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Abstract:  We present an intuitive pulse characterization method that 
provides an accurate and direct measurement of the spectral phase of 
ultrashort laser pulses. The method requires the successive imposition of a 
set of quadratic spectral phase functions on the pulses while recording the 
corresponding nonlinear spectra. The second-derivative of the unknown 
spectral phase can be directly visualized and extracted from the 
experimental 2D contour plot, without any inversion algorithm or 
mathematical manipulation.   
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1. Introduction  

Pulse characterization and compression are of critical importance in ultrashort laser science 
and technology. Among the available spectral phase characterization techniques, the early 
development of Naganuma et al. [1], and the development of FROG [2] and SPIDER [3] 
represent milestones in the field. There are also optimization algorithm approaches for pulse 

#89891 - $15.00 USD Received 19 Nov 2007; revised 16 Dec 2007; accepted 31 Dec 2007; published 7 Jan 2008

(C) 2008 OSA 21 January 2008 / Vol. 16,  No. 2 / OPTICS EXPRESS  592



compression that do not require phase measurement [4], and that are able to characterize the 
phase after pulse compression, provided a calibrated pulse shaper is used [5]. Ideally, a 
spectral phase measurement should be simple, direct and insensitive to noise. Here, we 
demonstrate such a method. 
      It has long been recognized that nonlinear optical (NLO) processes are sensitive to the 
second derivative of the phase. In keeping with the above requirements, we consider the direct 
measurement of the second derivative of an unknown phase φ″(ω). We start by envisioning 
φ″(ω) plotted as a function of frequency as shown by the red line in Fig. 1a. The goal can be 
restated as mapping the unknown function in the two dimensional space. This can be simply 
achieved by introducing a grid of reference functions f″(ω), and finding for what values of ω 
they intersect the unknown φ″(ω). For each intersection, identified by a green circle in Fig. 1a, 
the equation φ″(ω)=f″(ω) is satisfied. Given that each of the functions f″(ω) are known, the 
function φ″(ω) can be obtained directly.  
        Practically speaking, the simplest reference functions are horizontal lines, which 
correspond to different amounts of linear chirp. When the introduced chirp locally 
compensates the unknown distortion, the equation  

φ″(ω)-f″(ω)=0 (1) 

is satisfied. It is at that frequency that any NLO process, for example second harmonic 
generation (SHG), reaches its maximum possible intensity (Fig. 1b). This condition allows us 
to identify the position of every intersection. Experimentally, a NLO spectrum, for example 
second-harmonic generation (SHG), is acquired for each horizontal line on the grid (Fig. 1b). 
The spectra are used to construct a two-dimensional contour map, shown in Fig. 1c, in which 
the height corresponds to the SHG intensity.  When a line is drawn through the maxima in the 
contour map, the unknown φ″(ω) is directly obtained. 

The procedure described in Fig. 1 is, to our knowledge, the simplest and most direct 
method for measuring the phase of an ultrashort pulse, and can be used to measure the 
chromatic dispersion introduced by passive optics, adaptive pulse shapers or by nonlinear 
optical effects. The method is based on the fundamental concept of multiphoton intrapulse 
interference [6, 7], which explains why NLO processes are maximized when Eq. 1 is satisfied. 
Our group has been using the multiphoton intrapulse interference phase scan (MIIPS) method, 
which typically uses a sinusoidal function for f(ω) because it offers some advantages [8-10]. 
Here we highlight the choice of a reference quadratic phase function to obtain φ″(ω) directly. 
We include measurements from a sub-5fs laser system obtained performing a single chirp 
scan. 

2. Experimental 

We used an ultrabroad-bandwidth femtosecond Ti:Al2O3 laser oscillator  with a double 
chirped mirror pair, whose spectrum spans 620-1050 nm (Fig. 3) and that has been used to 
generate a SHG spectrum spanning almost 200 nm [11]. The pulse shaper used to introduce 
the spectral phase -f(ω) was a folded all-reflective grating-based system containing a 150-
lines-per-mm grating, a 762-mm–focal-length spherical mirror, and a 640-pixel dual-mask 
spatial light modulator (SLM-640, CRi Inc.). After the shaper, the pulses were focused onto a 
20-μm type-I KDP crystal, and the SHG signal was separated from the fundamental before it 
was directed to a spectrometer (QE65000, Ocean Optics Inc.). The setup has been extensively 
described in an earlier publication [11].  
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Fig. 1. Principle of the method. (a) The unknown φ″(ω) function is probed using a set of 
reference linear chirps represented by the horizontal grid. (b) The maximum SHG intensity for 
every frequency indicates that the corresponding reference chirp value compensates the 
unknown function at the position of the maximum. (c) A two-dimensional contour plot 
mapping the intensity of the SHG as a function of chirp and frequency directly reveals the 
unknown φ″(ω). 

3. Results 

Transform-limited pulses were obtained by measuring and compensating the spectral phase of 
the system using the sinusoidal MIIPS method [8, 9]. A cubic spectral phase function defined 
as φ(ω)=500fs3 (ω-ω0)

3, which corresponds to a linear φ″(ω), was then introduced to the pulses 
and measured with the method described in this paper. The experimental trace is shown in 
Fig. 2. The red dashed line indicates the spectral maxima, which directly correspond to the 
measured φ″(ω). Note that both the accuracy and precision of the measurement are ~1-2 fs2, 
and results were obtained from a single chirp scan with grid-step of 5 fs2. 
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Fig. 2. Experimental measurement of a cubic phase obtained by a single chirp scan. The figure 
is a contour plot of the SHG spectra measured at each value of applied chirp. The feature 
revealed by the spectral maxima corresponds to the second derivative of the cubic phase 
introduced. As expected, the second derivative is linear with frequency. The inset shows a 
magnified portion of  the trace. 

Once φ″(ω) is obtained, double integration can be used to calculate φ(ω). Figure 3 shows 
the measured and the introduced functions, together with the spectrum of the laser. Note the 
excellent accuracy of the results, which were obtained from a single chirp scan. The data 
shown in Fig. 3 measured the third-order dispersion (TOD) with 0.5% accuracy. 

Fig. 3. Spectral phase measurement. The introduced (red) and measured (green) phase 
functions agree without adjusting parameter. (a) Shows the second derivative of the spectral 
phases. (b) Shows the spectral phases. The spectrum of the pulses is also shown (dashed). 

 
The method presented is able to measure arbitrarily complex spectral phases, as has been 

shown for MIIPS [8, 9]. To demonstrate this ability, a sinusoidal spectral phase function 
defined by φ(ω)=5πsin[7fs (ω-ω0)], was introduced using the pulse shaper and then measured 
by the method described here (see Fig. 4). As evident from the screen shot shown in Fig. 4a, 
the second derivative of the introduced phase is obtained from a chirp scan. The measured 
phase (green) is very close to the phase introduced by the pulse shaper (red), as shown in Fig. 
4b. To improve the quality of this method, an iterative measurement-compensation routine 
can be used [8, 9].  
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Fig. 4. Sinusoidal spectral phase measurement. (a) Shows the experimental trace. The measured 
second-derivative of the phase can be directly visualized from the feature corresponding to the 
spectral maxima. (b) Shows the measured second-derivative after a chirp scan (green) and after 
one measurement-compensation iteration (black). The red curve corresponds to the introduced 
sinusoidal function.  

4. Discussion 

This new MIIPS implementation does not necessarily require the use of an adaptive pulse 
shaper. Given that different amounts of chirp can be applied using passive optics, the method 
can be conveniently implemented using these devices. A more versatile option is the use of an 
adaptive pulse shaper, as shown in this work. In this case, compression can be thoroughly 
accomplished by applying -φ(ω) to null the measured phase distortions. 
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In addition to linear chirp, other reference functions can be employed when using an 
adaptive pulse shaper. Even though the simplicity of the measurement resulting from using a 
constant f″(ω) has been highlighted in the present study, there are as many variations of the 
method as reference functions one can implement. The use of a sinusoidal f″(ω) and its 
accuracy have been demonstrated [8, 9, 12]. Other options include cubic reference phases, 
which correspond to a diagonal grid. We have implemented this approach with great success 
on arbitrarily complex distortions. These results will be published in a more detailed 
communication.  

The MIIPS chirp scan implementation demonstrated in this paper is especially suitable 
for sub-50fs pulses. For a measurable distortion Δφ″, the corresponding change 
ΔISHG(Δφ″)=ISHG(Δφ″=0)×β2/2(Δφ″/τ0

2)2 needs to be bigger than the noise N, where τ0 is the 
time duration of the pulses. For a Gaussian pulse, we obtain ISHG(Δφ″=0)×β2/2(Δφ″/τ0

2)2≈N, 
where β=4ln2. Typically, the noise of the SHG signal is about a few percent. Therefore, the 
precision of the φ″ measurements is about 0.1τ0

2. For the laser system used in this study τ0≈5fs 
and we calculate a 2.5fs2 precision, which is in excellent agreement with our experimental 
results. 

In conclusion, a new MIIPS implementation based on a simple chirp scan was presented. 
The corresponding experimental trace directly yields the second derivative of the unknown 
spectral phase, without any mathematical treatment.  
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