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Abstract

:

In the past three decades, ultrafast pulse laser technology has greatly progressed and applied widely in many subjects, such as physics, chemistry, biology, materials, and so on. Accordingly, as well as for future developments, to measure or characterize the pulses temporally in femtosecond domain is indispensable but still challenging. Based on the operation principles, the measurement techniques can be classified into three categories: correlation, spectrogram, and spectral interferometry, which operate in time-domain, time-frequency combination, and frequency-domain, respectively. Here, we present a mini-review for these techniques, including their operating principles, development status, characteristics, and challenges.
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1. Introduction


Since the 1990s, ultrashort pulse laser technology has greatly progressed. Nowadays, the peak power of laser pulse reaches up to PW [1], the intensity goes beyond 1022 W/cm2 [2,3], while the pulse width can be controlled at few-cycle even sub-cycle of light [4]. Simultaneously, ultrashort pulse lasers are widely applied in many subjects, such as physics, chemistry, biology, medicine, materials, and so on. Correspondingly, characterizing temporally laser pulse becomes more and more important no matter for the developments of ultrafast laser technology or its applications. To measure a transient physical quantity, we need another controllable faster quantity as a “time ruler” to compare with it. For example, in a streak camera [5], the time ruler is the electric-field gradient in the picosecond scale. However, ultrashort laser pulses in the femtosecond scale are so fast that it is difficult to arrange their ruler except themselves. So practically, characterizing ultrashort pulses usually works by “light measures light”, or by the comparison between a test pulse and a reference pulse. The reference can be the frequency-conversion [6], or spectral modulation [7,8] from the test pulse, as well as the test pulse itself [9]. Spectral interference [7,8] or optical nonlinearity [9] is induced for the comparison between the test and the reference. The measurement can be carried out in the time-domain [6,10], frequency-domain [7,8], or both [11,12]. In the time-domain, the most important parameter is the delay time between the test and the reference, which is controlled by their fly-time difference in the light paths. In the frequency-domain, spectrograph can be directly applied to spectral measurements for the output light, which benefits from the wide bandwidth of the ultrashort pulses. In the ultrashort pulse measurement, optical nonlinearity, as an all-rounder, e.g., frequency-conversion, correlation, spectral convolution, or time-filtering [6,7,8,9,10,11,12,13], plays a very important role.



In this article, we review the developments of the technologies to measure ultrashort light pulses in recent years, which divides into three types: correlation [6,10], spectrogram [11,12], and spectral interferometry [7,8], which are based on time-domain, time-frequency combining, and frequency-domain measurements, respectively. Correlation is a simple, robust, and high signal-to-noise ratio (SNR) method to obtain the pulse intensity information but without the phase information. It is not suitable for characterizing pulses with complicated structures, e.g., asymmetric airy pulses [14], white-light supercontinuum [15]. Spectrogram and spectral interferometry can measure the complete information of the pulse with both intensity and phase. Spectrogram usually can be seen as a frequency-resolved correlation measurement, light field information is retrieved from the 2-dimension (2D) time-frequency spectrogram by an iterative algorithm. Spectral Interferometry is based on direct spectral phase measurement by self-reference interferometry. All the three techniques have their single-shot versions which are suitable for pulses those with low repetitive rate. The article is arranged as follows: Section 2 shows the basics of the ultrashort laser pulse; Section 3, Section 4 and Section 5 introduce the techniques based on correlation, spectrogram, and spectral interferometry, respectively; Section 6 is the Conclusion and Prospects.




2. The Basics


For the sake of simplicity, we consider the electric field of the laser pulse as a linearly polarized plane wave, so we can write it in scalar form without space coordinates [12]


εR(t) = 1/2I(t)0.5 exp[iω0t − iϕ(t)] + c.c.



(1)




where t is time in the reference frame of the pulse, ω0 is the carrier angular frequency, I(t) and ϕ(t) are the time-dependent intensity and phase, c.c. means complex conjugate. Except where otherwise stated, we use its complex form in this article for convenience: ε(t) = 1/2I(t)0.5 exp[iω0t − iϕ(t)]. Here, both I(t) and exp[iϕ(t)] usually vary much slower than the carrier term exp(iω0t). In laser pulse measurement, we usually ignore the carrier term and use electric field complex amplitude to describe the laser pulse:


E(t) = I(t)0.5 exp[−iϕ(t)].



(2)







In the frequency domain, the spectrum of the electric field is the Fourier transform of ε(t): ε(ω) = ∫ε(t)exp(−iω’t)dt = E(ω’ − ω0), which means that the spectrum structure of the pulse is decided by its amplitude. Separating E(ω’ − ω0) into its intensity and phase and let ω = ω’ − ω0 which is the relative frequency around the carrier frequency, yields


E(ω) = S(ω)0.5 exp[−iφ(ω)].



(3)







Equations (2) and (3) are the equivalent descriptions for a laser pulse. In these two sets of parameters {I(t), ϕ(t)} and {S(ω), φ(ω)}, if we know one, another is easy to obtain by applying Fourier transform. Only S(ω) can be measured by a spectrometer directly, so the restoring of E(t) or ε(t) is turned into the question of reconstructing φ(ω). We can write a Taylor series for spectral phase φ(ω) = φ0 + φ1ω + φ2ω2/2 + φ3ω3/6 + ... [16]. The zeroth-order term is the absolute phase, the first-order term shifts the pulse in time without changing the shape, the second-order term induces a linear chirp, and the third-order term causes an asymmetric structure to the pulse [14]. The zero and first orders of the phase do not impact the shape of the pulse and can be ignored in measurement, what we take care of is the high-order terms. Correlation method measures or estimates I(t) in time-domain. A typical spectrogram method Frequency-Resolved Optical Gating (FROG) [11,12], measures the information of the combine of I(t) and S(ω) for “piecing together” φ(ω). Spectral interferometry, e.g., Spectral Phase Interferometry for Direct Electric-field Reconstruction (SPIDER) [7,8], measures the spectral phase φ(ω) directly.




3. Correlation Measurement


Correlation is a technique to estimate the pulse intensity I(t) in time-domain without obtaining the phase information, so it does not implement a complete measurement. However, correlation is irreplaceable for its simple, robust, and ultrahigh signal-to-noise ratio (SNR). The simplest correlator, called field-autocorrelator (or linear autocorrelator), is composed of a Michelson interferometer (MI) and an integrating detector. It operates in the time domain, and the acquiring signal is Γ(2)(τ) = ∫E(t)E*(t − τ)dt when neglecting the constant term, where τ is the delay between two pulses from two arms in MI. The Fourier transform of Γ(2) is just the spectrum S(ω) of the test pulse, so the field-autocorrelator can also work as a Fourier-transform spectrometer [17,18] which cannot give us the time information of the pulse. An effective method to give us the time information of the femtosecond pulses is intensity-autocorrelator, for which we only need to make a minor alter to the field-autocorrelator, by introducing a nonlinear crystal before the detector for second-harmonic generation (SHG). For convenience, when we mention autocorrelator later in the article, it means intensity-autocorrelator. The measured signal is expressed as


A(2)(τ) = ∫I(t)I(t − τ)dt,



(4)




and its intensity is related to the temporal overlap of the pulse replicas, so autocorrelation can reflect the pulse length. It is easy to see A(2)(τ) is an even function and symmetric with τ = 0. However, because the probe and the test pulse are divided from the same pulses, A(2)(τ) is not an accurate method to describe, because it is affected by the pulse shapes. The correction factors between pulse-widths to A(2)(τ)-widths, called the deconvolution factor, are given in Ref. [19]. Autocorrelator can realize measurement in single-shot based on space-time correlation of tilt incidence pulses, i.e., time-to-space encoding. If we use a collinear design for Autocorrelator, the sum-frequency (SF) term superposes with the self-frequency-doubling terms, the output signal is


Aint(2)(τ) = ∫|[E(t) + E(t − τ)]2|2dt,



(5)




which gives an autocorrelation signal with interferometric fringes [20,21], called interferometric autocorrelation. From the structure of fringes, the chirp of the pulse can be estimated. Nowadays, autocorrelation is a proven technique, and have been applied widely due to its simplicity and cost-of-effectivity. It has been realized with many commercial versions [22,23,24], based on single-shot or scanning, with a wavelength from 200 nm to 12 μm, pulse widths from sub-10 fs to 500 ps, using a photodiode detector, photomultiplier, or two-photon detector as the detector.



For a laser with peak power higher than terawatt, its contrast, which defines as the ratio of the pulse peak to the peaks of the pre- or post-subpulses, is one of the primary parameters, because the laser is so intense at its focus spot even the pre-subpulses can ionize the target and break the original construction before the main peak comes. The contrast of intense pulse is usually required to be higher than 106 in terawatt laser, even 1010 in petawatt systems [25]. The dynamic range of Spectrogram or Spectral Interferometry methods, based on frequency-resolved measurement, cannot be higher than ~106 [25]. For such high contrast, correlation is the irreplaceable method for its simple and robust structure, and more importantly, the phase-matching requirement of SHG which highly improves the measuring SNR. However, the symmetry of A(2)(τ) limits its applications because it cannot distinguish the pre-subpulses from the post-subpulses. Cross-correlation measures the correlation signal between the test pulse I(t) and a gate pulse Ig(t) which is different from I(t), expressed as


C(2)(τ) = ∫I(t)Ig(t − τ)dt,



(6)




can break the symmetry of the correlation signal. If the gate signal is the harmonic of the test pulse, the cross-correlation is called high-order autocorrelation. For example, third-order autocorrelation [6,10] uses frequency-doubling pulse as the gate pulse, and the signal is written as A(3)(τ) = ∫I(t)I2(t − τ)dt. Scanning cross-correlation, benefiting by the multi-shot measurement, easily realizes high contrast [26,27]. However, the typically reported dynamic range of traditional single-shot cross-correlation is 106–107 [28,29,30]. In 2014, Y. Wang firstly realized a dynamic range higher than 1010 in a 50-ps time window in a single-shot cross-correlator based on time-to-space encoding and fiber-array-based detection. Most recently, a dynamic range of ~1011 within a time window of 65 ps was obtained by using a single-shot four-order autocorrelator, as shown in Figure 1. The gate pulse, generated in a frequency-degenerate four-wave mixing process [31], has the same frequency as the test pulse, which can avoid group-velocity mismatching and realize time resolution up to ~160 fs.




4. Spectrogram


FROG is a typical method based on spectrogram measurement [32], where the recorded trace is


   S  FROG     ω , τ   =       ∫  E  t  g   t − τ      exp ( − i ω t ) d t    2   



(7)




where g(t − τ) is the gate function with a delay τ relative to the test field E(t). FROG can also be seen as a frequency-resolved correlation. D. Kane and R. Trebino [11] pointed out that the problem of inverting the FROG trace is equivalent to the two-dimensional phase-retrieval problem [33], which can yield essentially unique results, compared to the unsolvable one-dimensional phase-retrieval. In FROG, the input pulse is divided into two parts, one is the test pulse, the other is used to generate an ultrafast time gate that is induced by χ(2)- or χ(3)-nonlinear effects. Many different nonlinear gating mechanisms can be used for FROG, such as polarization-gating (PG) [11], self-diffraction (SD) [34], transient-grating (TG) [35], SHG, third-harmonic generation (THG), and so on. Different versions of FROG generate different kinds of FROG traces and have different strengths and weaknesses. Table 1 shows the comparison of different nonlinearities applied for FROG.



The original version of FROG is a PG-FROG, using time-to-space encoding by cross-incidence, which is designed by D. Kane and R. Trebino [11], as shown in Figure 2. The PG generator is composed of crossed polarizers and a Kerr medium. When the test pulse passes through the PG generator, which is triggered by a delayed pulse, the trace is given by SFROGPG(ω,τ) = |∫E(t)|E(t − τ)|2exp(−iωt) dt|2. Using a cross incident configuration, a single-shot function can be gotten for the time-space correlation between test and gate pulses like that in a single-shot autocorrelator.



The most common commercial version is SHG-FROG [22,37]. SHG-FROG is a frequency-resolved autocorrelator, so it can be easily realized only by replacing the detector in the autocorrelator with a spectrometer. Another advantage of SHG-FROG’s is its high sensitivity, because it is based on χ(2)-nonlinear effect instead of χ(3)-nonlinear effect used in most other versions of FROG. However, the symmetry of the SHG-FROG traces, like in autocorrelation, brings an ambiguity, or cannot distinguish the sign of the chirp in the measured pulses. To remove this ambiguity, additional steps should be made, such as place a piece of medium in the beam, to introduce a positive chirp. Similar to interferential autocorrelation, SHG-FORG can also operate in a collinear geometry, called interferential FROG, or iFROG [38], to avoid a loss of temporal resolution via geometric effects in the characterization of few-cycle pulses.



FROG works on a 2D spectrograph, so it requires higher energy than those based on spectral interferometry (such as SPIDER), especially when it uses a χ(3)-nonlinear. To improve the sensitivity, cross-correlation FROG (XFROG) was proposed [39]. In an XFROG, the reference pulse is a known pulse that does not need to be spectrally overlapping with the unknow test pulse. The recorded signal is obtained by sum or difference frequency generation of the two pulses. When we use intense reference pulses, this method can be very sensitive. Blue/UV ultrashort pulses or ultrafast fluorescence which is excited by the near-IR pulses are usually very weak. In this case, the intense near-IR pulses are available to serve as a reference pulse using difference-frequency configuration.



Commonly, FROG is expensive relatively and difficult to alignment for the pulse splitting and scanning, phase-matching alignment, and spectral measurement. To simplify FROG, a new version called Grating-eliminated no-nonsense observation of ultrafast incident laser light E-fields (GRENOUILLE) [9] is proposed. As shown in Figure 3, a Fresnel biprism is introduced to replace the beam splitter, delay line, and the beam combiner, a thick crystal is introduced acts as not only the nonlinear medium but also a spectrograph for its angle-independent phase-matching angle and narrow bandwidth. The size of the commercial version is controlled at 26 × 4.5 × 11.5 cm3 [40]. GRENOUILLE is an all-transmission device thus is simple to align and very stable. However, the large thickness of the crystal which required much longer than the group-velocity mismatch length may limit its capability in measuring complex pulse.



The trace of FROG can be seen as a joint time-frequency distribution of the pulse, which makes it has some advantages in characterizing complex-pulses compared with autocorrelation or SPIDER that is based on 1D-measurement, such as when applies for “coherent artifact” [41,42]. When multi-shot measurements are made for an unstable, complex pulse train, the autocorrelation trace consists of a narrow spike atop a broad structureless background. The spike, or coherent artifact, reflects the coherent, nonrandom component of the pulse and is usually narrower than the correct pulse length. The broad background indicates the instability, complexity in the pulse train. More important, coherent artifacts may also exist in a pump-probe measurement. M. Rhodes et al. [41] compared several different techniques in measuring unstable pulse trains. The results show that FROGs (SHG-FROG, PG-FROG, and XFROG) perform much better than both Autocorrelator and SPIDER, which only yield coherent artifacts. FROGs retrieve the correct pulse length, distinguish a stable train of short pulses from an unstable train of much longer pulses, benefit by their time-frequency over-determine. PG-FROG and XFROG can even yield the structure roughly.



As mentioned above, 1D phase-retrieval problem is unsolvable, to obtain the spectral phase, FROG introduces a delay scanning dimension τ in spectral measurement, to construct a solvable 2D spectrogram S(ω,τ). Here, τ is not irreplaceable. If appropriately replace τ with another parameter ξ, we may construct another solvable trace S(ω,ξ), we call this trace generalized spectrogram. Nowadays, some generalized spectrogram methods are proposed, such as Multiphoton intrapulse interference phase scan (MIIPS) [43,44,45,46], dispersion scan (d-scan) [47,48,49,50,51], Time-domain ptychography (TDP) [52,53], chirp-scan [54], and so on. MIIPS, based on multiphoton intrapulse interference [55], uses a pulse shaper to scans the phase φ of a periodic function to modulate the SHG spectrum, and the unknown spectral phase can be retrieved from the trace SMIIPS(ω, φ). Simultaneously, the chirp in the pulse can also be compensated by the shaper. However, MIIPS with a 4f-shaper is complex and lowly efficient, meanwhile difficult to apply for pulses with very broad bandwidths. D-scan is an efficient method for the few-cycle pulse measurement and chirp compensation. Moreover, it has a very simple construction consisting of a double chirped mirror, a pair of wedges, an SHG crystal, and a spectrograph without any light split. The scan parameter of d-scan is the thickness d (or the dispersion) of the wedges, the measured trace is Sd-scan(ω, d). To get an effective trace, the inserted medium should introduce a sufficiently large dispersion to influence the SHG spectrum, so d-scan is suitable for pulses those with broad bandwidth, especially few-cycle pulses. Learned from spatial ptychography, D. Spangenberg [52] developed a pulse measurement technique: TDP. TDP uses a correlation setup similar to SHG-FROG but one of the arms is spectrally filtered.



All the spectrogram techniques (both FROGs and generalized spectrograms) use a similar method: firstly, the test pulse E(t) is spectrally modulated with a scan parameter ξ, yields the modulated field


Em(t,ξ) = ℱ −1[ℳξ[ℱ[E(t)]]],



(8)




where ℳξ is the spectral modulation operator, ℱ and ℱ−1 represent the Fourier and inverse Fourier transforms. For example, the delayed pulse in SHG-FROG can be expressed as Em(t,ξ) = ℱ−1{exp(iωτ)ℱ[E(t)]}. Secondly, a nonlinear effect is applied to Em(t,ξ) and E(t), generate a new field


Enl(t,ξ) = 𝒩[Em,E],



(9)




where 𝒩 is the nonlinear operator. In the viewpoint of frequency-domain, the time-domain nonlinear is equivalent to a spectral convolution. Finally, make a spectral measurement to Enl(t,ξ), obtain the trace


S(ω,ξ) = |ℱ[Enl(t,ξ)]|2.



(10)







The retrieval algorithm is to get E(t) by solving S(ω,ξ). Basing on this common characteristic, C. GEIB et al. [56] developed a common pulse retrieval algorithm for this kind of methods.




5. Spectral Interferometry


As mentioned in Part II, the spectral phase is the key quantity for the complete measurement of an ultrashort pulse. Compared to the Spectrogram method based on a 2D combining measurement, the spectral interferometry method is a 1D frequency-domain measurement, which is implemented simply by using a reference pulse with a well-known phase to interfere with the test pulse. However, the determination of the reference phase relies on another measurement. Accordingly, what we need firstly is a self-reference spectral interferometry. This kind of interferometry was firstly proposed by C. Iaconis et al. [7,8], which is called SPIDER, based on shearing interferometry. Now, it already becomes an alternative measuring technique. In the original version of SPIDER, the laser divides into three, one is stretched sufficiently into a chirped pulse, the other two are combined with a delay τ, as shown in Figure 4. Then the pulse replicas are frequency-up-conversed in a χ(2)-crystal with the different quasi continuous wave (CW) frequency part of the chirped pulse, generating two SF-pulses with a frequency difference (or a frequency shear) Ω. The interferogram of the SF-pulses is given by




S(ω) = |E(ω)|2 + |E(ω − Ω)|2 + 2|E(ω)||E(ω − Ω)|cos[ωτ + φ(ω) − φ(ω − Ω)].



(11)





From S(ω), the differential phase θτ(ω) = φ(ω) − φ(ω − Ω) + ωτ can be easily extracted by Fourier domain filtering which was first suggested by Takeda et al. for applications in holography [57]:


   θ τ   ω  = arg    ∫   τ 0  −  t  win   / 2    τ 0  +  t  win   / 2       ∫  − ∞  ∞   S   ω ′   exp   − i  ω ′   t ′    d  ω ′        exp   − i ω  t ′    d  t ′   



(12)




where the integral region [τ − twin/2, τ + twin/2] is to filter the positive (or negative) alternating current (AC) term of the spectrum, twin is the width of the filter windows. The linear phase ωτ should be calibrated experimentally, to determine the differential phase θ(ω) = φ(ω) − φ(ω − Ω), by recording a reference interferogram without spectral shear additionally. The spectral phase φ(ω) can be obtained by concatenating θ(ω) [8]. If Ω is small sufficiently within that the spectral phase does not vary obviously, φ(ω) ≈ ∫θ(ω)dω/Ω. The algorithm of SPIDER is simple, robust, and direct compared to FROG, more easily supporting real-time display at a much higher frame rate.



There are two important development directions for SPIDER recently. One is to improve the capability for retrieving pulses those with complex temporal/spectral structure, e.g., few-cycle pulse, white-light supercontinuum. The other is to improve the usability or practicability of SPIDER, e.g., compactness, stability, robust, and cost.



In the original SPIDER, the pulse replicator based on MI brings unbalanced dispersions to the replicas then limits its application for ultra-broadband pulses. Zero-additional phase (ZAP) [58] SPIDER uses one FH test pulse and two chirped-pulse replicas, avoiding dispersive distortion by the unbalanced pulse replicator, and broaden the measuring spectral range of SPIDER to hundreds of nanometers.



Promoting the spectral resolution is much more challenging for shearing spectral interferometry. One of the causes is that spectral interferometry encodes the differential spectral phase into the interval of interferential fringes, so SPIDER should operate at a high spectral sampling rate typically 5~10 times of the Nyquist limit [59]. When we extract the phase from the interferogram, the spectral resolution is determined by the width of the temporal filtering window: Δωres~twin−1. Wavelet transform has been suggested [60,61] as a substitute of Fourier transform for phase retrieval, and proven to increase the filtering window thus the minimum of the required sampling rate by 20%. However, the wavelet transform has lower computational efficiency compared to the Fourier transform.



To relax the spectral resolution requirement of the spectrograph, a technique called spatially encoded arrangement for SPIDER (SEA-SPIDER) [59,62] is proposed, where two SF-beams cross into the spectrograph, and the interferential fringes are resolved in space-dimension. This method can operate for single-shot measurement. However, the measurement based on spatial interference is easily affected by the beam quality or imaging aberrations. Comparatively, two-dimensional spectral shearing interferometry (2DSI) [42,63,64], as shown in Figure 5, introduces a time-dimension instead of the space-dimension to resolve the interferential fringes, which can avoid the affection of the beam quality. Its “time interference”, causing by the minor delay between two pulse replicas, is similar to that in an interferential autocorrelator. The 2DSI-SPIDER need not determine the normal fringes-spacing for calibration. A disadvantage of 2DSI-SPIDER is that it cannot operate for single-shot measurement. Both SEA-and 2DSI-SPIDER are based on 2D measurement, needs inevitably more complex structures and expensive devices, e.g., imaging spectrograph for SEA-SPIDER, or motor-controlled element for 2DSI-SPIDER. Moreover, the recorded 2D data means a longer time required to process than the usual 1D data. Recently, we have successfully combined two-step phase-shifting (TSPS) into SPIDER [65], which can expend the filtering window to the positive (or negative) semi-axis in the Fourier domain by using 1D measurement. A quarter waveplate is inserted into one arm of the MI pulse replicator to control the zero-order additional phase at θ0 or θ0 + π, respectively, to generate two spectral interferograms with π phase-shifting. By combining these two interferograms, we can get the difference of two interferograms: ΔS(ω) = S(ω) − Sπ(ω) = 4|E(ω)||E(ω − Ω)|cos[ωτ + φ(ω) − φ(ω − Ω)], where the strong direct current (DC) term is canceled, helping to expend the width of the filtering window.



There is another parameter, spectral shear Ω, that determines the resolution of the spectral phase. We obtain the spectral phase φ(ω) by concatenating the differential phase θ(ω) with an interval Ω. Smaller Ω means better spectral resolution. However, the choice of Ω is limited by the measured SNR. If Ω is chosen too small, the differential phase becomes unmeasurably small due to the detection noise [66]. Moreover, this noise is also accumulated in the course of phase concatenations. Small Ω leads to a large concatenation number, at the wavelengths far away from the central wavelength, the recovered phase noise becomes very large. For finite SNRs, SPIDERs usually work at relative shear Ω/ΔωBW = 4.6%~20% [7,8,60,62,63,66], where ΔωBW is the spectral bandwidth. D. Austin et al. [67] proposed a method called multiple-shearing spectral interferometry, where interferential data with different shears are combined to suppress the accumulating phase noise and improve the spectral resolution. This method is relatively complex, involving shear changes in the measurements. It also asks for a relatively high consistency of the multi-shear data. To improve the SNR of the SPIDER, we develop a complete-TSPS SPIDER (CTP-SPIDER) [68], where both the test spectrum and reference spectrum can introduce TSPS, as shown in Figure 6. Here, complete TSPS acts as a balanced detection that can not only remove the effect of the DC term of the interferogram but also reduce the measurement noises. Available shear can be down to 1.5% of the spectral width in this device.



To improve the compactness and the robustness of the SPIDER, people propose some simplifications for SPIDER. The MI pulse replicator has two orthogonal light paths, which is take up more space. Moreover, it is very sensitive to the environment, easily causing jitters or shift between two pulse replicas, which is required to be controlled at a sub-fs level (or even 10 as for few-cycle pulses) [63]. A glass plate (or etalon) [66,69] causing multiple reflections is a substitute for MI. However, the output is a fade-out pulse train where the fade-in additional dispersions introducing to the sub-pulses. All-transmission pulse replicator [70,71] based on birefringence is a better substitute, where the optical axis of the birefringence crystal is set at 45° relative to the polarization of the input light. The o-ray and e-ray pulses separate with a delay for their different group-velocities. In this replicator, the dispersion difference between the o-ray and e-ray inducing an additional dispersion, which is much lower than that by etalon or beamsplitter of MI, thus can be applied to characterize the few-cycle pulses [71]. Reference [71] also shows that such common-path, all-transmission pulse replicator can improve the SNR by a factor of 3.7. Table 2 shows a comparison of some SPIDER geometries on the operating mode, data-dimension, spectral resolution, shear, phase error, et al.



An approach based on the asymmetric phase-matching function [8] to generate spectral shear without a pulse stretcher was proposed [70,72,73]. The pulse stretcher can be removed in this configuration. The highly asymmetric phase-matching function is due to group-velocity matching between FH o-ray with SF and group-velocity mismatching between FH e-ray with SF for a type-II χ(2)-medium. In such a medium, the acceptance bandwidth can be designed very large at the o-axis whereas very narrow at the e-axis. Thus, the e-polarized FH acts as quasi-monochromatic light to carry the o-polarized FH to high frequency without altering the spectral phase. The phase-matching function is angularly dependent, two beams at slightly different propagation angles will therefore generate spectrally sheared upconverted replicas.
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Table 2. Comparison of some SPIDER geometries.






Table 2. Comparison of some SPIDER geometries.





	SPIDER Geometry
	Traditional
	TSPS/CTP [65,68]
	CP [71]
	2DSI [13]





	Operating Mode
	Single-shot
	Single-shot
	Single-shot
	Multi-shot Scanning



	Acquire data
	1D
	1D × 21
	1D/1D × 2
	2D



	Spectral resolution 2
	5~10 Δωres
	~2 Δωres
	~2 Δωres
	~ Δωres



	Shear 3
	0.1~0.2 ΔωBW
	~0.015 ΔωBW
	~0.03 ΔωBW
	~0.05 ΔωBW



	Phase error (3dB bandwidth)
	~44 mrad [74]
	74.2 mrad (TSPS)

19.3 mrad (CTP)
	2.6 mrad
	Unspecified







1 Two 1D-interferograms. 2 Δωres is the resolution of the used spectrograph. 3 ΔωBW is the spectral width of the pulses.











In 2010, a new method called Self-Referenced Spectral Interferometry (SRSI) [13] for femtosecond pulses characterization was introduced. Different from the shearing interferometry, SRSI is a linear method like traditional interferometry with no need for neither shear nor SF generation. In SRSI, the reference pulse is generated from the unknown test pulse based on Crossed-Polarized Wave generation (XPW), and the reference field can be written as Eref(t)~|Etest(t)|2Etest(t), where Etest(t) is the test field. Here, the XPW acts as a time filter [75], and flatten the spectral phase. The phase extracted directly from the interferogram can get a rough estimation of the phase. To obtain an accurate result, several iterations of algorithms are needed. The use of third-order nonlinear optical processes, need not consider the phase-matching compared to SPIDER using χ(2)-nonlinear, however, has a higher energy requirement. Except XPW [13,31], other χ(3)-nonlinear generation can also be considered in SRSI, such as SD [76,77] or TG [78,79].




6. Conclusions and Prospect


In the paper, we classify the self-reference measurements for ultrashort pulse into three categories: Correlation, Spectrogram, and Spectral Interferometry. Correlation is a time-domain technique. It obtains rough time information of the pulse by delaying the interactional pulses in a nonlinear crystal. For its simple geometry and measurement, correlation has very high measuring SNR, which makes it irreplaceable in the measurement of contrast for high power lasers. The Spectrogram technique is a 2D ω-ξ-combined measurement, ξ can be the time delay (FROG) or other scanning parameters (e.g., dispersion in d-scan, phase of spectral modulation function in MIIPS). Benefiting by their time-frequency over-determine, FROG has its superiority in drawing complex pulses, meanwhile, the pulse retrieval needs a time-consuming iteration algorithm. Spectral Interferometry (including SPIDER and SRSI) is based on spectral measurement by coding the spectral phase into the interferential fringes. Spectral Interferometry has a direct, robust retrieval algorithm supporting real-time display at a very high frame rate. Interferometry, especially shearing interferometry, has a high requirement for the resolution of the spectrograph when applied to complex pulses.



In the future, ultrashort pulse lasers will have higher peak power, more complex pulses, and/or more diverse wavelengths, which bring higher and new requirements for their measurements. In high power laser region, 10 PW level lasers with a focused intensity of ~1022 W/cm2 have been realized in many countries or regions, and to build 100-PW-level lasers is on the agenda. This demands the Correlator can work with ultrahigh SNR (>1012), single-shot, space-resolved technique (a recent study [80] shows that spatiotemporal noise also impacts the far-field contrast). Nowadays, with the developments of the ultrafast laser technology and the optical manipulations, the forms of ultrashort light fields become more and more abundant. In some scenes, such as few-/single-cycle pulses generation, white-light supercontinuum induced by Kerr effects, spectral coherent synthesis, and spectral modulation for quantum coherent control, the pulse structures have comparative complex in the temporal domain, which requires the measurements to have a high temporal resolution. While in some other scenes, the identity of the pulse characteristics in space is broken, where spatiotemporal measurement capability becomes important. For example, in optical parametric amplification (OPA) or optical rectification for THz generation, the pulse-front title is induced to realize velocity-matching to improve the energy conversion efficiency or the bandwidth; for vortex beams or other optical fields by spatial manipulation, the pulse characteristics depend on spatial distribution; for few-cycle pulses, the spatiotemporal coupling effect becomes sensitive for its very broad bandwidth. In the past, measurement techniques are mostly designed for ultrafast lasers in the near-infrared (IR). Nowadays, more requirements in other wavebands are put forward. Mid-IR lasers [81,82] are found to have their unique advantages in some fields, such as particle acceleration or high-order harmonic generation. In the mid-IR region, due to the lack of elements, nonlinear crystal, and difficulty for coating, the development of measurement techniques is far behind that in the near-IR. In the ultraviolet (UV) region, the ultrashort pulse characterization meets the challenges by nonlinear optics. Common nonlinear crystals, e.g., potassium dihydrogen phosphate (KDP), beta-barium borate (BBO), or lithium triborate (LBO), the minimal FH wavelengths for frequency-doubling are no shorter than 410 nm, which limited the application of frequency up-conversion in the ultrashort pulse measurements. In visible or UV regions, the dispersion as well as the group-velocity mismatching inside the crystals is usually much larger than that near-IR, which limits the bandwidth of frequency conversion. In recent years, fiber ultrafast lasers have greatly progressed, for the high stability and average power, and have been largely applied in many fields, especially in the manufacturing industry. Fiber ultrafast lasers have longer pulse widths, up to ~100fs or longer, compared to solid ultrafast lasers, which means it has narrower bandwidths. To completely characterizing such pulses, the resolution of the spectrograph becomes critical. FROG, as a time-frequency combination measurement has its disadvantage in the real-time display for the time-consuming algorithm, which can be alleviated by improving the computer performance. For SPIDER, SEA/TSPS can improve the capability in the measurement of long pulses or the pulses with complex structures without degrading the real-time performance. Considering the cost, TSPS-SPIDER may be a better candidate.
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Figure 1. Schematic of a single-shot four-order autocorrelator. The gate pulse is generated by frequency-degenerate four-wave mixing process. 
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Figure 2. Schematic of PG-FROG. Time-to-space encoded scanning is caused by cross incidence. 
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Figure 3. Schematic of the GRENOUILLE beam geometry. Top view: Time-to-space encoded scanning geometry. Side view: sum-frequency spectrum generation by angle-independent phase-matching. 
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Figure 4. Schematic of SPIDER. χ(2) is a nonlinear crystal. The fundamental (FH) pulse replicas are frequency-conversed in the nonlinear crystal with a shear Ω. 
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Figure 5. Schematic of 2DSI optics. The SPIDER is based on a collinear ZAP geometry, in the vertical arm of MI, a minor delay is introduced to generate time interferential fringes. 
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Figure 6. Schematic of a compact SPIDER with a birefringent pulse replicator and a compact stretcher consisting of two oppositely placed rectangular prisms [68]. 
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Table 1. Comparison of different nonlinearities applied for FROG [12,36].
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	Nonlinearity
	XPW
	SD
	TG
	SHG





	Sensitivity

(Single-shot)
	~1 μJ
	~10 μJ
	~0.1 μJ
	~10 nJ



	Sensitivity

(Multi-shot)
	~0.1 μJ
	~1 μJ
	~10 nJ
	~1 pJ



	Advantage
	Auto

phase-matching
	UV capability
	Sensitive; deep UV capability
	Very sensitive; High SNR



	Disadvantage
	Require polarizers
	Require

phase-matching
	Three beams
	Phase-matching; Unintuitive traces
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