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The dynamics of ionized electrons in a plasma can be controlled by synthetic optical fields composed of

the fundamental and the second harmonic of femtosecond optical pulses with an arbitrary phase and

polarization. We show here that the plasma-emitted half-cycle THz radiation directly reflects the two-

dimensional trajectories of the electrons through polarization sensitive THz emission spectroscopy. As a

result, we find that the THz polarization smoothly rotates through 2� radians as the relative phase between

the two pulses is adjusted, providing a new means of coherently controlling the polarization of light at

THz frequencies.
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In order to access ultrafast radiation whose spectrum is
out of the reach of conventional lasing media, methods are
needed for manipulating and controlling the electron dy-
namics associated with nonlinear light-matter interactions
on ultrafast time scales. In the gas phase, laser-produced
plasmas represent low-cost nonlinear media with high
damage thresholds in which electrons can be ionized and
manipulated by synthetic optical fields on time scales of an
optical cycle, leading to emission across a broad spectrum
from x-ray to THz frequencies. Depending on the birth
time during the optical cycle, ionized electrons oscillating
in the laser field can either recollide with parent ions to
radiate extreme ultraviolet pulses through the high har-
monic generation process [1,2], or can drift away generat-
ing a time-dependent current and radiating electromagnetic
field pulses at THz frequencies [3–5]. The emission spec-
trum and intensity can be tuned through control of the
optical waveform via either the carrier envelope phase of
a few-cycle pulse [6,7] or the relative phase of a two-color
field [8,9]. Similar one-dimensional processes in solid-
state samples have also been observed [10–12]. In this
Letter, we demonstrate the control of electron trajectories
in two spatial dimensions by a synthesized optical field
composed of the fundamental and the second harmonic. As
a result, the polarization of the radiated near-half-cycle
THz field can be continuously rotated through 2� radians
as the relative phase is adjusted. We thus show that THz
emission spectroscopy enables visualization of the com-
plex electron trajectories in a plasma in real time, provid-
ing new understanding of the plasma-based THz
generation mechanism. All-optical control of the electron
trajectories enables ultrafast manipulation of the polariza-
tion state with application to imaging [13,14], dichroism
[15], and polarimetry [16,17] at THz frequencies.

Whereas THz generation in a laser-produced plasma
pumped by a two-color field has been widely used as a
source for nonlinear THz spectroscopy [18–20], further
optimization of the source has been inhibited by a lack of
understanding of the generation process. Recently, this has

been interpreted microscopically as the radiation from a
one-dimensional transient current [3,4] or through a four-
wave mixing process mediated by the plasma [9,21], both
of which predict that the THz emission is completely sup-
pressed at certain relative phases (at 0 and �=2, respec-
tively). The relative phase has thus been used as an impor-
tant criterion to validate these models experimentally [3].
We show here that the THz field amplitude does not vanish
at certain relative phases in general if the fundamental and
second harmonic fields are not parallel. Instead, the polar-
ization undergoes a continuous rotation as a function of the
relative phase. Utilizing both THz emission spectroscopy
and theoretical simulations, we demonstrate that this can
be understood as a result of the development of a transient
current in the transverse plane whose direction is con-
trolled by the relative phase of the two-color field.
A superposition of the fundamental and the second

harmonic optical fields is created by focusing a 50 fs,
0.8 mJ, 800 nm laser pulse through a 100 �m type-I
beta-barium borate (BBO) crystal (Fig. 1). At the focus,
the estimated fundamental and second harmonic optical in-
tensity is about 6:0�1014 W=cm2 and 3:5� 1013 W=cm2,
respectively, generating a plasma with estimated electron
density 3� 1016 cm�3. The superposed fields tunnel-
ionize the air and drive a time-dependent current, leading
to THz emission in the forward direction. The THz field is
selected by a thick Teflon filter from the residual optical
beams and collected by a pair of off-axis parabolic mirrors.
A rotatable wire-grid THz polarizer (contrast> 95:1 be-
low 3 THz) is used to characterize the THz polarization
before either a liquid-helium-cooled InSb hot-electron bo-
lometer or an electro-optical (EO) sampling setup [22]. To
vary the relative phase of the fundamental and the second
harmonic field, the crystal-to-plasma distance is adjusted.
The relative phase change �’ is related to the change of
the BBO position �d by �’ ¼ !ðn! � n2!Þ�d=c, where
c is the speed of light in vacuum and n! and n2! are the
refractive indices of the air. The relative polarization of the
optical beams can be independently controlled by rotating
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the BBO crystal, with maximum THz generation occurring
when the extraordinary axis of the BBO crystal is oriented
at � ¼ 55� with respect to the polarization of the funda-
mental beam along the x axis. By recording the transmitted
THz intensity through polarizers while varying the BBO
crystal position [Fig. 2(a), solid lines], we identify that a
horizontally polarized THz field becomes vertically polar-
ized with comparable intensity when the BBO crystal is
moved from 0 to 13 mm as marked by the dashed line,
corresponding to a �=2 relative phase change. Because the
EO sampling signal is inherently sensitive to both polar-
ization and amplitude, the measured EO signal falls from
maximum to zero when the THz field rotates 90� with
constant amplitude [black circle, Fig. 2(a)], in agreement
with the prediction of Ref. [23]. If the ZnTe crystal ori-
entation is reoptimized in the EO setup, the rotated THz
field again yields a strong EO signal [red or gray circle,
Fig. 2(a)], confirming the existence of an orthogonally
polarized THz field. We note that THz polarization control
and detection have also been demonstrated by microstruc-
turing of photoconductive antennas [15,24].

To capture the full dependence of the THz polarization
on the relative phase, we bolometrically record the THz
transmission through the THz polarizer while changing the
polarizer angle and the BBO crystal position [Figs. 2(c)
and 2(d)]. The shift in the maximum THz transmission as a
function of the BBO position indicates that the THz polar-
ization continuously rotates as the relative phase changes.
It is observed that when the incident beam is normal to the
BBO crystal (� ¼ 0, Fig. 1), the emitted THz field ampli-
tude changes as well [Fig. 2(d)], varying between 36 and
10 kV=cm, with minimum THz field perpendicular to the
maximum THz field. Surprisingly, the modulation of the
THz amplitude for different THz polarizations can be
minimized by slight rotation of the BBO crystal (�� ¼

1:2�) along the y axis, giving rise to a continuous rotation
of the THz field with constant field amplitude [Fig. 2(c)].
To characterize the angular dependence of the THz gen-
eration, we record the total THz intensity without the THz
polarizer as a function of the BBO crystal position at
various BBO tilt angles (�). Two representative scans
[inset, Fig. 2(b)] show that the intensity modulation varies
dramatically with tilt. It is found the ratio of the minimum
to maximum THz intensities over 2� change of the relative
phase is correlated with the variation in the 800 nm beam
ellipticity as the birefringent crystal is tilted [Fig. 2(b)].
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FIG. 2 (color online). (a) The transmitted THz intensity
through a horizontally (solid blue or dark gray) or vertically
(solid cyan or gray) oriented THz polarizer as a function of the
BBO crystal position, indicating polarization rotation of the THz
field when the relative phase changes by �=2. Also shown are
corresponding electro-optic sampling measurements (dots, see
text). (b) The ratio (blue or dark gray) of minimum to maximum
THz intensities during 2� radian change of the relative phase as
a function of the BBO tilt angle, �. The measured ellipticity
(orange or light gray) of the 800 nm pulse shows a similar
dependence on �. (inset) THz intensity as a function of relative
phase for two different tilt angles. (c),(d) Transmitted THz
intensity as a function of the BBO position and the THz polarizer
angle at tilt angles � ¼ 1:2� and � ¼ 0�, respectively. (e),
(f) The simulation of (c),(d), considering the change of the
second harmonic doubling efficiency when translating the
BBO crystal.
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FIG. 1 (color online). The experimental setup: An 800 nm
beam is focused through a BBO crystal to create a plasma that
radiates THz fields. Also shown are THz waveforms measured
by electro-optical sampling with BBO position at d ¼ 0 mm
(purple or light gray) and d ¼ 13 mm (red or gray), correspond-
ing to �=2 relative phase difference, with half-cycle THz field
polarization close to Ex and Ey respectively.
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In order to understand the observed polarization control
of the THz field, we consider a two-color pump field that is
composed of the fundamental and second harmonic pulses
with arbitrary relative phase and polarization. The optical
field at time t can be written as

EðtÞL ¼ E!ðtÞð cosð!tþ �Þ cos�x̂0 þ cosð!tÞ sin�ŷ0Þ
þ E2!ðtÞ cosð2!tþ ’Þðcos�x̂þ sin�ŷÞ; (1)

where x̂0 and ŷ0 are the unit vectors of the extraordinary and
ordinary axes of the BBO crystal and the 800 nm laser field
has initial polarization along x axis. The carrier phase of
the optical light is not explicitly shown. � represents the
phase retardation between x̂0 and ŷ0 polarized 800 nm laser
fields that is acquired during the propagation in the bire-

fringent BBO crystal and E!ðtÞ ¼ A!e
�4 ln2ðt=�!Þ2 is the

envelop function with amplitude A! and pulse duration
�!. In prior work, the field projection on the x axis has
been considered as the driving field for the THz generation
process [21,25] while the ŷ component has been neglected.
However, it is the ŷ component that liberates the ionized
electrons drifting along the x axis to other directions in
the transverse plane. Figures 3(a) and 3(b) show result-
ing optical synthetic fields at different relative phases of
the optical fields. The electron density NðtÞ is estimated
using the static tunneling ionization rate [7,26] wðtÞ ¼
4!aðUN2

UH
Þ5=2 Ea

ELðtÞ expð�
2Ea

3ELðtÞ ð
UN2

UH
Þ3=2Þ where !a ¼

4:134� 1016 s�1, Ea and EL are the atomic field and laser
field, UN2

and UH are ionization potentials of hydrogen

atoms and nitrogen molecules. The velocity vðt; t0Þ of
electrons born at t0 is obtained by solving the classical
equations of motion. The net time-dependent current is

J ðtÞ /
Z t

�1
_Nðt0Þvðt; t0Þdt0; (2)

which sums over all possible electron birth times. The
radiated THz field is then proportional to the rate of change
of JðtÞ, which is associated with the electron scattering
process after the laser pulse. It is the direction of the net
electron current that determines the polarization of the
emitted THz field. The direction and amplitude of the
electron current is calculated and plotted in Figs. 3(c)
and 3(d) to illustrate the polarization dependence on the
relative phase. The corresponding simulation [Figs. 2(e)
and 2(f)] is in good agreement with the experimental
observations. In the calculation of Figs. 3(c) and 3(d) we
consider the ellipticity of 800 nm pump pulse during the
propagation through the BBO crystal [27], yielding non-
zero � in Eq. (1). The measured ellipticity is highly corre-
lated with the ratio of minimum to maximum THz fields
during 2� radian change of the relative phase [Fig. 2(b)].
Tilting the BBO crystal also affects other properties of the
optical beam, including the reduction of the 400 nm inten-
sity and the shift of its spectrum due to phase mismatching.
But the controlled simulations suggest that they are not the
dominate factors for the observed � dependence.
We further confirm this model by studying the depen-

dence of the THz generation on the relative polarization of

FIG. 3 (color online). (a) and (b) are the wave fronts of the
two-color field at relative phase ’ ¼ 0 and ’ ¼ �=2, respec-
tively, with 55� relative polarization with � ¼ 0. The color
shows the carrier phase of the fundamental optical field. (c)
and (d) show the calculated THz polarization dependence on the
relative phase for � ¼ 1:2� and � ¼ 0, respectively.
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FIG. 4 (color online). (a) The THz polarization angle (squares)
with respect to the fundamental optical polarization as a function
of the BBO crystal rotation angle �. The solid line is calculated
based on the 2-d photocurrent model. The inset shows the THz
transmission (dots) as a function of the THz polarizer angle �p at

� ¼ 80� with the sinusoidal fit (solid line). (b) The total THz
intensity (dots) as a function of BBO rotation angle �. The solid
line represents the calculation. (c) The transmitted THz intensity
(dots) through a polarizer as a function of the polarizer angle at
various pump energies with sinusoidal fits (solid lines). The
measurements and calculations in Fig. 4 are obtained at d ¼
0 mm and � ¼ 0.
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the optical beams and the optical pump pulse energy. The
THz polarization angle �T with respect to the horizontal is
determined by fitting the THz transmission T as a function

of the polarizer rotation angle �p to T ¼ cos2ð�p � �TÞ
[Fig. 4(a), inset]. Its dependence on the BBO crystal angle
� [Fig. 4(a)] is in good agreement with the 2-d photo-
current model described above. We also measure the total
THz yield as a function of � [Fig. 4(b)]. Including the fact
that the second harmonic generation efficiency also varies,
the THz yield calculated by Eq. (2) agrees with the mea-
surements well. In addition, the THz polarization is found
to be dependent on the pump energy [Fig. 4(c)]. This can
be explained by the phase slippage between the fundamen-
tal and second harmonic beams due to their different
refractive indices in the plasma. Doubling the pump energy
from 0.4 to 0.8 mJ leads to a THz polarization rotation of
32�, in good agreement with the relative phase change 39�
calculated after propagation of the optical pulse through a
7 mm homogeneous plasma.

The temporal structure of the THz field (Fig. 1) mea-
sured by the EO sampling technique is not affected when
changing these control parameters. As expected, the THz
radiation starts from the creation of an electron current and
terminates at the time when electrons scatter and lose their
directional coherence. Therefore, changing the details of
the synthetic field only alters the electron response during
the optical pulse (50 fs) while the longer time dynamics
that is responsible for the THz wave form is unaffected and
determined by the scattering process. For higher pump
fields or shorter pulse durations, the scattering time de-
creases due to the increase of the plasma density. Thus, the
emitted THz pulse is shortened and its spectrum extends to
higher frequency as observed in Refs. [4,28]. We note that
we do not directly measure these higher frequency compo-
nents through either EO sampling or bolometric measure-
ments but expect the polarization dependence to be similar
as it arises from the same generation process.

In conclusion, we have achieved all-optical coherent
control of the polarization state of ultrafast THz pulses
by manipulating the motion of electrons. A simple two-
dimensional model of the electron trajectories explains the
observed THz polarization dependence. This work pro-
vides a new understanding of the THz generation process
driven by two-color fields and shows that THz emission
spectroscopy is a powerful and simple tool for probing
plasma electron dynamics in both space and time, in con-
trast to typical one-dimensional electron detector used in
the coherent control experiments [29,30]. Using individu-
ally controlled optical fields [9], the THz polarization state
may be switched on ultrafast time scales due to the extreme
sensitivity of the polarization to the relative phase of the
two optical fields. Novel applications associated with THz
dichroism studies, imaging, tomography, and molecular
alignment may benefit from this work.
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