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        Abstract



        The center frequency of the narrow-band THz wave is always unstable with the optical rectification methods. Therefore, the high-phase stable time-delay generator Etalon and the parallel grating pair compressor with the self-adaptive optical path compensation function are designed according to the principle that two lasers in different paths will result in specific relative time delay; with LiNbO3 waveguide sample as the optical rectification crystal, the quasi-multi-cycle narrow-band THz wave generating platform is set up based on the two chirp-delay schemes (one Compressor in the pump branch and another Compressor in the probe branch) Both schemes can generate narrow-band THz waves with adjustable center frequency from 0.25~1.2THz. The bandwidth is 100GHz, with good frequency stability.
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      1. INTRODUCTION


      The THz wave is between microwave and infrared ray. As the only frequency band is not fully exploited and utilized, it is one of the hot spots in scientific study. Because this technology has important discipline value and wide application prospect in many fields, such as communication, radar, safety inspection imaging, bio-medicine and spectrum analysis, it is honored as one of the ten technologies to change the future world [1]. THz radiation generation and THz wave-guiding are the two most important techniques in the THz technology [2]. The THz sources and wave-guiding devices are also vital components in the THz system. It is necessary to study THz sources [3].There are two kinds of THz radiation sources: one is wideband pulse source; the THz radiation of the source is generally generated by femtosecond laser to motivate different material. Two kinds of generation mechanisms are photoconductive and optical rectification, researching the first and the most common one. Another is the narrow band continuous source; it is gained by spreading microwave source from the low frequency to high frequency, using the electronics method. But it can also be gained by extending low frequency range using optical technology (especially laser technology) [4]. Among them, the radiation sources generated based on the electronics methods such as Gunn oscillator, backward wave tube, and so on, are generally small and they have compact structures, and their average powers are between microwatt level and mill-watt level, but their transmitting frequency is low, usually less than 1 THz; the radiation sources generated based on the optics methods, such as gas laser, free electron laser, and so on, can produce THz radiation with a wide frequency range [5].


      The quasi mono-cycle broadband THz source based on optical rectification can obtain high THz pulse energy and wide spectral bandwidth, so it has wide application prospect [6]. But in many applications, the narrow-band THz source with adjustable center frequency is also needed. The source can be used to avoid interference of out-of-band frequency and reduce the use of filter components in THz radar and communication systems.


      With the development of research on photoconductive materials, the THz radiation frequency can range from 0.1THz to 30THz, produced by photoconductive antenna [7]. At the same time, part of the energy, which is used to launch the THz wave in photoconductive antenna, is coming from the bias field, thus higher gain can be obtained by increasing bias voltage, and the highest average power can reach mill-watt level. So, the photoconductive antenna becomes one of the most widely used THz sources, which have very good performance and potential application value [8]. In this paper, the generation mechanism of narrow-band THZ wave using optical rectification is analyzed based on the Chirp-Delay method.


      Since narrowband THz wave’s generation setup usually suffers from instability in the center frequency and difficulty in alignment, on the basis of the principle that different optical path lengths will produce a particular relative delay, a delay generator with high phase stability called Etalon is designed to guarantee frequency stability of the narrowband THz sources. In this paper, a LiNbO3 waveguide slab is selected as an optical rectification crystal, and two Chirp-Delay schemes setups (a compressor in pump arm and another compressor in probe arm) are built.

    


    
      2. MECHANISM OF OPTICAL RECTIFICATION FENERATING NARROW-BAND THz WAVES


      Different from the broadband THz wave generated from optical rectification, the narrow-band THz wave is produced by optical frequency mixing of two linearly chirped broadband laser pulses with specific delay-time in the nonlinear crystal. The superposition of the two chirped pulses with specific delay-time will produce an electromagnetic wave with quasi-sinusoidal laserintensity envelope modulation [9]. Then it is used to stimulate the nonlinear crystal to radiate and generate the narrow-band THz wave. The frequency of the THz wave is determined by the pulse width of the two chirped pulses and their relative delay time. Assuming that the two chirped pulses have the same laser intensity, the first pulsed electric field can be given by:
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          	(1)
        

      


      A Fourier transform limited laser pulse with a pulse width τ0 of 800nm produces the linearly or nonlinear chirp after going through a compressor/stretcher and introducing the phase shift related to the frequency. Then the phase of each spectral component in the laser pulse is changed, so as to change the position of each frequency component in time domain accordingly. At last, a chirped pulse with a wide pulse width (τ1) is formed.


      The pulse width (τ1) of the chirped pulse and delay time (Δt) between two chirped pulses is properly controlled to produce a narrow-band THz wave with a specific center frequency. In other words, a specific Compressor and a delay time pulse sequence generator Etalon must be designed.


      
        2.1. Design of Etalon


        An ideal Etalon can produce two output pulses with two relative delay time Δt and the same intensity. A simple way to get the specific relative delay time is to divide the incident laser into two parts and separate them in two different optical paths. Based on this idea, an Etalon is designed. It is composed of a partial reflector (38.2% reflection and 61.8% transmission), a completely reflecting mirror and the even air gap between them. The partial reflector is parallel to the completely reflecting mirror and their distance (the thickness of the air gap) will decide the relative delay time produced by Etalon. When a laser beam with a laser intensity of I0 is vertically or approximately vertically directed to the partial reflector, the direct reflective laser intensity is I0×R, and the transmission laser intensity is I0×T. The transmission laser is then transmitted by the completely-reflecting mirror and the partial reflector. Its laser intensity is I0×T2. The laser intensity of the output pulse sequence from Etalon is successively I0 × [ R,T2,T2R,T2R2,T2R3,T2R4,T2R5,T2R6…].


        The reflectivity of the first mirror in Etalon is chosen to make the intensities of two beams of output laser have the equal amplitude. That is, R = T2 = (1 - R)2


        Then R can be derived as follows:
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            	(2)
          

        


        At this time, the first and the second output pulses’ laser intensities account for the most part (76%). The laser intensity of the third and the remaining output pulses is reduced by a scaling factor of 0.38. According to the stimulation, the remaining pulse sequence has no effect on generating the laser intensity with quasi-sinusoidal envelope modulation.


        In order to make the output serial pulses overlap in space, the incident laser should be vertically or approximately vertically directed to Etalon. The relative delay time of each output pulse is Δt = 2h/c.

      


      
        2.2. Design of Compressor


        In order to make the output serial pulses from Etalon able to overlap, the incident ultra-short laser pulse width shall go through a Compressor (pulse stretcher) to introduce a phase-shift phase related to the frequency and to adjust the position of each frequency component in the time domain. Thus the chirped pulse with a wide pulse width (τ1) is formed.


        Assuming that an initial incident pulse goes through an optical system and the initial incident pulse E 0(t) is given by:
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            	(3)
          

        


        In the equation, ξ (t) is the slowly varying envelope, ω0 the center frequency, and Φ(t) is the phase shift of the Fourier transform limited pulse. When Φ(t)=0, the Gaussian pulse is:
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        In the equation, τ0FWHM refers to FWHM of the pulse.


        After Fourier Transform of the equation is performed, the equation of the incident pulse in frequency domain can be derived as follows:
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        In the equation, g (ω) and η (ω) are spectrum amplitude and phase respectively. Therefore, the output pulse of the incident pulse through the optical system can be expressed as:
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        In the equation, s[ω] refers to the complex transfer function of the optical system. It will directly affect the phase of the output pulse. This optical system can be a Compressor which is composed of dispersive media, chirped mirror pair, three prisms pair or parallel grating pair. The biggest advantage of the parallel grating pair Compressor is that it can provide bigger group velocity dispersion (GVD), compared with glasses, prisms or chirped mirrors. For example, when a laser with a central wavelength of 800nm and a pulse width of 100fs is directed into the 830.8 L/mm grating pair in an incident angle of 14.8o, and the distance L0 between the grating pair is 7~72cm, 3~30ps pulse width of the output chirped pulse can be achieved . The parallel grating pair compressor can be used to build a platform generating narrow-band THz wave based on optical rectification.


        The narrow-band THz source with adjustable center frequency is based on two Chirp-Delay optical path schemes. That is, 54μm-thick LiNbO3 crystal waveguide sample is used as the optical rectification crystal, and platforms generating quasi multi-cycle narrow-band THz wave are set up respectively in the Pump branch and the Probe branch of the Compressor.

      


      
        2.3. Experiment to Generate Narrow-band THz in Pump Branch of the Compressor


        In the platform, the experimental optical path generating the narrow-band THz wave in Pump branch of the Compressor reduces the spot diameter of the 800nm incident laser with a pulse width of 100fs and a power of 0.6w to 5mm through a double-lens system. Then the incident laser is divided into the Pump branch and the Probe branch by a beam splitter.


        In the Pump branch, the pump laser goes through the Compressor. The chirped pulse with extended pulse width is formed because of group velocity dispersion; it is approximately vertically directed to Etalon and a chirped pulse sequence with a delay time of about 1ps is generated after reflection, so as to form the pump wave intensity with quasi-sinusoidal modulation. Then it goes through a chopper and is focused on a LiNbO3 waveguide sample with a lens, thus the quasi multi-cycle narrow-band THz wave is generated by optical rectification.


        [image: ]
Fig. (1)

        Experiment result.

        In the Probe branch, the probe laser goes through the optical path controllable delay platform to be directed to BBO, thus a 400nm second harmonics is formed to detect the THz wave generated by the pumping laser in LiNbO3. The concrete method is detailed as follows: First, the first optical grating G1 in installed on a large breadboard to make the laser with a center wave length of 800nm in the first-order diffracting beam parallel to the through-hole of the board; next, the second optical grating G2 and the heightened mirror are installed on a small L-shaped breadboard. Then the small board is installed on the large breadboard. The large board is fixed to the experiment table. A slideway is designed to make the small board slide on the large board along the through-hole direction. The incident laser is paralleled to the through-hole and directed to the mirror (M1) on the small board. Then it is reflected by the mirror M2 and returns parallel. And it is reflected again to the first optical grating G1 and then it is diffracted to the second optical grating G2, next, it is diffracted to the heightened mirror. Then it is reflected by the heightened mirror to G2 and G1, thus the chirped pulse is emitted. Before entering Compressor, by sliding the small bread board, the increase (or reduction) of the optical path by M1 and M2 can be compensated by the grating in the Compressor by reducing (or increasing) the optical path between G1 and G2. In this way, the general optical path is kept constant. Therefore, moving the platform in the experiment can change dispersion measure of the Compressor to adjust the frequency generating THz. The self-adaptive optical path compensation facilitates the experiment and test by directly detecting the laser without re-calculating the optical path of the probe laser. The pump intensity is tested with a 1mm glass sample. The pump laser and the probe laser are focused on the same spot of the glass sample. The pump intensity is then tested according to Kerr effect (Fig. 1a). The test of THz electric field generated in optical rectification is made with a 54μm-thick LiNbO3 waveguide to make the probe intensity deviate from the pump intensity. The time domain wave form of the quasi multi-cycle THz electric field is tested according to Pockets effect (Fig. 1b). When the distance L0 between the parallel gratings is 15cm, 21cm, 28cm and 39cm, the chirped pulse group velocity dispersion generated in this way also grows in arrangement. Similarly, the pulse width of the pump intensity generating quasi-sinusoidal modulation also grows. Because the delay time caused by Etalon is kept constant, the periodic numbers in FWHM of the pump intensity of quasi-sinusoidal modulation and the time domain waveform generating THz are also constant. The Fourier transform of the time domain waveform in the THz electric field in Fig. (1b) is performed and the amplitude-frequency curve of the THz electric field is generated. As can be seen in Fig. (2), the different distance L0 between the parallel gratings generates THz waves with 0.75THz, 0.59THz, 0.42THz and 0.315THz respectively. The bandwidth is about 100GHz, with good frequency stability.
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Fig. (2)

        Amplitude-frequency curve of the newly-generated narrow-band THz wave.
      


      
        2.4. Experiment to Generate Narrow-band THz in Probe Branch of the Compressor


        In the platform experiment optical path to generate narrow-band THz in Probe branch of the Compressor, the Compressor is in the Probe branch. The chirped pulse should be shot on Etalon to generate narrow-band THz. The Compressor in the laser is adjusted to output positive chirped pulse. Then the pulse is divided into Pump branch and Probe branch by a beam splitter.
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Fig. (3)

        Laser pulse measured with SHG-FROG.

        In Pump branch, the chirped pulse pumping laser is shot on Etalon approximately vertically and generates a chirped pulse sequence with a delay time of about 1ps after reflection. The pump intensity of quasi-sinusoidal modulate is then formed. Going through the chopper, it is focused on a LiNbO3 waveguide sample with a lens to form quasi multi-cycle narrow-band THz by optical rectification. In Probe branch, the probe laser first goes through the self-adaptive Compressor compensating the optical path to provide negative dispersion and change the positive chirped pulse into the Fourier transform limit pulse. Then it shots on BBO through the delay platform to form 400nm second harmonic so as to detect the THz generated by the pumping laser in LiNbO3.
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Fig. (4)

        Experiment result.
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Fig. (5)

        Amplitude-frequency curve of the newly-generated narrow-band THz wave.

        In the experiment platform of the Compressor in Probe branch, the testing principle of the pump intensity and the THz electric field is the same as that of the Compressor in Pump branch. The only difference is that the Compressor in the laser and the Compressor in Probe branch must be adjusted each time before the test. The purpose is to make the positive dispersion measures offset and the negative one so as to form the detecting pulse close to Fourier transform limit. As is shown in Fig. (3), the pulse width of the chirped laser pulse is measured with the frequency the second harmonic and the Frequency Resolved Optical Gating “SHG-FROG”, and it is 16.98ps. When the distance L0 between the parallel grating pair in the Probe branch and it is adjusted to about 21cm, the pulse width of 130fs is obtained, which is close to the Fourier transform limit.


        Because the testing is comparatively complex, two data sets are tested. When the incident chirped pulse is 17ps and 34.6ps wide, the corresponding distances L0 between the grating pair are 21cm and 39cm respectively. The pump wave intensity with the quasi-sinusoidal modulation and the THz electric field are shown in Fig. (4). Fourier transform of the THz electric field in Fig. (4b) is carried out to generate the amplitude-frequency curve of the narrow-band THz electric filed. Fig. (5) shows that their center frequencies are 0.58THz and 0.31THz, respectively.

      


      
        2.5. Comparison of Two Chirp-delay Experiment Schemes


        By comparing the two Chirp-Delay experiment schemes, it can be seen that the optical path scheme with the Compressor in Pump branch is the same as that with the Compressor in Probe branch. Both can utilize the optical rectification effect of the LiNbO3 waveguide sample to effectively produce narrow-band THz with adjustable center frequency. In the experiment result, the frequency used to generate the THz wave is identical to the frequency in the theoretical prediction.


        For the scheme of the Compressor in Pump branch, its greatest advantage is that it easy to adjust the optical path and carry out experiment and test. But it may result in energy loss to some extent when the pumping laser goes through the Compressor. Besides, if the ultra-short laser with higher power can reach the narrow-band THz wave generating experiment platform after a long transmission distance, it will cause great air nonlinear effect and distort the pump intensity with quasi sinusoidal modulation. Thus the generation of the narrow-band THz will be affected. In the scheme with the Compressor in Probe branch, the incident laser is chirped pulse. There is no Compressor in Pump branch and higher pump power can be obtained. The chirped pulse has a wide pulse width. It will not cause great air nonlinear effect. However, the Compressor in the optical cavity needs adjusting to get the chirped pulse and it will also bring more difficulty to optical path adjustment and may affect other experiments using the same laser together.

      

    


    
      CONCLUSION


      In this study, the design of Etalon and Compressor is proposed, and the experiment platform used to generate the narrow-band THz wave is set up; and intensive study is conducted on the narrow-band (quasi multi-cycle) THz source based on nonlinear optical rectification. A delay-time generator Etalon is designed. The test shows it has good phase stability and can generate stable relative delay-time pulse sequence. The parallel grating pair Compressor with self-adaptive optical path compensation function is designed to facilitate the generation of narrow-band THz and its test experiment. The LiNbO3 waveguide sample is used as the optical rectification crystal. A quasi multi-cycle narrow-band THz wave generating platform based on two Chirp-Delay schemes (one compressor in the pump branch and another compressor in the probe branch) is set up. The experiment shows that both schemes can effectively generate narrow-band THz with adjustable center frequency. The center frequency can be adjusted from 0.25 THz to 1.2THz. The bandwidth is about 100GHz, with good frequency stability.
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