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Abstract Intense femtosecond laser-plasma interactions can produce high power terahertz radiations. In our
experiment, the polished copper target was irradiated by a p-polarized laser with intensity of more than 108
W/cm? at an incident angle of 67.5° from the target normal. The THz energy from three different detection
angles is measured. The maximum emission is found in the direction at an angle of 45° to the laser backward
direction, which is more than one order of magnitude higher than in the other two directions. A simple theoretical

model has been established to explain the measurements.
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1 Introduction

Terahertz (THz) radiation has wide-range applications in many different domains, such as semiconductor
[1,2], biomedical [3,4], imaging [5,6], etc., because of its unique characteristics. Two conventional methods,
photoconductive switches [7-9] and optical rectification [10], are used to generate broadband pulsed
THz emission. Limited by the material damage threshold, the THz emission energy cannot be further
increased by applying higher intensity laser. There are two new candidates for generating high power THz
radiation. One is accelerator-based radiation, such as coherent synchrotron radiation [11,12], coherent
transition radiation [13], free electron laser [14], Cherenkov radiation [15] and Smith-Purcell effect [16],
etc. These facilities can provide a high average power output tunable at a very broad band. The other is
laser-produced plasmas. The phenomenon that a laser produced air filament emits THz wave has recently
been reported [17] and a series of improvements are employed [18,19]. However, the laser intensity still
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cannot be too high in air as a result of some complex nonlinear effects. In vacuum, the laser can interact
with high density matter at an ultrahigh intensity, generating particles and photons with different energy.
Leemans et al. have reported that laser accelerated electron bunches can generate THz emission at the
plasma-vacuum boundary [20]. With solid target, powerful THz sources have also been obtained [21],
demonstrating a promising future although its generation mechanism is still not fully understood.

In our recent work, we have obtained a THz energy as high as 50 wJ/sr per shot and discussed the
effect of the laser contrast ratio!) [22]. In this paper, we will present the measurement of the angular
distribution of the THz radiation and discuss the THz generation mechanism.

2 Experimental setup

The experiments were performed at XL-II (Xtreme Light IT) 20 TW Ti: Sapphire laser facility which
provided an 800 nm, 70 fs laser pulse. Through an f/3.5 off-axis parabolic mirror, a p-polarized laser with
an amplified spontaneous emission (ASE) contrast ratio of ~10~7 was focused onto a 10 mmx20 mmx
1 mm copper target with an incidence angle of 67.5° to the target normal. The full width at half maximum
(FWHM) of the focal spot was 5 pm. It contained 35% of total 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 was 4.6x10'® W/cm?. The target surface was polished before equipped in the vacuum chamber.
After each shot the target was moved by 300 wm, the laser pulse was made to irradiate a fresh target
region.

The experimental setup is shown in Figure 1. There were four diagnostic channels in our experiment,
three for THz emission and one for visible light. The optic system of channel 1 to 3 was constituted by
polymethylpentene (TPX) lenses and windows and that of channel 4 by glass. Channel 1 and 2 were
almost the same but the collecting angle to the target normal. They had only one TPX lens responsible
for collecting the emitted THz wave and focusing it onto the detector through a TPX window outside the
vacuum chamber. The angle between the central THz wave path and target normal was —22.5° (channel
1) and 22.5° (channel 2), where the minus sign means the path direction and the laser beam are on the
same quadrant (the minus quadrant). Before THz wave enters the detector, there will be one or more
high resistivity float zone silicon plates (HRFZ-Si) placed in front of the crystal in order to screen off
the visible light and extenuate the THz emission when it was so intense that the electric signal from
the detector was saturated. The collecting solid angle of the TPX lenses was 0.021 (see Table 1). In
channel 3, the focal point of the TPX lens was exactly put on the target point, so the THz wave was first
collimated, passed through the TPX window and was refocused onto the detector by another TPX lens.
The central path of channel 3 was 67.5° to the target normal, with a solid angle of 0.036°. An LiTaOg
pyroelectric detector was used to measure the power of the THz emission, with a relative flat broadband
response from 0.1 to 30 THz. In order to collect almost all the emissions from each channel, a copper
cone was used in front of the crystal of the detector. Channel 4 was composed of an optical glass lens
and a window. The visible light was focused onto a fiber spectrometer with spectrum response from 200
to 1100 nm to monitor the second and three-half harmonic. The detailed information of these 4 channels
is given in Table 1. There was an Nal y-ray detector 120 cm away from the target, measuring the high
energy photons above 0.15 MeV. With all these detection systems, we can measure the electromagnetic
radiation from the plasma with a very broad range from gamma ray to THz.

3 Experimental results and discussions

The typical visible light spectrum is shown in Figure 2. We can see the obvious 3/2 harmonic at 533 nm
and relatively weak second harmonic at 400 nm. This is in good agreement with our previous experimental
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Figure 1 Schematic of the experimental setup. There are 4 detection channels, 1 to 3 for angular distribution of the THz
emission and 4 for the visible light spectrum. A Nal detector is responsible for high energy «-ray real-time monitoring. The

blue dashed lines give the direction of the target normal and the surface, respectively.

Table 1 Parameters of detection channels

Channel Angle(®) Solid angle (sr) Detector
1 —22.5 0.020 pyroelectric
2 22.5 0.021 pyroelectric
3 67.5 0.036 pyroelectric
4 —7.5 0.016 fiber spectrometer
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Figure 2 Visible light spectrum at channel 4. With Figure 3 The THz energy for the three directions of
the ASE contrast ratio of ~ 107, 3/2 harmonic is much —22.5°,22.5° and 67.5°.

stronger than the second harmonic.

and theoretical results under this ASE contrast ratio condition [22].

At each THz radiation detection angle, at least 6 efficient shot data was recorded. Taking into account
the transmittance of the TPX lenses, windows and HRFZ-Si extenuator, the absolute energy of THz
emission from laser-solid targets interaction is calculated. Normalized by the collecting solid angle, we
can get 122.8, 9.3, 4.8 nJ/sr at —22.5°, 22.5°, 67.5°, respectively (see Figure 3). The highest energy is
observed at —22.5°, about one order of magnitude higher than the other two directions. On the contrary,
the THz emission in the specular reflection direction in our experiment is the weakest.

To understand the above experimental results, we establish a new self-organized fast electron current
model to shed light on the mechanism of THz generation!). We believe that the THz emission is at-
tributable to the fast electron current along the target surface. Considering that the dimension of the
interaction area is only around 10 um, we ignore the current density distribution for simplicity. So it can
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Figure 4 Coordinates of the model. The laser irradiates
the target in the XOZ plane. Z axis is also the target
normal. The transient electrons are moving opposite to
the X direction, producing a positive current. n is the unit
direction vector from the current center to the detector,
with angle 0 to the X axis.

Figure 5 The expected angular distribution of the self-
organized fast electron current model. Four different 3
are used to investigate the influence of the surface electron
velocity. They are all normalized at the angle —22.5° for
comparison. The measured data are also depicted in the
figure, showing a similar tendency with the model.

be assumed as a point current, J = Jod(r) exp(—t?/73), where 79 is a constant determined by the laser
pulse duration. The schematic of the model coordinates is shown in Figure 4.

For the electrons flowing along the target surface [23], the transient current can be written as J =
e Jod(r) exp(—t?/73), where Jy is proportional to the laser intensity Io. The detection direction vector
is m. Substituting the current form into the retarded potential formula, we can get

By using the far filed approximation, the distance between the detector and the emission source, Ry
can be assumed as a constant. As the detector is small enough, the electromagnetic wave at the detector
can be considered as a plane wave, E = H xn and H = %%t(t) x n. After a series of calculations, we
can obtain the formula of the electric field of the THz emission at the detector:

_2Jot exp(—t%/78)

- 22Ro(1—n-B)

where 3 is the average normalized velocity of electrons that form the transient current. So we can

calculate the angular distribution of the THz energy flow, S = %EQ. Normalized by the collecting solid
angle, the energy distribution in the laser incident plane is

J2t% exp(—2t%/72) sin? 0 sin? 6

ne3ri (1 — Bcosh)? - (1 —Bcosh)?’ ®)

Eq. (3) gives the relation between the detection angle and the THz energy per unit solid angle in the

nx (nxe,), (2)

dPo/dQ =

laser incident plane.

In Figure 5, we depict the model and the experimental measurement. For comparison, the model line
and the measured data are normalized at —22.5°. The energy of escaping fast electrons is from hundreds
of keV to several MeV [24-27]. The estimated velocity of the electrons which constitute the transient
current is comparable to that of the electrons emitted from the target. The parameter 3 is chosen as
0.7, 0.8, 0.9 or 0.95, representing the electron energy from about 0.2 to 1.1 MeV. Obviously, with the
increasing average velocity of the electrons, the maximum emission direction is approaching the current
direction. However, the angular distribution is almost insensitive to the velocity of the transient current
electrons when the detection angle is in the range of our experiment(> —30°), demonstrating a similar
declining tendency. That tendency shows a good agreement with our measurement. The data at 22.5°
deviates a little from the model expectation, probably resulting from the strong simplified assumption
of this model. The laser produced plasmas have extremely complicated time and space structures and
tremendously variable magnetic and electric environments, in which the moving particles are influenced
by many parameters. In order to understand the process more precisely, the transient current intensity
and direction distribution should be considered in detail.
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4 Conclusion

We have measured the angular distribution of the terahertz emission of laser solid target interactions
at —22.5°, 22.5° and 67.5° to the target normal. The THz maximum emission is found at —22.5°.
The angular distribution demonstrates an increasing tendency as the detection angle approach the laser
backward direction. We establish a simple model by assuming a transient current on the target surface.
The model shows a good agreement with our experimental results.
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