
PHYSICAL REVIEW E 102, 063211 (2020)

Experimental measurement of the wake field in a plasma filament created
by a single-color ultrafast laser pulse
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A laser plasma wake field in a single-color femtosecond laser filament determines the acceleration of
ionized electrons, which affects the intensity and bandwidth of the emitted terahertz wave and is important
for understanding the fundamental nonlinear process of THz generation. Since the THz wave generated by a
laser wake field is extremely small and easily hidden by other THz generation mechanisms, no method exists
to measure this wake field directly. In this paper, a simple and stable method for determining the amplitude of
the laser plasma wake field is presented. Based on the cancellation of a positive laser plasma wake field and an
external negative electric field, the “zero point” of the intensity of the generated THz wave at some frequency
can be used to determine the exact amplitude of the corresponding laser plasma wake field. This finding opens
an avenue toward the clarification of ultrafast electronic dynamic processes in laser-induced plasmas.

DOI: 10.1103/PhysRevE.102.063211

I. INTRODUCTION

In recent years, terahertz (THz) waves have been widely
applied in many fields of research, including electronics [1–3],
life science [4,5], and spectroscopy [6–11]. Several methods
have been used to generate THz waves, such as photocon-
ductive antennas [8–10], optical rectification [11–14], electron
accelerators [15–17], and laser filaments [18–21]. In particu-
lar, the laser filament method can generate an ultrabroadband
spectrum of THz radiation [20,21]. Specifically, by focusing
the radially polarized THz beam generated from a single-color
laser pulse-induced filament, one can obtain a longitudinal
field component, which can be used for the investigation of
super-resolution microscopy and optical storage [22,23].

For a single-color laser filament, the THz electromagnetic
emission is produced by the longitudinal oscillations of the
plasma left in the wake of the moving ionization front. The
corresponding laser plasma wake field determines the accel-
eration of ionized electrons and thus has a direct impact on
the intensity and bandwidth of the emitted THz wave, which
is important for understanding the fundamental nonlinear pro-
cess of THz generation. However, because the THz wave
generated by the laser wake field is extremely small and easily
hidden by other THz generation mechanisms (the THz energy
in the single-color laser case is one thousandth less than that of
the two-color laser case), direct measurement of the amplitude
of the laser plasma wake field has not been possible.

In this paper, we present a method for the experimental
determination of the laser plasma wake field [24,25]. The
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method is based on the cancellation of the local field resulting
from a positive laser plasma wake field and an externally
applied negative electric field. Here, the single-color laser
filament is chosen as the THz producing method, in which the
laser wake field is the only physical origin of THz generation.
Specifically, the key point of this method is the implementa-
tion of an external direct current (DC) electric field, which
is superposed with the laser-induced wake field. Depending
on the electron acceleration driven by the net electric field in
the plasma, the intensity of the generated THz wave could be
varied. When the net electric field reaches its zero point, the
electrons experience zero acceleration, and no THz wave is
formed. Therefore, the exact value of the laser plasma wake
field can be directly obtained from that of the external electric
field.

II. SIMULATION

Several theories related to THz generation exist, including
parametric decay theory [26] and electric quadrupole theory
[27], which mainly focus on the on-axis propagation of the ter-
ahertz wave, and the transition-Cherenkov model [18,24,25],
which focuses on the mechanism of THz emission by an-
alyzing the electron current spectrum. Considering that the
main goal of our research is the electron current spectrum of
the laser plasma wake field, we use the transition-Cherenkov
model as our theoretical basis. This is discussed in more detail
in the following.

When a high-intensity laser pulse ionizes a gas, a
laser plasma is formed with a plasma frequency of ωpe =√
e2ne/meε0, which directly depends on the ionized elec-

tronic density ne [24,25]. The lifetime of this laser plasma is
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approximately 1 ns [24,25]. As the laser pulse propagates
forward, an electric dipole is generated and moves at the group
velocity of light along the propagation axis. This moving
dipole generates electromagnetic emission in the THz range
[28–31]. Based on the transition-Cherenkov model, the spec-
tral energy density of the THz radiation can be written as
[18,24,25]
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where W is the spectral energy of THz radiation, jwz (ω) is the
Fourier spectrum of the electron current, ε0 is the permittivity
of vacuum, c is the free-space light speed, ρ0 = 250μm is
the diameter of the filament, θ is the radiation angle of the
THz wave with a frequency of ω, and L = 10 mm is the
length of the filament. For a laser pulse of duration τL = 30 fs
and a maximum intensity I0 = 1 × 104 W/cm2, with a sin2

temporal shape, I (t ) = I0sin2(πt/τL ). Deduced from the wave

equation [18,31], the equation for the current spectrum
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THz frequency ω, and plasma wake field EL can be obtained
as follows:
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where
⇀

EL is the laser plasma wake field originating from
the laser pondermotive force and its amplitude AL can be
expressed as AL = eωpeI0/2meε0c2ω2

0. The parameter me is
the mass of the electron, ve = 1 THz is the electron collision
frequency, and ωpe is above 1.7 THz with ne = 1 × 1021 m−3.

When a longitudinal external electric field
⇀

Ee is applied
to the filament, it produces a new additional electron current.
This externally induced current can be written as
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j
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2
pe
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According to Eq. (3), the definition of
⇀

j
e

z is related to ne

and
⇀

Ee. We note that once the electron density ne is zero, the

current
⇀

j
e

z will be zero, regardless of the value of the external

electric field
⇀

Ee. For the external electric field
⇀

Ee, The voltage
may be limited to remain below the value that would generate
a spark or plasma in the gas medium. In this case, the current
driven by this external electric field can last only to the end
of the lifetime of the plasma generated by the initial laser
pulse, which is approximately 1 ns. Until the arrival of the next
pump laser pulse, the external DC field generates no current.
Inspired by these considerations, we perform the following
theoretical analysis and experiments.

When the internal laser wake field and external electric
field exist at the same time, the total electron current spectrum
is a vector sum of Eqs. (2) and (3), which can be written as
⇀

j
w+e

z =
⇀

j
w

z +
⇀

j
e

z. If
⇀

EL and
⇀

Ee have the same direction, then
the current amplitudes follow jw+e

z (ω) = jwz (ω) + jez (ω); if
⇀

EL and
⇀

Ee have different directions, then the current ampli-

FIG. 1. (a) Simulation result of the amplitude of the current
spectrum originating from the laser plasma wake field [ jwz (ω), blue
(upper) solid line], the external electric field [ jez (ω), red (lower) solid
line], and the sum of the two [ jw+e

z (ω), black dot dash line] for an
external electric field of −2 kV/cm. (b) The amplitude of the total
current spectrum for different values of the external electric field.

tudes follow jw−e
z (ω) = jwz (ω) − jez (ω). The computed values

for the amplitudes of the current spectrum originating from
the laser plasma wake field jwz (ω), the external electric field
jez (ω), and the total current spectrum jw+e

z (ω) as a function of
the THz frequency are shown in Fig. 1.

In these plots, the positive and negative values represent the
direction of the field, with the positive direction defined as the
direction of the propagation of the laser pulse. Taking the case
of adding a −2 kV/cm external electric field as an example
[see Fig. 1(a)], the amplitude of jwz (ω) increases rapidly and
then decreases slowly, while the amplitude of jez (ω) increases
slowly and then decreases rapidly. Because the two fields have
opposite directions, the net current spectrum crosses through
zero at a frequency of 1.55 THz [the black dash-dotted line in
Fig. 1(a)]. Additionally, for the different values of the external
electric field, the amplitude of jw−e

z (ω) changes such that
this zero crossing appears at different THz frequencies, as
illustrated in Fig. 1(b). Therefore, based on the values of the
THz frequency at which zero crossing occurs and the known
value of the external electric field, the unknown laser plasma
wake field can be extracted.
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We also note that the plasma wake field originates from
the oscillating laser field, leading to a value of the wake
field that varies in time and space. As the amplitude of the
wake field increases, both the amplitude and spectral width of
the generated THz signal also increase. Therefore, the fixed
frequency component corresponds to a fixed value of the wake
field.

A robust procedure for extracting the value of this wake
field is as follows. We can compute the amplitude of each
spectral component of the broadband THz wave generated
by this ultrafast current. Clearly, as implied by Fig. 1, THz
components with different frequencies should have different
variations with the applied DC field. From this variation, the
amplitude of the laser plasma wake field inside the filament
can be determined. The relation among the THz energy, THz
frequency, laser plasma wake field, and external electric field
can be written as

d2W

dωd�
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∣∣ jwz (ω) + jez (ω)
∣∣2
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0 sin
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(1 − cos θ )2
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2c
(1 − cos θ )

)
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The physical mechanism can be understood from the pro-
cess of electron motion. Specifically, when an external electric
field is added along the laser filament direction, the electrons
liberated by the laser field around the peak of the femtosecond
pulse are accelerated by the synthesized longitudinal electric
field originating from the superposition of the laser plasma
wake field and the external electric field. The wake field orig-
inating from the laser ponderomotive force is directed along
the direction of the laser propagation (defined as positive, as
noted above). When the external electric field is added along
the filament in the same direction, the positive external voltage
can increase the amplitude of the net electric field and thus
enhance the strength of the generated THz wave.

The higher the positive external voltages are, the stronger
the electron acceleration is, and the higher the THz radiation
intensity is. In the opposite case of a negative external voltage,
the intensity of the net electric field decreases first, until it
reaches zero, and then increases in the opposing direction as
the external negative electric field gradually exceeds the posi-
tive laser plasma wake field in magnitude. The corresponding
electron acceleration also experiences the process of weaken-
ing in the beginning, the zero point, and then strengthening in
the opposite direction.

The simulated results are shown in Fig. 2(a), with several
particular frequency components (0.5, 1.5, 2.0, and 2.5 THz)
taken as examples. We see that for each component of the
THz emission, the THz field amplitude varies quadratically
with the applied DC field, as implied by Eq. (4). Moreover,
for each frequency, there is a zero point corresponding to no
THz generation, and the value of the applied DC field that
induces this zero point shifts toward a higher negative voltage
as the THz frequency increases.

For the zero point of one frequency component, its THz
amplitude is zero; i.e., jw−e

z (ω) = jwz (ω) − jez (ω) = 0. Com-
bining the Ee value in Fig. 2(a) and Eqs. (2) and (3), we can
obtain the corresponding wake field of EL [Fig. 2(b)]. For

FIG. 2. Theoretical relations among the THz frequency, the ex-
ternal electric field, and the amplitude of the laser plasma wake field.
(a) Simulation result of THz radiation at different frequencies as a
function of the external electric field. The black (dot dash), blue
(solid), green (dash), and orange (double-dot dash) lines represent
THz frequencies of 0.5, 1.5, 2.0, and 2.5 THz, respectively. (b) The
calculated amplitude of the laser plasma wake field EL as a function
of the generated THz frequency.

example, if the zero point is emitted at 1.5 THz, the corre-
sponding plasma wake field is 3.3 × 104 V/cm [Fig. 2(b)].

III. EXPERIMENT RESULTS

To support this theoretical analysis, we performed experi-
ments using the setup shown in Fig. 3.

We used a commercial laser amplifier system with a rep-
etition rate of 1 kHz, a pulse duration of 130 fs, a central
wavelength of 800 nm, and an average laser pulse energy
of 8 mJ. The output laser beam was divided into two beams
(1:9 ratio) at beam splitter L1. The weaker beam was used
as the probe beam for electro-optic (EO) sampling, and the
stronger beam was focused in a dry air medium (humidity
∼3%) to form a filament that then generates the radially
polarized THz wave. This radial THz beam was focused
by a parabolic mirror (5 cm diameter) and detected with
the EO technique. We used a 200-μm-thick 〈100〉 cut ZnTe
crystal for the detection of the longitudinal electric field
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FIG. 3. Schematic diagram of the experimental setup showing
the generation and detection of THz radiation. The orientation of the
EO crystal and optical detection polarization are chosen to measure
the appropriate THz field polarization. Inset (a) shows the construc-
tion of two circular copper electrodes and the direction of electron
movement in the laser plasma under the synthesized electric field.

component [18,24]. A static external electric field was added
along the filament by two circular copper electrodes, as shown
in Fig. 3(a). The distance between the two electrodes was
12 mm, slightly larger than the length of the laser filament
(10 mm). The diameter of the hole in the first electrode was
3 mm, while the diameter of the hole in the second electrode
was 20 mm (to avoid the effect of the electrode on the outgo-
ing THz radiation), corresponding to an electric field angle of
nearly 35.0 °.

To remain below the threshold of spontaneous sparking
discharge, the DC voltage was varied from −6 kV to +6 kV
with a step of 0.5 kV, which corresponds to a field of
approximately −4.0 kV/cm ∼+4.0 kV/cm with a step of
0.3333 kV/cm.

The experimental results and their quadratic fit curves are
summarized in Fig. 4.

The formula of the quadratic fit curves for 0.1, 0.5, 1.0, and
1.5 THz is as follows:

W0.1THz(Ee) = 0.009 85E2
e + 0.012 09Ee + 0.094 68, (5)

W0.5THz(Ee) = 0.021 09E2
e + 0.046 92Ee + 0.271 12, (6)

W1.0THz(Ee) = 0.020 92E2
e + 0.095 17Ee + 0.415 06, (7)

W1.5THz(Ee) = 0.018 22E2
e + 0.128 81Ee + 0.507 42. (8)

We clearly see that for each spectral component of the
THz emission, the intensity indeed varies quadratically with
the electric field, as predicted. The zero point shifts toward
a higher negative voltage with increasing THz frequency.
From these data, we find, for example, for the generated THz
frequency of 1.5 THz, the value of the external field that

FIG. 4. Experimental measured relations among the THz fre-
quency, external electric field and amplitude of the laser plasma wake
field. (a) Measured THz radiation with different frequencies under
different external electric fields and their quadratic fit curves. The
black (circle), blue (triangle), green (star), and orange (square) points
represent a THz frequency of 0.1, 0.5, 1.0, and 1.5 THz, respectively.
The inset shows several examples of the measured time-domain elec-
tric fields. (b) Comparison of the amplitude of the laser plasma wake
field EL corresponding to different THz frequencies (black triangles)
with the calculated results (gray circles).

produces the minimum THz field amplitude is approximately
−1.7 kV/cm. With this value, the corresponding amplitude
of the laser plasma wake field can be obtained from Eqs. (2)
and (3) as 3.0 × 104 V/cm, which is slightly smaller than the
calculated results. This small difference occurs because the
effective detection bandwidth of the ZnTe crystal is centered
at 1.0 THz and decreases on both sides [32]. Additionally,
in Fig. 4(a), we observe that the measured zero points are
not strictly zero values for the generated field component.
This value may be because the experimental voltage setting
cannot be tuned to precisely the same value as that of the laser
plasma wake field. The small difference induces a nonzero
value of the THz energy. Another possible reason for this
phenomenon is that the laser wake field value is not uniform
throughout the entire length of the filament, so canceling it
at one point is possible, but canceling it everywhere is not
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FIG. 5. The dependence of the zero point position of the 1.5-THz
component on the angle of the external electric field. (a) The solid
line from upper to lower are simulated intensity evolution of the THz
amplitude as a function of the external electric field with an angle
of 15 °, 35 °, 45 °, and 55 °, respectively. (b) The dot line from upper
to lower are measured intensity evolution of the THz amplitude as a
function of the external electric field with an angle of 4 °, 16.7 °, and
35 °, respectively.

possible. Nevertheless, a clear minimum in the generated THz
magnitude must correspond to the minimum in the induced
current, so the above analysis is still valid for estimating the
magnitude of the laser wake field.

An additional factor that should be considered relates to
the fact that the internal diameters of the two circular copper
electrodes along the filament are different. It is therefore clear
that the direction of the externally generated electric field
must change along the filament. This change will affect the
enhancement of THz wave components with different fre-
quencies. To evaluate this effect, we also theoretically and
experimentally investigated the effect of the external electric
field direction on the observed zero points.

For Eqs. (3) and (4),
⇀

Ee = V/L cosα, where α =
arctan(�d/2D) is the direction of the external electric field.

Taking the 1.5-THz component as an example, the simulation
results are as shown in Fig. 5(a).

We see that as the angle between the external electric field
and the propagation axis increases, the intensity of the gener-
ated THz wave drops quickly, and the zero point shifts toward
a higher opposite voltage. We conclude that as the angle α

increases, the voltage V needs to be increased to obtain the
same effective value of the external electric field Ee. We can
confirm the validity of this analysis by performing additional
experiments, where we vary the diameter of the aperture in the
second electrode to change the field angle. In the experiments,
the diameters of the holes in the second electrode were 5,
10, and 20 mm, corresponding to electric field angles of 4.0◦,
16.7◦, and 35.0◦, respectively. As presented in Fig. 5(b), the
measured shift of the minimum or zero point for the 1.5-THz
field component is consistent with the simulation results in
Fig. 5(a).

Notably, there exists some difference between the theo-
retical calculation and the experimental results. We believe
there are two reasons: (1) In the simulation calculation, the
change step of the external electric field can be small and
accurate, which is 0.01 kV/cm. Therefore, the zero point of
the different frequency THz wave energies can be accurately
found. In the experiment, the change step of the external
voltage is 0.5 kV, which, combined with the external voltage

angle, gives the distance between the two electrodes (
⇀

Ee =
V/L cosα), and the change step of the external electric field
along the filament direction is 0.3333 kV/cm. Therefore, there
is a certain deviation between the experimental results and
the calculated values in terms of the intensity of the external
electric field and the corresponding wake field amplitude.
(2) There is an unavoidable error caused by the jitters in
the laser device and other mechanical devices, measurement
errors, and instrument precision.

IV. CONCLUSION

In conclusion, we exploit the ultrafast generation and pi-
cosecond lifetime of a laser-induced plasma to control the
magnitude and direction of the net electric field experienced
by liberated electrons. By measuring the generated THz wave,
we demonstrate a unique method for the quantitative deter-
mination of the magnitude of the laser plasma wake field.
Depending on the zero point position of the magnitude of
the THz wave with the specific frequency, the corresponding
amplitude of the laser plasma wake field can be determined.
These results will be important for optimizing the THz gen-
eration process as well as clarifying the physics of ultrafast
charge dynamics in a laser-induced plasma [4,7,33–36].
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