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Abstract:



Since its introduction in 2010, self-referenced spectral interferometry (SRSI) has turned out to be an analytical, sensitive, accurate, and fast method for characterizing the temporal profile of femtosecond pulses. We review the underlying principle and the recent progress in the field of SRSI. We present our experimental work on this method, including the development of self-diffraction (SD) effect-based SRSI (SD-SRSI) and transient-grating (TG) effect-based SRSI (TG-SRSI). Three experiments based on TG-SRSI were performed: (1) We built a simple TG-SRSI device and used it to characterize a sub-10 fs pulse with a center wavelength of 1.8 μm. (2) On the basis of the TG effect, we successfully combined SRSI and frequency-resolved optical gating (FROG) into a single device. The device has a broad range of application, because it has the advantages of both SRSI and FROG methods. (3) Weak sub-nanojoule pulses from an oscillator were successfully characterized using the TG-SRSI device, the optical setup of which is smaller than the palm of a hand, making it convenient for use in many applications, including sensor monitoring the pulse profile of laser systems. In addition, the SRSI method was extended for single-shot characterization of the temporal contrast of ultraintense and ultrashort laser pulses.
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1. Introduction


Femtosecond laser pulse generation has progressed rapidly since the advent of the Ti/sapphire femtosecond laser. The laser wavelength now extends from short, i.e., deep ultraviolet or X-ray, to long, i.e., the middle-infrared or terahertz range [1,2,3,4,5,6,7], the pulse duration has been compressed to subcycle femtoseconds [8,9], and the peak power can reach petawatt (PW) level [10,11,12,13,14,15,16]. These kinds of femtosecond laser pulses are widely used in research in physics, materials science, chemistry, biology, and bioengineering. For example, laser plasma physics [17,18], ultrafast reaction dynamics in chemistry, biomacromolecules [19,20], solid-state [21,22,23,24], and two-photon laser microscopy [25,26,27] require femtosecond pulses as a laser excitation source. Pulse duration or the complete temporal profile of a femtosecond pulse is a very important parameter in applications of the above-mentioned fields, because it is indicative of not only the speed but also the peak power of the pulse. Thus, methods to characterize the temporal profile of femtosecond pulses improved with the development of femtosecond laser technology [28]. A fast, accurate, and easy-to-setup method for characterizing femtosecond pulses is always important for improving the efficiency of research in which femtosecond laser pulses are used. The most widely used techniques for characterizing the temporal profile of femtosecond pulses are frequency-resolved optical gating (FROG) [29] and spectral phase interferometry for direct electric field reconstruction (SPIDER) [30]. With FROG, introduced in 1993, data acquisition usually takes a relatively long time and a blind iterative reconstruction algorithm is used to calculate the spectral phase and the temporal profile. SPIDER, introduced in 1998, entails a relatively complicated optical setup, because it needs a dispersive chirped pulse and uses sum-frequency generation to achieve spectral shear. Since their introduction, a significant effort was focused on improving the reliability, accuracy, simplicity, and temporal resolution of both methods [28,31]. Commercial products based on these two methods have been developed.



Other methods, such as two-dimensional spectral shearing interferometry (2DSI) [32], multiphoton intrapulse interference phase scan (MIIPS) [33], and d-scan [34], with their own advantages in characterizing femtosecond pulses, were developed over the past few decades. The self-referenced spectral interferometry (SRSI) technique, introduced in 2010 [35], has several advantages over the FROG and SPIDER methods. As an extension of the spectral interferometry (SI) technique [36], SRSI is an analytical, sensitive, accurate, and fast technique with a dramatically simplified setup and reconstruction algorithm for obtaining the temporal profile of a femtosecond pulse [37].



Initially, the development of the SRSI method was based on the cross-polarized wave generation (XPW) process [38]. Subsequently, its performance has been greatly improved. Because of its heterodyne nature, with the spectrum of the self-generated reference pulse broader than that of the input pulse, the SRSI method can be used to characterize pulses accurately, even when the input pulse intensity is lower than the noise level of the spectrometer. SRSI can be used to characterize a dynamic range up to 50 dB with a ±400 fs time window, even when using a common 25 dB signal-to-noise-ratio (SNR) spectrometer [39]. The pulse duration limitation caused by the dispersion of the optical elements in SRSI has been studied in detail [40]. With a low-dispersion optical setup, pulses as short as 4 fs have been measured successfully [41]. SRSI possesses a wide wavelength range of validity measurements when suitable spectrometers are used 2.5-cycle pulses with spectra covering 1.3–2 μm and a sub-10 fs pulse at 400 nm have been measured successfully using SRSI [42,43]. The method had been used in applications where a real-time monitor, a single-shot characterization, or feedback control and optimization of an input pulse were needed [44,45,46,47,48]. Detailed analysis of the validity range, temporal dynamics, resolution, and precision of the SRSI method has been performed [37], in which the performance of the method with respect to minimal or maximal pulse duration, distortion, and spectral bandwidth for femtosecond pulses was estimated, simulated, and explained.



In this article, we review our recent experimental work on SRSI, which includes the development and improvement of self-diffraction (SD) effect-based SRSI (SD-SRSI) and transient-grating (TG) effect-based SRSI (TG-SRSI). The article is arranged as follows: Section 2 explains the principle of SRSI. Section 3 describes the generation of reference pulses for SRSI, which is the key process of this method. Section 4 discusses several SRSI methods that are based on XPW, SD, and TG processes, followed by a discussion and prospects for the use of the method.




2. Principle of SRSI


Nonlinear processes are required for most ultrashort-pulse measurements to perform time-gating in the sampling of short temporal segments of the pulses to be characterized [29,30,36,49]. This requirement increases the complexity of an ultrashort-pulse measurement system because of the need for suitable nonlinear media and relatively high peak power [49]. The use of a reference pulse with a known amplitude and phase in SI drastically simplifies the measurement with respect to the equipment needed and algorithm used [36,37]. The principle of SI is shown in Figure 1a. An unknown pulse and a reference pulse, separated by a suitable time delay τ, are collinearly guided into a spectrometer. A spectral interferogram that includes the phase information of both the reference and the unknown pulse is obtained and expressed as [image: there is no content], where [image: there is no content] and [image: there is no content] are the spectra of the reference pulse and the unknown pulse and [image: there is no content] and [image: there is no content] are the spectral phase of the reference pulse and the unknown pulse. Fourier transform spectral interferometry (FTSI) is introduced into the SI process to determine the spectral phase of the pulse to be measured [36].


Figure 1. Principles of (a) spectral interferometry (SI) and (b) self-referenced spectral interferometry (SRSI), in which a nonlinear process is used to generate a reference pulse.
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If [image: there is no content] and [image: there is no content] are the complex spectral amplitudes at angular frequency [image: there is no content] of the reference and the unknown pulse, respectively, then the interferogram obtained by the spectrometer is expressed as


D(ω,τ)=|Er(ω)+Eu(ω)eiωτ|2=|Er(ω)|2+|Eu(ω)|2+Er*(ω)Eu(ω)eiωτ+c.c.=S0(ω)+f(ω)eiωτ+c.c.



(1)




where [image: there is no content] is the sum of the spectral intensities of the reference and the unknown pulse and [image: there is no content] is the interference of the two spectra. The spectrum and spectral phase of the unknown pulse can be obtained using a Fourier transform-based procedure and an algebraic calculation, as outlined in the following steps and in Figure 2:

	(1)

	
Fourier transform the interference signal [image: there is no content] from the frequency domain to the time domain and obtain the temporal signal containing [image: there is no content] and [image: there is no content].




	(2)

	
Separate [image: there is no content] and [image: there is no content] from the temporal signals obtained in Step 1 by using a suitable window function, e.g., a super Gaussian window. The width of the window function should be half of the gap between [image: there is no content] and [image: there is no content] (or half of the delay time between the reference pulse and the test pulse to be measured).




	(3)

	
After inverse Fourier transforming [image: there is no content] and [image: there is no content] obtained in Step 2, we obtain the signals of [image: there is no content] and [image: there is no content] in the frequency domain, respectively.




	(4)

	
Using [image: there is no content] and [image: there is no content] obtained in Step 3, the spectral amplitudes of the unknown pulse and the reference signal are analytically calculated using the following expressions [37]:


[image: there is no content]



(2)






[image: there is no content]



(3)








	(5)

	
After calculating the phase using [image: there is no content], the preliminary spectral phase of the pulse to be measured is calculated using Equation (4):


[image: there is no content]



(4)




where [image: there is no content] and [image: there is no content] are the spectral phases of the test pulse and the reference pulse, respectively.




	(6)

	
Fourier transforming the laser spectrum obtained in Step 4 with the spectral phase obtained in Step 5 yields the temporal profile and duration of the pulse to be measured.








Figure 2. Fourier transform spectral interferometry (FTSI) procedure for calculating the temporal profile of an unknown pulse in the SI method. FT Transform = Fourier transform and FT−1 Transform = inverse Fourier transform [43].
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SI is a linear, analytical, sensitive, and accurate method for measuring ultrashort pulses [37]. By combining SI with FROG, a method named temporal analysis by dispersing a pair of light e fields (TADPOLE) was developed and demonstrated in 1996 [50]. Owing to the simplicity and linearity; hence, the high sensitivity of SI, TADPOLE can characterize the temporal profile of a pulse train with an average energy of 42 zJ (42 × 10−21 J) per pulse. Thus, SI can be used to measure the temporal contrast of a femtosecond laser pulse, as discussed in the following section. However, a separate FROG measurement makes this method very complicated.



Development of SRSI was driven by the recent research performed to improve the temporal contrast of the ultraintense femtosecond laser using the XPW method [51,52,53]. The generated XPW wave has a broadened and smoothed spectrum and a smoother and flatter spectral phase than that of the incident pulse because of the temporal filtering effect of the XPW process [35]. The principle of the SRSI method is presented in Figure 1b and described as follows: A reference pulse is self-created from a fraction of the input unknown pulse using a frequency-conserved nonlinear optical process. The self-created reference pulse and the input unknown pulse are then collinearly guided into a spectrometer with a time delay τ, which results in spectral interference in the spectrometer. The spectral phase of the generated reference pulse is almost flat in the entire spectral range, usually owing to the pulse-cleaning process if the pulse duration of the input unknown pulse is smaller than twice that of its Fourier-transform-limited pulse duration [37]. Then the spectral amplitude and phase of the input unknown pulse can be reconstructed from the spectral interference using the classical FTSI process presented in Figure 2. SRSI originated from SI; the main difference between the two is that, in the former, the reference pulse is generated from the incident pulse using frequency-conserved third-order nonlinear processes.



Previously, we assumed that the spectral phase of the generated XPW wave is absolutely flat or equal to zero. This assumption limits the application range of the SRSI method in measuring a pulse with low dispersion. The spectral bandwidth of the generated reference pulse is narrower than that of the incident pulse if the chirp of the incident pulse makes the duration of the unknown pulse broader than twice that of its Fourier-transform-limited pulse [33]. Furthermore, although the spectral phase of XPW is very flat, it usually is not equal to zero in the entire spectral range. To obtain a precise measurement of the spectral phase, an iterative calculation is performed as follows:

	(i)

	
Using the expression [image: there is no content], we obtain the temporal profile of the reference pulse using the temporal profile of the unknown pulse obtained in Step 6 above. After taking the inverse Fourier transform of [image: there is no content], the spectrum [image: there is no content] and spectral phase [image: there is no content] of the reference pulse are obtained.




	(ii)

	
The new spectral phase of the reference pulse, [image: there is no content], is then used to find the new spectral phase of the test pulse, [image: there is no content], where C is the constant spectral phase with respect to the wavelength induced by dispersive optics, such as that in a beamsplitter, and can be obtained by a simple calculation. After taking the Fourier transform of the laser spectrum of the test pulse by using the new spectral phase, we obtain a new temporal profile [image: there is no content] and pulse duration for the input unknown pulse.




	(iii)

	
After performing Steps (i) and (ii) only three times, the corrected spectrum and spectral phase of the pulse to be measured are obtained, and the precise temporal profile and pulse duration are then obtained.









A correct measurement requires that the spectrum of the reference pulse created from a fraction of the input unknown pulse be broader than that of the input unknown pulse. Otherwise, the phase of some frequencies in the input pulse cannot be measured correctly [53,54]. The chirp of the input unknown pulses, which determines the bandwidth of the self-created reference pulses, is limited to twice the Fourier transform limit [35,37].



For a measurement to be correct in the SRSI method, the spectra of the reference pulses must be broader than those of the incident pulses, and the spectrum measured with the spectrometer and the spectrum reconstructed by the algorithm must be in good agreement. If not, the incident pulses may be unstable or too complicated with a chirp too large for this method [54].




3. Reference Pulse


An important step in the SRSI method is the generation of a reference pulse from the incident pulse using a frequency-conserved nonlinear process. Here, we consider how an appropriate reference pulse can be obtained.



XPW, SD, and TG are all frequency-conserved four-wave-mixing processes that are used to improve the temporal contrast of ultrahigh-peak-power femtosecond laser systems [51,55,56]. The performances of the generated XPW wave, SD signal, and TG signal show that these processes satisfy the requirement as a reference pulse for the SRSI method. The principles of the XPW generation, SD, and TG processes are shown in Figure 3.


Figure 3. Principles of (a) cross-polarized wave generation (XPW), where a polarizer is used to separate the generated XPW. (b) Self-diffraction (SD) process, where ksd1 and ksd2 are the first- and second-order SD signals, respectively. (c) Transient-grating (TG) process, where [image: there is no content] is the generated TG signal. Two focal lenses, one before and one after the medium, were omitted for simplification.
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Figure 3a presents the principle of XPW. A linear polarized pulse is focused into a BaF2 crystal, generating an XPW wave with polarization perpendicular to that of the incident pulse. The generated XPW wave is separated from the incident pulse by placing a polarizer after the BaF2 crystal. XPW is a self-phase-matched, polarization-nondegenerate, frequency-degenerate four-wave-mixing process. Figure 3b shows that for the SD effect, two incident laser pulses from a single pulse are focused into a transparent medium with a small crossing angle, generating SD signals in addition to the two incident beams on the other side of the medium. Higher-order cascaded SD signals are also generated when the incident pulse energy is sufficiently high, because SD is a frequency-degenerated cascaded four-wave-mixing process [57]. Figure 3c presents the principle of the TG process, which requires three input laser beams, making the TG setup complicated. However, TG is a self-phase-matched process because a BOXCARS beam geometry is used [58]. Moreover, in comparison to the XPW and SD processes, TG is notably more sensitive to the incident pulse energy and thus can be extended to measure weak pulses [31].



XPW, SD, and TG are all third-order nonlinear processes. Therefore, the spectra and temporal profiles of the generated pulses are defined by the following equations:


Ir(t)∝Iu2(t)Iu(t−τ)



(5)






Ir(ωr)∝|∬dω1dω−1χ(3)E˜1*(z,ω1)E˜−1(z,ω−1)×E˜1(z,ωr−ω−1+ω1)sinc[Δk(ωr,ω1,ω−1)L/2]|2.



(6)







The temporal profile of the generated signal is cleaned because its intensity is proportional to the cube of that of the incident pulse. In these very fast parametric processes, which have a response time of a few hundreds of femtoseconds, the temporal profile is cleaned within picoseconds. The spectrum and spectral phase of this kind of cleaned signal pulse are smoothed. Equation (6) shows that the spectrum of the generated reference pulse is smoothed and broadened because it is an integral (i.e., an average contribution) of the spectra of the incident pulses.



Figure 4a shows the typical improvement in the temporal contrast of the reference pulse compared to that of the incident pulse during the SD process. The temporal contrast of the SD signal was improved by four orders of magnitude. Figure 4b shows that the typical spectrum of the reference pulse (thick red dotted line) is broadened and smoothed in comparison to that of the incident pulse (thick black solid line). In addition, the spectral phase of the reference pulse (thin red dotted line) is smoothed and flattened in comparison to that of the incident pulse (thin black solid line).


Figure 4. (a) Typical improvement in the temporal contrast of the reference pulse (black line) compared to that of the incident pulse (red line) during the SD process. (b) Typical spectrum and spectral phase of the reference pulse (red dotted lines) compared to that of the incident pulse (black solid lines) [55].
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4. SRSI for Temporal Profile Characterization


The three frequency-conserved third­order nonlinear processes XPW, SD, and TG for generating the reference pulse for the SRSI method that is used to characterize the temporal profile of femtosecond laser pulses are discussed in this section.



4.1. XPW-SRSI


The XPW effect was the first third-order nonlinear process used in the SRSI method in which a single incident beam is used [31]. Figure 5 presents the principle of XPW-SRSI. In brief, a linear polarized unknown femtosecond laser beam passes through a calcite plate (CP) by which the polarization of a small fraction of the incident pulse becomes perpendicular with a time delay proportional to the thickness of the calcite plate. The incident pulse is then focused onto a BaF2 crystal to generate an XPW signal also with polarization perpendicular to that of the incident laser beam. Finally, a polarizer (P) separates the polarization-rotated incident pulse and the XPW signal. A spectrometer measures the spectral interference.


Figure 5. Principle of XPW-SRSI. CP is a calcite plate used to generate a delayed test pulse with polarization perpendicular to that of the incident pulse, and P is a polarizer.
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XPW-SRSI has two advantages over other methods: (1) It needs only one input beam, which simplifies its setup and alignment; and (2) the XPW process is a self-phase-matched process, which makes it suitable for broadband spectrum laser pulses. These two advantages have spurred much research in the past few years [40,41,42,54]. A laser pulse as short as 4 fs has been measured successfully using a low-dispersion optical setup [37]. A dynamic range up to 50 dB with a ±400 fs window was characterized using a common 25 dB SNR spectrometer [35]. A commercial femtosecond pulse measurement device named Wizzler (FASTLITE, Paris, France) has been used by some groups to characterize laser pulses. Figure 6 shows a reconstructed spectrum and spectral phase of a laser pulse obtained by Wizzler in the laboratory.


Figure 6. Typical results obtained by Wizzler. (a) Spectrum interferogram. (b) Reconstructed spectrum (black line) and spectral phase (red line).
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4.2. SD-SRSI


Although XPW is used in the SRSI method with success, the polarizer limits the spectral range and usually induces dispersion of the incident pulse. This limitation is the same as that which occurs when the XPW effect is used in pulse cleaning, where the polarizer limits the improvement of the temporal contrast because of its extinction ratio. Recently, a reflective polarizer was used in the XPW-SRSI method to solve this problem [31]. In 2010, we used the SD process, which does not require a polarizer, to obtain greater improvement in the temporal contrast [51]. As with pulse cleaning, the limitation caused by a polarizer can be eliminated if the SD effect is used in the SRSI method, because a polarizer is not used. The SD process is a non-collinear four-wave-mixing parametric process and not a self-phase-matched process. A relatively thin nonlinear medium should be chosen to satisfy the broadband phase-matching of the SD process. The two-dimensional phase-matching patterns of SD processes at 800 nm in a 0.1-mm-thick fused silica glass plate and at 400 nm in a 0.1-mm-thick CaF2 plate are shown in Figure 7a,b, respectively. The phase-matched spectral range is wider than nearly one octave at 800 nm, which can support the characterization of sub-5 fs laser pulses.


Figure 7. Two-dimensional phase-mismatch pattern plotted against the crossing angle and the probe wavelength when the pump wavelength was fixed at (a) 800 nm in a 0.1-mm-thick fused silica glass plate or (b) 400 nm in a 0.1-mm-thick CaF2 plate. The black solid line corresponds to zero phase mismatch [43].
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Experiments were performed to show the principle with the center wavelength of the pulse at 800 and 400 nm. In the experimental setups shown in Figure 8, beamsplitter BS2 is used to separate a test pulse. The generated SD reference pulse is collinearly combined with the test pulse by another beamsplitter.


Figure 8. Experimental setup for SD-SRSI used to characterize a pulse at (a) 800 nm [VND, variable neutral density filter; BS1, BS2, and BS3, 50:50 1-mm-thick beamsplitters; SM1: spherical mirror with a radius of curvature R = −700 mm; FS: 0.1-mm-thick fused silica glass plate; ND: neutral density filter; SM2: spherical mirror with a radius of curvature R = −1000 mm; EPP-2000-HR: high-resolution spectrometer (~0.15 nm resolution around 800 nm)] and at (b) 400 nm [BS1, BS2, and BS3, 50:50 0.5-mm-thick beamsplitters; SM: spherical mirror with a radius of curvature R = −300 mm; CaF2: 0.1-mm-thick CaF2 plate; USB 4000: spectrometer (~1.5 nm resolution at 400 nm)] [43].
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Figure 9 and Figure 10 show the results obtained using the setups displayed in Figure 8 at 800 and 400 nm, respectively. Figure 9a,b show the original data obtained in the experiment using SD-SRSI and SD-FROG, respectively, for a pulse at 800 nm. Figure 9c shows the resulting spectra and spectral phases of the test pulse obtained by SD-SRSI and SD-FROG, where the reconstructed spectrum obtained by SD-SRSI agrees well with the spectrum measured directly by the spectrometer; even the fine spectral modulation overlaps. Figure 9d shows that the reconstructed pulse profiles for both methods closely overlap, with a pulse duration of ~55 fs for both closed temporal profiles.


Figure 9. (a) Spectra of the incident pulse (red dotted line), the SD1 signal (blue line), and the interference between them (black line) measured by a high-resolution spectrometer. (b) Two-dimensional SD-FROG trace of the incident pulse. (c) Reconstructed spectrum (blue solid line) and spectral phase (blue dash-dotted line) obtained by SD-SRSI and reconstructed spectrum (black solid line) and spectral phase (black dash-dotted line) obtained by SD-FROG. The red dotted line is the spectrum of the incident pulse measured by the spectrometer. (d) Reconstructed temporal intensity profile of the spectral phase in (c) obtained by SD-FROG (red solid line) and SD-SRSI (black dotted line) [43].
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Figure 10. (a) Spectra of the compressed pulse at 400 nm (red dotted line), the SD1 signal (blue line), and the interference between them (black line). (b) Reconstructed spectrum (black solid line) and spectral phase (blue dotted line) obtained using SD-SRSI. (c) Two-dimensional SD-FROG trace of the compressed pulse at 400 nm. (d) Reconstructed spectrum (black solid line) and spectral phase (blue dotted line) obtained using SD-FROG [43].
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Figure 10a,b show the original data obtained by SD-SRSI and SD-FROG measurements of a sub-10 fs pulse at 400 nm. Figure 10c,d show the reconstructed spectra and spectral phase of the unknown pulse obtained by SD-SRSI and SD-FROG, respectively. Even a sub-10 fs pulse at 400 nm can be measured using this setup. However, the setup is complex, because three beamsplitters are necessary to split the beam into three beams. We simplified the setup by using simple fixed holes to split the beam into three [59].



Experiments showed that the SD signal has an obvious angular chirp because SD is a non-collinear optical parametric process that needs to satisfy the phase-matching condition. Figure 11 shows a typical angular chirp of an SD signal. If a different part of the SD signal is selected for the reference pulse, its angular chirp makes the spectrum of the reference pulse different, which will introduce error into the measured result. This angular chirp is not easy to remove in the SD process.


Figure 11. SD spectra measured at three different positions on the beam, C0, C5, and C-5, shown in the inset. C0 is the center of the beam and C5 and C-5 are about 5 mm from C0, with C-5 closer to the incident beams [55].
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Compared to the XPW-SRSI method, the SD-SRSI method has the following disadvantages: (1) The SD process requires a phase-matching relationship and a relatively thin nonlinear medium, whereas the XPW process is self-phase-matched; (2) the SD process needs a non-collinear geometry and two incident beams, which makes the system more complicated. In addition, the two beams must be carefully aligned and stably synchronized; (3) because the SD process requires a thin nonlinear medium and a non-collinear geometry, its efficiency is expected to be lower than that of XPW for the same beam and pulse parameters. On the other hand, the SD-SRSI method has the following advantages: (1) The SD-SRSI method is less limited in the spectral range and pulse duration because no polarizer is used. Therefore, it can be used to measure a shorter pulse in a broader spectral range, from UV to middle IR, using one optical setup; (2) by using SD-FROG measurement, it can simultaneously be used to measure pulse duration with a relatively large chirp; this cannot be done using the XPW-SRSI method; (3) because the SD effect appears in all third-order nonlinear media, birefringence does not need consideration. An incident pulse with lower energy should operate in a higher third-order nonlinear medium.




4.3. TG-SRSI


XPW-SRSI is limited by the polarizer and SD-SRSI is limited by the phase-matching or angular chirp of the SD signal. How can these problems be solved? The TG effect is also a frequency-conserved third-order nonlinear process that has been used in ultrashort TG spectroscopy and TG-FROG pulse characterization. The TG process is self-phase-matching and does not require a polarizer. Moreover, the TG signal has no spatial or angular chirp, as shown in Figure 12, in which all the spectra have nearly the same profile, indicating negligible angular dispersion in the generated TG signal. Furthermore, there was no obvious angular dispersion when the crossing angle increased from 2° to 6° during the TG process in a 500-μm-thick fused silica plate.


Figure 12. TG signal spectra at seven different points on the beam, shown in the inset. L: left; R: right; U: up; D: down; the number corresponds to the distance from the center point, e.g., L2U2 is 2 mm left and 2 mm up from the center point [60].
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These properties make TG suitable for use with the SRSI method, and the polarizer and angular chirp limitations of XPW-SRSI and SD-SRSI, respectively, are avoided. The principle of TG-SRSI is shown in Figure 13a. The unknown pulse to be characterized is separated into four beams, one of which is energy-attenuated, time-delayed, and then used as the testing beam. It and the other three beams are focused onto a thin transparent plate in a BOXCARS beam geometry and the three beams overlap in time and space. The TG signal is generated in the same direction as the testing beam so the optical setup of this system is alignment-free.


Figure 13. (a) Principle of TG-SRSI. (b) Experimental setup; H1: black plate; P1 and P2: fused silica plates; M1: plane mirror three-fourths silver-coated; PM: parabolic mirror; H2: iris; L: lens; M2: plane mirror [60].
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A simple experimental setup based on the principle of TG is composed of only a few optical components, as shown in Figure 13b. A black plate (H1) with four equal-sized holes separates the incident beam into four beams. A 500-μm-thick fused silica plate (P1) is placed in the path of the testing beam to induce a suitable delay between it and the other three beams. The delay can be adjusted by simply rotating P1. A specially designed plane mirror (M1), three-fourths of which is coated with protective silver, is used to attenuate the testing beam. The reflectivity of the uncoated part of M1 is calculated to be about 0.6% for horizontally polarized light and an incident angle of 45°. A silver-coated parabolic mirror (PM) focuses the four beams onto a second 500-μm-thick fused silica plate (P2) to generate the TG signal. To avoid any distortion by other third-order nonlinear processes, the incident pulse energy is sufficiently low, which makes the efficiency of the TG signal <1%. An iris (H2) selects the combined TG signal and testing beam, which is then focused into a spectrometer (AvaSpec UL3648-USB2, Avantes, Apeldoorn, The Netherlands). A spectral interferogram is obtained when the delay between the TG signal and the testing pulse is ~1000 fs. Thus, the temporal profile of the testing pulse can be obtained in real-time or in a single shot.



The original measured spectral interferogram obtained using the TG-SRSI setup is shown in Figure 14a. Figure 14b shows that the flat spectral phase, reconstructed on the basis of the spectral interferogram, overlapped well with the spectral phase obtained by Wizzler. To prove further the reliability of the TG-SRSI technique and setup, precise 500 fs2 and −500 fs2 group delay dispersions (GDDs), induced by a Dazzler ultrafast pulse shaper (FASTLITE), were added directly to the incident pulse. Figure 14c shows the chirped spectral phases of the testing pulse with the ±500 fs2 GDDs added as measured by TG-SRSI and Wizzler, and the calculated spectral phase obtained by adding ±500 fs2 GDD onto the flat phase in Figure 14b. The figure shows that all three spectral phases coincide. These results prove that TG-SRSI used in our simple setup can accurately characterize femtosecond pulses. Figure 14d shows the reconstructed temporal profiles of the testing pulse after adding 0, 500, and −500 fs2 GDDs to the incident pulse. The resulting pulse durations (hereafter referred to as mean FWHM) were 37.5, 42.1 and 42.6 fs, respectively, when the testing-pulse and the TG reference signal had the Fourier-transform-limited (FTL) pulse durations of 36.8 and 27.0 fs, respectively. Moreover, the temporal profile of the 37.5 fs testing pulse had a 50 dB dynamic range.


Figure 14. (a) Original measured spectral interferogram obtained using the TG-SRSI method. (b) Measured spectra of the TG signal (green dash-dotted line) and the testing pulse (red dash-dot-dotted line), the reconstructed spectrum of the testing pulse (solid black line), and the spectral phase obtained by TG-SRSI (gray dotted line) and Wizzler (blue dashed line). (c) Spectral phase obtained by TG-SRSI (solid lines), Wizzler (dotted lines), and calculation (dash-dotted line) when GDDs of 500 fs2 (up and red line) and −500 fs2 (down and blue line) were introduced into the testing pulse. (d) Reconstructed temporal profile of the testing pulse after adding 0 fs2 (thick and thin black solid lines), 500 fs2 (magenta dash-dotted line), and −500 fs2 (blue dotted line), and the FTL temporal profiles of the testing pulse (red dotted line) and the TG signal (black dash-dot-dotted line).
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In the TG-SRSI method, the nonlinear medium is an arbitrarily selected transparent plate. In principle, the TG-SRSI method can be used to characterize femtosecond pulses at other wavelengths by replacing the spectrometer with one suitable for the test pulse. To check the potential of the TG-SRSI method and our setup, a sub-10 fs pulse with a center wavelength of approximately 1.8 μm was tested using the setup shown in Figure 13b, where only the spectrometer was changed (NIR256-2.1, Ocean Optics, Dunedin, FL, USA). Figure 15 shows the results of the characterization experiment. The spectrum of the laser beam, measured directly by the spectrometer, was close in shape to that of the TG-SRSI-reconstructed spectrum, as seen in Figure 15a; the corresponding reconstructed spectral phase is also shown. Placing a 1-mm-thick fused silica plate at the Brewster angle before the setup for dispersion compensation obtained the shortest pulse of 10.6 fs, as shown in Figure 15b on linear and logarithmic scales. Because the spectral range of the NIR256-2.1 spectrometer is limited, a signal longer than 2.1 μm cannot be measured. It is not clear why the intensity of the longer-wavelength TG signal is always weak. The FTL pulse duration of the TG signal was 6.8 fs, which is much shorter than that of the testing pulse at 9.6 fs, as shown in Figure 15b. To investigate the reliability of the measurement, the 1-mm-thick fused silica plate was removed, inducing −55 fs2 and 250 fs3 dispersions at this wavelength to the pulse. Therefore, the pulse was broadened to 15.1 fs because of the uncompensated dispersion. The reconstructed spectral phase coincided with the calculated spectral phase, as seen in Figure 15a. This result clearly proves that the TG-SRSI method is capable of working and yielding reliable results in the mid-IR spectral region.


Figure 15. (a) Measured spectra of the TG signal (blue dash-dotted line), the testing pulse (black solid line), and the reconstructed spectrum of the testing pulse (red dotted line); reconstructed spectral phase obtained by TG-SRSI with (black dashed line) and without (magenta dash-dot-dotted line) the 1-mm-thick fused silica plate located at the Brewster angle; and calculated spectral phase without the glass plate (cyan dashed line). (b) Reconstructed temporal profile of the testing pulse with (black and gray solid lines) and without (magenta dash-dot-dotted line) the 1-mm thick glass plate, where the pulses were 10.6 and 15.1 fs, respectively; FTL temporal profile of the testing pulse (blue dashed line) and the TG signal (red dotted line), where the testing pulses were 9.6 and 6.8 fs, respectively [60].
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Although SRSI works well in characterizing femtosecond pulses, its one drawback is the requirement that a broadened reference spectrum be generated by the third-order nonlinear process, which may result in the generation of a reference pulse with a narrower spectrum than that of the testing pulse. This typically occurs when the femtosecond pulses (especially pulses with few cycles) to be characterized have a large chirp [35,37]. Because of the two requirements of SRSI, it will not work correctly under these conditions. The SRSI method will work well only for femtosecond pulses with small chirp, which will provide a broadened spectrum of the generated reference signal. Thus, all independent methods for femtosecond pulse characterization have their own advantages and disadvantages when their properties are compared. The application of each method and its corresponding setup has a limited spectral or temporal range. The disadvantages and the advantages of FROG and SRSI are complementary. FROG is energy-sensitive and capable of characterizing pulses with large chirp, even complex pulses, while SRSI is a fast method with a simple setup. Furthermore, SD and TG processes can be used with both methods. Therefore, if the two methods are combined using the SD or the TG process, a method with the most advantages and a wider application range is obtained. We call this method FASI (Frequency-resolved optical gating And Self-referenced spectral Interferometry) [61].



The experimental setup used to prove the capability of the FASI method in practical use is shown in Figure 16a. A variable neutral density filter is used to continuously change the incident pulse energy before entering the setup. A black plate (H1) with four equal-sized holes is used to separate the incident beam into four 2.5-mm-diameter beams. The four holes are arranged in a rectangle and form BOXCARS geometry. The four beams are introduced into a mirror set (MS) comprising an L-shaped mirror and a separate square mirror, which fits into the L-shaped mirror, as shown in Figure 16c. The square mirror, connected to a motorized stage (M-122, PI), introduces scanned or fixed delay for FROG or SRSI, respectively. The mirror set reflects the four beams to a specially designed mirror (M1), of which five-sixths of its area is silver-coated and one-sixth of the left part is not coated, as shown in Figure 16d,e. M1 is fixed on a manual stage that can be moved vertically. For TG-FROG measurements, M1 is moved down and all four beams are reflected by silver-coated part of the mirror, as shown in Figure 16e. For SHG-FROG or TG-FROG measurements, only two or three beams, respectively, are needed. For TG-SRSI measurements, M1 is moved up, and the beam reflected by the quarter mirror (Figure 16c) is reflected again by the uncoated part of M1 (Figure 16d). M1 reflects all the beams onto M2 at a reflective angle of ~50°. Using the Fresnel equation, the reflectivity of the uncoated part of M1 is calculated to be <0.3% for horizontally polarized light. Thus, the testing-pulse energy will be reduced to result in perfect spectral interference. M2 reflects the beams onto a silver-coated parabolic reflector (PM), with a focal length of 150 mm, which focuses all the beams onto a 500-μm-thick fused silica plate (P) to generate the TG signal. For SHG-FROG measurements, the upper two beams on M1 are blocked and the glass plate is replaced by a 50-μm-thick beta barium borate (BBO) crystal. For TG-SRSI measurements, the TG signal and the test beam are collinearly self-combined and pass through an iris (H2). For TG-FROG and SHG-FROG measurements, only the TG and the SHG signal, respectively, is selected by the iris. The selected signals are focused by a focal lens (L) onto a plane mirror (M4) before entering a spectrometer to acquire the original data.


Figure 16. (a) Experimental setup for FASI; H1, black plate with four equal-sized holes, as shown in (b); MS, mirror set composed of an L-shaped mirror and a movable quarter mirror, as shown in (c); M1, plane mirror, which is five-sixths silver coated and can be moved up for SRSI measurement (d) or down for FROG measurement (e); M2–M4, silver-coated plane mirrors; PM, silver-coated parabolic reflector; P, 500-μm-thick fused silica plate or 50-μm-thick BBO crystal; H2, iris; L, lens. The red spots in (c–e) are the locations of the four incident beams on the mirrors [61].
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Using the FASI setup with the TG-SRSI, TG-FROG, and SHG-FROG methods, we independently characterized an ~40 fs pulse at 800 nm from a Ti/sapphire laser system. In this setup, TG-SRSI is fast, TG-FROG is suitable for complex pulses and a wide spectral range, and SHG-FROG is energy-sensitive. The results obtained by these three methods are shown in Figure 17, where they are compared to prove the reliability of the FASI method. The original spectral interferometry and two-dimensional frequency‑time spectrogram obtained using TG-SRSI, SHG-FROG, and TG-FROG are shown in Figure 17a,b,d, respectively. The spectral interferometry data were obtained in single-shot when the delay between the TG signal and the test beam was ~1.3 ps. Thus, for many laser systems, our FASI device can run in real-time or single-shot condition when in TG-SRSI mode. The SHG-FROG and TG-FROG data were collected by using the motorized stage to scan for 256 steps at 2 fs per step. Figure 17c shows the reconstructed spectra and spectral phases obtained by the three methods. The reconstructed spectrum of TG-SRSI showed the best fidelity, owing to the analytical calculation. The reconstructed spectral phases of the three methods overlapped each other well. These results clearly prove the ability to combine FROG and SRSI in a single setup by using the TG effect. This combination also promises that the FASI device will be reliable and consistent with the three methods. In addition, this device can be extended to the UV and MIR spectral range because the TG effect is not limited by the phase-matching requirement.


Figure 17. (a) Measured spectral interferometry obtained using TG-SRSI. (b,d) Measured SHG-FROG and TG-FROG time-frequency traces, respectively. (c) Reconstructed spectra (solid lines) and spectral phases (dash-dotted lines) obtained using TG-SRSI (black lines), SHG-FROG (red lines), and TG-FROG (blue lines), respectively [61].



[image: Applsci 07 00407 g017]






Weak femtosecond pulses (sub- to several nanojoules) generated by oscillators or non-collinear optical parametric amplifiers are widely used to explore ultrafast phenomena in biology and chemistry. Accurate and complete temporal characterization of such pulses is vitally important in these applications. SHG-FROG is used in the FASI setup for energy-sensitive pulse characterization because SRSI is based on a third-order nonlinear process, which usually needs pulses at the microjoule level as input. However, for SHG to be efficient in real use requires a phase-matching process, which limits the spectral range. Can SRSI be used to characterize sub-nanojoule femtosecond pulses? The answer is yes, as outlined below.



To extend the use of the SRSI method for weak-pulse characterization, we explored the TG-SRSI technique because the TG process is relatively sensitive to higher energy compared to the SD and XPW processes [31], as shown in Table 1. Femtosecond pulses of <100 nJ had been successfully characterized on the basis of a reflective objective design using TG-SRSI [62]. However, that energy level is still far from sub-nanojoule level, so TG-SRSI cannot be used to characterize femtosecond pulses from oscillators. How can the TG-SRSI method be improved to measure a sub-nanojoule femtosecond pulse? In addition, a relatively compact device with a high performance level like that of a sensor would be powerful in the application of TG-SRSI. How can we simplify the optical setup to achieve such a device?



Table 1. Comparison of XPW, SD, and TG processes [31].







	
Geometry

	
PG (XPW)

	
SD

	
TG






	
Sensitivity (multi-shot)

	
~100 nJ

	
~1000 nJ

	
~10 nJ




	
Sensitivity (single shot)

	
~1 μJ

	
~10 μJ

	
~0.1 μJ




	
Advantages

	
Self-phase-matching

	
Deep UV capability

	
Background free; Sensitive; Deep UV capability




	
Disadvantages

	
Require polarizers

	
Non-self-phase-matching

	
Three beams










There are three key points for the successful characterization of sub-nanojoule femtosecond pulses using an optical setup that is smaller than a palm. (1) Use the TG process, with its sensitivity to higher energy levels, to generate the reference pulse. (2) Use a nonlinear medium with relatively higher third-order nonlinearity. (3) Most importantly, use a symmetric focusing and collimation pair of parabolic mirrors with a tight focal length to make the focal intensity in the nonlinear medium as high as possible. The use of a symmetric pair of parabolic mirrors will simplify the setup and make it easy to align.



The enhanced TG-SRSI setup is shown in Figure 18a. The input unknown pulse is reflected by a special coated mirror (M1), of which three-fourths of its front surface has a high reflectivity coating and the remaining area is not coated, as shown in the inset “a” of Figure 18a. The input unknown laser beam can be regarded as four beams, [image: there is no content], [image: there is no content], [image: there is no content] and [image: there is no content], which are reflected from areas 1, 2, 3 and 4 of M1, respectively. The first three beams are identical incident beams that generate the TG reference beam, and [image: there is no content], which is dramatically attenuated by the uncoated glass surface, is used as the testing pulse to be calculated. An off-axis parabolic aluminum mirror (PM1), with an effective focal length of only 25.4 mm, focuses the four beams. When [image: there is no content], [image: there is no content], and [image: there is no content] are focused by PM1 into a nonlinear 0.15-mm-thick YAG plate (P2) simultaneously, a TG reference pulse [image: there is no content] is generated owing to the TG nonlinear process. Beam [image: there is no content], the input unknown pulse denoted as [image: there is no content], is attenuated by the uncoated area of M1 when the incident angle of the p-polarized unknown pulse on M1 is ~45°. A 0.5-mm-thick fused silica plate (P1) is inserted in the propagation path of [image: there is no content] to introduce a time delay τ between [image: there is no content] and [image: there is no content]. P1 can attenuate [image: there is no content] to a certain value when its coating film has a different reflective ratio. After P2, another off-axis parabolic aluminum mirror (PM2), with the same 25.4-mm effective focal length as PM1, symmetrically collimates the beam. Beams [image: there is no content] and [image: there is no content] are automatically in the same direction owing to the BOXCARS beam geometry of the TG process [60,62]. Both the symmetric parabolic mirrors pair and the BOXCARS geometry make the setup easy to align. [image: there is no content] and [image: there is no content], with a time delay τ between them, are filtered out and guided into a spectrometer by a lens (L) and a high reflectivity mirror (M2).


Figure 18. Setup of enhanced TG-SRSI. (a) M1, special three-fourths-coated reflective mirror; P1, 0.5-mm-thick fused silica plate; PM1 and PM2, 90° off-axis parabolic aluminum mirrors, f = 25.4 mm; P2, 0.15-mm-thick YAG plate; A, aperture; L, lens, f = 200 mm; M2, reflective mirror; inset a, the front side of M1; inset b, the shape of A. (b) Photo of the optical setup of the device [63].
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Figure 19 presents the results of measuring 0.48, 0.60, and 0.71 nJ pulses with the enhanced TG-SRSI. The reconstructed spectra and the spectra directly measured by the spectrometer match very well, as seen in Figure 19a. The spectrum of the self-created reference pulse is broader and smoother than that of the input unknown pulse, which proves the reliability of measurements obtained with this setup. Figure 19b shows the reconstructed temporal profile and phase of the 0.48 nJ input unknown pulse, which had a pulse duration of about 26.3 fs. The reconstructed temporal profile on a logarithmic scale (Figure 19c) shows a 50 dB dynamic range on a ±400 fs temporal range. Figure 19d shows the fluctuation in pulse duration in the characterization results for 0.48, 0.60, and 0.71 nJ pulses. Each curve consists of 200 measured results. The results presented in Figure 19 prove the reliability of the pulse characterization measurements obtained with the enhanced TG-SRSI setup, even at pulse energies <0.5 nJ per incident pulse. Thus, we succeeded in extending the TG-SRSI method for use in characterizing sub-nanojoule pulses.


Figure 19. Characterization of femtosecond pulses at 84-MHz repetition rates. (a) Reconstructed (R) and directly measured (D) spectra of the input unknown (test) pulse and the TG reference pulse. (b) Reconstructed temporal profile (black solid line) and phase of the input unknown pulse (purple line), and the FTL temporal profile of the input unknown pulse (red dashed-dotted line). (c) Reconstructed temporal intensity profile on a logarithmic scale. (d) Fluctuation of pulse duration at different input pulse energies [63].
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5. Discussion and Prospect


We have discussed several methods for characterizing femtosecond pulses. As a relatively novel method, SRSI has many advantages over other methods used to characterize the temporal profile of femtosecond laser pulses. The frequency-conserved third-order nonlinear processes XPW, SD, and TG are used to generate the reference pulse for SRSI, of which TG is the most advantageous. The combination of TG-FROG and TG-SRSI comprises the best properties for pulse measurement. Great progress has been made in improving SRSI, including extending the spectral range, improving its sensitivity to input pulse energy, simplifying the setup, and increasing the dynamic range. We hope to develop microdevices based on TG-SRSI similar to sensors that can be located inside a femtosecond laser system to monitor or control via feedback the temporal profile of output pulses.



SI can characterize pulses with an average energy of 42 zJ per pulse, i.e., less than one photon per pulse [50]. Furthermore, SRSI with a 25 dB SNR spectrometer can characterize a temporal profile with a 50 dB dynamic range during pulse measurement [39]. These properties allow SRSI to be used for the single-shot characterization of the temporal contrast of ultraintense femtosecond laser pulses. In 2013, researchers achieved a temporal contrast of up to 60 dB in a 25 ps window using SRSI [64]. However, this dynamic range is far lower than that required for the single-shot characterization of an ultraintense femtosecond laser pulse. We expect to extend the use of SRSI to the single-shot characterization of a femtosecond laser pulse with a considerably higher dynamic range. This should be possible, because the temporal resolution of SRSI is significantly higher than that of the third-order correlator, the temporal contrast resolution of which is usually hundreds of femtoseconds, or picoseconds. For a PW femtosecond laser system, with a pulse duration typically of tens of femtoseconds, precisely showing the satellite prepulses of the ultraintense laser by SRSI may assist in building or using such systems.
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