is evidently stronger when the
preplasma is shorter, even though the total energy and number
of backward hot electrons are similar in these two cases.

D. Effects of target thickness and density

The forward THz radiation from the target back will not
be observed when the target is thick, because hot electrons
deplete their energy during their transport in plasma. If a thin
target is used, not only forward THz radiation is produced,
second pulses of forward and backward THz radiation are also
emitted. Since forward hot electrons carry much higher energy
than the backward ones, the second pulse of the backward
radiation (produced by the refluxing of forward electrons) can
be stronger than the first backward pulse. Figure 10 shows
the radiation intensity and electron kinetic energy of the first
pulse as functions of the target thickness. Note that only the
quantities associated with the first pulse are of interest, as they
are produced directly by the laser interaction. As expected, the
thickness of the target does not change the first pulse of the
backward THz radiation (red line). However, for the generation
of forward THz radiation (black line), an optimal thickness of
the target is found at about 8λ0 in Fig. 10(a), where a 20%
increase of THz radiation is found as compared to the case of
very thin targets. This can be explained as follows.

FIG. 10. THz radiation intensity and hot electron kinetic energy
as a function of the target thickness. (a) Forward and backward THz
radiation intensity; (b) kinetic energy of forward and backward hot
electrons. Other parameters follow Fig. 3.

After the forward hot electrons are produced at the target
surface by laser preplasma interaction, they transport into
the target and deposit part of their energy to the background
electrons, making more hot electrons. For transition radiation,
both the energy of a single electron and the number of electrons
are important. In a thin target, the distance is too short for hot
electrons to deposit their energy to make more hot electrons,
whereas in a thick target, the hot electrons will lose too
much of their energy during the long propagation. As a result,
there is an optimal distance at which the energy and number
of hot electrons are most advantageous to the generation of
transition radiation. Since the electron energy depends on the
laser intensity, the optimal thickness depends on laser intensity,
too. Note that the primary backward hot electrons at D = 3λ0

in Fig. 10(b) are not plotted, because the target is too thin, so
that the primary backward electrons overlap with the returning
ones and it is therefore difficult to distinguish them.

Besides the parameters we have discussed earlier, the effect
of maximum plasma density on the generation of THz radiation
is also considered. As the maximum plasma density is changed
from 10nc to 110nc while keeping other parameters fixed, there
is no obvious change observed in the intensity or profile of
the THz radiation. On the other hand, when different target
materials are used in experiments, all laser plasma interaction
parameters will be changed, including the maximum plasma
electron density and preplasma conditions. Therefore, the
generated THz radiation may be considerably different.

E. Comparison with some experimental observations

We have found the profiles and properties of THz radiation
in some experiment reports match well with the CTR mecha-
nism. For example, Gopal et al. [7] reported recently a forward
THz radiation of over 460 μJ in the 0.1–30 THz range, obtained
from a 5-μm thin metal foil target irradiated with laser pulses
with focused intensity up to 5 × 1019 W/cm2. It is found that
the THz radiation yield is proportional to the square of the
number of particles. The THz emission from the target back
decreases with the target thickness. It is also shown by the
same group [31] that the measured THz radiation is distributed
broadly in space, which is weakest at the center and increases
with distance away from the center. All these properties agree
with CTR depicted above. By using lasers with different
polarizations and contrast ratios, Li et al. [6,32,33] revealed the
significance of hot electrons, especially the role of resonance
absorption, to the generation of THz radiation. The dependence
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of THz radiation intensity on the contrast ratio observed in
their experiments agrees with Fig. 7(a), where an optimal
density scale length exists. Note that the transverse kinetic
energy (proportional to surface currents) depends relatively
weakly on the plasma density scale length. In an earlier work,
Sagisaka et al. [34] reported experimental studies on THz
radiation where a 2 × 1017 W/cm2 laser is used. It is found
that the THz radiation does not show a strong directionality.
This is reasonable if it is produced by the CTR mechanism,
because the average kinetic energy of hot electrons under the
given laser intensity is generally at tens of keV. According
to the transition radiation distribution shown in Fig. 1(a), the
radiation will spread broadly in space.

IV. SUMMARY

We have reported a mechanism of strong THz sources pro-
duced by ultrashort high intensity laser interaction with solid
targets via coherent transition radiation. The generation of hot
electrons is found to be a critical factor for this mechanism.
When the density scale length of the preplasma is optimized

(e.g., by proper control of laser contrast ratio), the peak THz
radiation field can reach 400 MV/cm, although the driving
laser is at a moderate intensity of 7.7 × 1017 W/cm2. The
energy conversion efficiencies can be as high as over 0.2% and
0.08% for the first pulses of forward and backward radiation,
respectively. The coherent transition radiation mechanism can
explain some of the previous experimental observations of THz
radiation. It is expected that the THz radiation discussed in this
paper can be used not only as a high power THz source, but
also as a useful diagnostic of relativistic laser-solid interaction
and hot electron transport.
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