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A powerful terahertz (THz) pulse was produced by a p-polarized, 70 fs, 800 nm laser interacting with solid targets at an inci-
dent angle of 45°. The polarization of the THz emission was measured out of the laser incident plane. The results showed that
it was linearly polarized. We established a surface current model to explain this phenomenon, assuming that the transient cur-
rent moving along the plasma surface was responsible for the generation of the THz emission. The model expectation and the

experimental result were in good agreement.

terahertz emission, laser solid interactions, polarization

PACS number(s): 42.25.Ja, 52.25.0s, 52.38.Kd

Citation:
Astron, 2012, 55: 589-592, doi: 10.1007/s11433-012-4665-1

Du F, Li C, Zhou M L, et al. Polarization of terahertz emission out of incident plane from laser interactions with solid targets. Sci China-Phys Mech

Terahertz (THz) waves are located between microwave and
infrared in the electromagnetic wave spectrum. Its unique
wavelength enables numerous applications in many differ-
ent fields, such as materials science [1], biochemistry [2],
biomedicine [3], etc. With the development of femtosecond
lasers, the THz science enters a new era. Two main methods,
photoconductive switches [4] and optical rectification [5],
are widely used to generate broadband pulsed THz emission.
However, limited by the material damage threshold, the
THz emission power cannot be further increased by apply-
ing higher intensity laser. There are two approaches to gen-
erate high power THz radiation. One is accelerator-based
radiation, such as coherent transition radiation [6], coherent
synchrotron radiation [7], free electron laser [8], Cherenkov
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radiation [9] and Smith-Purcell effect [10], etc. These facili-
ties can provide a high average power output and tunable
frequency at a very broad band. The other is laser-produced
plasmas. Since plasmas are already ‘“damaged”, they can
withstand much higher laser intensity. THz emission from a
laser produced air filament has recently been reported [11]
and a series of improvements are made by adding external
fields [12,13]. It is also reported that electron bunches ac-
celerated by laser wakefield can generate THz emission at
the plasma-vacuum boundary [14].

With a solid target, powerful THz sources have also been
demonstrated [15,16], while the mechanism of the genera-
tion is still not fully understood. In our and other groups’
previous work, the polarization of the THz emission in the
laser incident plane was measured. It was found that the
THz polarization was p-polarized in the laser incident plane
[15,17,18]. In this paper, we investigate experimentally the
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polarization of THz emission from laser-solid interactions
not in the laser incident plane. The results show that it is
linearly polarized but not p-polarized. To explain this phe-
nomenon, we propose a simple model assuming that the
transient current along the target surface produces the THz
emission [19]. This model is also successfully used to ex-
plain the polarization of THz emission in the laser incident
plane.

1 Experimental setup

The experiments were performed at Xtreme Light IT (XL-II)
Ti: Sapphire femtosecond laser facility at the Institute of
Physics, Chinese Academy of Sciences. The laser pulse
duration was around 70 fs with the central wavelength of
800 nm in the experiments. Through an f/3.5 off-axis para-
bolic (OAP) mirror, the p-polarized laser pulse was focused
onto a 13 um aluminum foil target with an incidence angle
of 45° to the target normal. A 7 um full width at half
maximum (FWHM) diameter laser spot was created by the
OAP mirror and contained 35% of total laser pulse energy,
monitored and measured by a microscopic system and a
beam profile analysis system. With the pulse energy of 180
mJ, the laser intensity on the target is 2.4x10"® W/cm?.
There is an amplified spontaneous emission (ASE) pedestal
with a contrast ratio of 10° 5 ns before the main pulse.

The THz emission generated from laser target interaction
was first collimated by a polymethylpentene (TPX) lens
with a focus length of 150 mm. It passed through the TPX
window and was refocused on the detector by another TPX
lens. A LiTaO; pyroelectric detector with a relative flat
broadband response from 0.1 to 30 THz was used to meas-
ure the power and energy of THz signal. There is a piece of
high resistivity float zone silicon (HRFZ-Si) plate placed in
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front of the crystal in order to screen off the visible light
simultaneously generated by the incident laser. A wire-grid
polarizer was inserted in the beam line of THz emission by
rotating the polarizer axis to measure the polarization of the
THz emission.

The schematic experimental setup is displayed in Figure
1, where n is the target normal. The detection direction d
was 45° with the laser incident plane upward and its project
on the incident plane was collinear with the laser mirror
reflection direction m. The circle centered at the detection
direction represents the polarizer plane which is vertical
with d and 45° to the laser incident plane «. The detailed
information is shown in Figure 1(b), which is the top view
of the polarizer and sees the interaction area along the in-
verse detection direction. A polar coordinate system was
used. The polar axis was chosen at the intersection line of
the polarizer plane and the vertical plane & containing m

and d. The polar angle 6 is positive when the axis of the
polarizer is rotated clockwise.

2 Experimental results and discussion

The THz signal after passing the polarizer was measured
from the rotation angle of 0 to 180°. The result is shown in
Figure 2. It is found that the THz emission is linearly polar-
ized and its maximum signal is not located at the axis of the
orthogonal coordinates. To understand the results, we pro-
pose a simple transient current model.

THz waves, as a band of electromagnetic wave spectrum,
can be generated by acceleration of charged particles such
as electrons in the time scale of picosecond. The time scale
of electrons in traditional radio frequency (RF) circuit is
nanosecond and difficult to be reduced. That’s why there
are few effective THz antennas in this spectrum band. The

(a)

Figure 1 (Color online) Schematic display of the experimental setup and the geometry of incident laser, laser reflection direction m, target normal n, de-
tection direction d and transient current direction e;. The project of d on the incident plane « is collinear with m and the angle between d and m is 45°. The
vertical plane ¢ is defined by d and m. The circle centered in d represents the polarizer. The detailed information is given in (b), which is the schematic dis-
play of the top view of the polarizer plane and the polar coordinates. The direction of d points out of the paper vertically. The rotation angle 6 between the
polarizer axis P and the polar axis is positive when rotated clockwise. The polarizer plane is 45° to the incident plane.



DuPF, etal.

Model line

®  Experimental data

THz signal (V)

0 50 100 150 200
Rotation degree (°)

Figure 2 THz signal measured by the detector (squares) and the fitting
line induced by the transient current model (line).

fast electrons can be accelerated to near light velocity, c,
from laser plasma interactions. One electron with a velocity
of around ¢ passing through 300 pm length plasma will take
about 1 ps. Acceleration or deceleration by this plasma may
emit THz wave. So we assume that it is the electrons mov-
ing along the surface of plasma before escaping that pro-
duce THz emission since the THz wave cannot pass through
plasma. These electrons generated by intense laser consti-
tute a transient current.

Through measuring the angular distribution of emitted
electrons, our previous experimental and theoretical results
show that there are a number of electrons emitted along the
target surface in the laser forward direction at a relatively
large laser incident angle [20]. Even at a relatively moderate
incident angle, 45°, there still is electron jet near the target
surface under the similar laser condition with this experi-
ment [21]. These electrons propagate along the target be-
cause of the confinement of the quasistatic magnetic and
electric fields. According to these results, during the fol-
lowing analysis, the transient current along the target pro-
duced by laser solid target interactions is assumed responsi-
ble for the generation of THz emission.

Because the transient current on the surface of the plasma
is only about tens to hundreds of micrometers long [22], it
can be assumed reasonably as a point current compared
with the detection distance. Its direction e, is along the tar-
get in the laser backward direction inferred from the emitted
electrons, as Figure 1 shows. So it can be written as:

J =e,J,6(r)exp(-t’/7}), (1)

where J, is determined by the laser intensity and 7, is a con-
stant determined by laser pulse duration. Putting the tran-
sient current expression (1) into the retarded potential for-
mula and using the far field approximation, after a series of
calculations, we can get the formula of the electric field of
the THz emission at the detector:

_2Jtexp(—* 1 7y)

dx(d s 2
FoR(-dp) e @
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where R, is the distance between the transient current and
the detector and |B| is the average normalized velocity of
the electrons in the current and in the same direction with e;.
From eq. (2), the THz emission at the detector is linearly
polarized, and its electric field direction is determined by
the vector triple product of d, d and e;. From this relation,
we can get the polarization direction of this experiment. The
inferred polarization direction P of THz emission is shown
in Figure 1(b), and it is collinear with the project of e; on
the polarizer plane.

The angle &between the polarization direction P and po-
lar axis is calculated to be 55°. According to Malus’ law,
the THz signal after the polarizer by rotating its axis should
be a function with the form of cos*(0—55). Considering the
magnitude of the measured signal, the model fitting func-
tion can be written as:

y =4.25c0s>(0-55), 3)

where 4.25 is a fitting constant. The fitting line is also de-
picted on Figure 2 (line) and it agrees well with the experi-
mental data. This result shows that the polarization is de-
pendent on the detection direction and it is collinear with
the project in the polarizer plane of the transient current.
This characteristic conforms to a radially polarized radia-
tion.

By using this model, the polarization in the laser incident
plane can also be explained. Sagisaka et al. [17] reported
that the polarization was p-polarized at an incident angle of
45°. The same results were also shown by Hamster et al. [23]
at 60° and our group at 67.5° [18]. From eq. (2), when the
detection direction and transient current are in the laser in-
cident plane, the electric field of THz emission should be
also in that plane, that is, p-polarization.

3 Conclusion

We have measured the polarization of THz emission at a
direction not in the laser incident plane. The results show
that it was linearly polarized with a certain angle to the
horizontal direction of the polarizer plane. A surface current
model was established to explain these results which as-
sumed that the laser induced transient current along the tar-
get surface was responsible for the generation of THz emis-
sion. The assumption is based on the experimental and
theoretical results that a number of electrons emitting along
the target surface were found under similar experimental
conditions. The model expectation and experimental results
agree well with each other. Considering the measured po-
larization of THz emission in the laser incident plane, it is
believed that these polarization characteristics of the THz
waves conform to a radially polarized radiation.
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