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Abstract. We have demonstrated a new pulse characterization technique, cross-correlation
frequency-resolved optical gating with electro-optic sampling. Sub-single-cycle mid-infrared
pulses were characterized with the absolute carrier-envelope phase values by using the
method.

Frequency-resolved optical gating (FROG) [1] is an important general technique to determine the
intensity and phase evolution of an arbitrary ultrashort pulse. However, determination of its carrierenvelope phase (CEP) [2] was not possible with the method. On the other hand, electro-optic sampling
(EOS) [3] is a method to obtain full information of the electric field including the absolute value of
the CEP. Since the upper limit of the detectable frequency of the technique is the inverse of the pulse
duration of the reference pulse, EOS has been used for characterization of the ultrashort pulses in
rather low frequency region, specifically, from terahertz to mid-infrared region [4–6].
In this contribution, we propose a new pulse characterization scheme which is a combination of
FROG and EOS. The method enables us to characterize an ultrashort pulse with the information of the
absolute CEP value by using a reference pulse whose pulse duration is much longer than the period of
the carrier-wave of the target pulse.
The time-averaged intensity of the delayed superposition of the fields of the reference pulse (Eref (t−
τ)) and the difference frequency between the reference and test pulses (Etest (t)) is written as follows,
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where hi denotes time average and α is a complex constant proportional to the nonlinear susceptibility
of the difference frequency generation assumed as an instantaneous process. The first term is independent of the delay time. The second term is the intensity cross-correlation signal between the test pulse
and the reference pulse. The spectrally resolved second term corresponds to a cross-correlation FROG
signal (XFROG) [7]. The third term is the interference term, i.e., the EOS signal. If it is possible to
∗
assume Eref (t − τ)Eref
(t − τ) ≡ Iref (t − τ) as a delta function, the term becomes Etest (τ), which provides
the complete information of the electric field of the test pulse. Otherwise, the term is spectrally filtered
with the Fourier transform of Iref (t).
If we simultaneously measure the XFROG and EOS signals, i.e., the second and the third terms in
eq. (1), the absolute value of the CEP obtained with EOS can be used for determining the CEP of the
characterized pulse with XFROG. Thus, this technique permits us to completely retrieve an electric
field which has too high frequency components to detect with EOS. In other words, the technique
dramatically relaxes the requirement of the reference pulse for the full characterization of the target
electric field.
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Fig. 1. Delay dependence of (a) summation and (b) difference of the two spectra described in the text.
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Fig. 2. (a) The retrieved intensity and phase in frequency-domain obtained from the XFROG (red) and EOS
(blue). The dashed curve shows the filtering function for the EOS, Fourier transform of E12 (t). The FROG error
was 0.28% on a 256×256 grid. (b) The solid curve shows reconstructed electric field with the method described in
the text. The dashed curve is obtained with integrating the difference spectrum in Fig. 1(b) along the wavelength
axis.

Experimental demonstration of the scheme was realized with the system described as follows.
We generated phase-stable sub-single-cycle pulses by using four-wave mixing of the fundamental and
the second harmonic of Ti:sapphire amplifier (Femtopower compactPro, FEMTOLASERS) output
through filamentation in argon, which is basically the same generation scheme as that reported in
Ref. [8]. The generated mid-infrared pulse (Etest (t), 150 nJ) was coupled with a small portion of the
fundamental pulse (E1 (t − τ), 2 µJ, 25 fs) with a delay time τ through a mirror with a hole. The
combined beam was focused into argon again with a parabolic mirror ( f =150 mm) and generated a
∗
four-wave difference frequency mixing (FWM) signal, E12 (t − τ)Etest
(t). Right after the focus, a thin
◦
BBO crystal (θ=29 , Type 1, t=50 µm) was placed and generated the second harmonic (E2 (t − τ) =
E12 (t − τ)) of the fundamental pulse. The polarization of the second harmonic was perpendicular to
the FWM signal. The second harmonic and the FWM signal were mixed by a quarter wave plate and
separated into two beams with a Wollaston prism. The intensities of the beams are basically explained
as eq. (1) by substituting the square of the fundamental field, E12 (t), into a reference field, Eref (t). Only
difference between the two signals after the prism is the sign of the third term. The usual strategy
at EOS is taking a difference between the signals of the two beams with a two channel detector,
and measure only the third term of eq. (1) by using ellipsometry technique[9]. In our experiment,
we measured the spectra of the two signals at the same time by using a imaging spectrometer with
scanning the delay time τ. Subtracting the spectrum contributed from the first term as a background,
the summation of the two spectra reflects the spectra of the second term, the XFROG signal, and the
difference between the two spectra reflects the spectra of the third term, the EOS signal.
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One example of the data set is shown in Fig. 1. Figure 1(a) and (b) show measured traces of
summation and difference spectra, respectively. The retrieved intensity and phase in frequency-domain
from Fig. 1(a) through XFROG retrieval algorithm are shown in Fig. 2(a). The signal in Fig. 1(b) was
integrated along the wavelengths, then we obtained the electric field shown as the dashed curve in
Fig. 2(b). The intensity and phase of the electric field in frequency-domain obtained with its Fourier
transform are shown in Fig. 2(a). It is clear that the spectrum (the thick filled curve) is a result of
2
filtering the original spectrum (the thin filled curve) through the Fourier transform of E12 (t) (the
dashed curve). Afterwards, an offset value was applied to the spectral phase obtained with the XFROG
to match the both spectral phases in the overlapped region (from 500 cm−1 to 1500 cm−1 ). Finally, we
retrieved the electric field of the generated mid-infrared pulse with the offset phase value as the solid
curve in Fig. 2(b). Note that the slopes of the phases in the overlapped region (500–1500 cm−1 ) are
well matched with each other, which means that group delays from the two independent measurements
are matched with each other. The fact strongly supports the consistency of the data sets.
We controlled the CEP of the mid-infrared pulse by changing the delay between the fundamental
and the second harmonic for the mid-infrared pulse generation with a feedback loop translation stage.
The CEP changed with a period of ∼400 nm, which is similar situation as Refs [10] and [11].
In conclusion, we described a new concept to characterize an ultrashort pulse with the absolute
value of the CEP. We have demonstrated the method for characterizing phase-stable sub-single cycle
mid-infrared pulses. In principle, the concept can be applied for any wavelength regions, then it is
suitable for characterization of phase-stable single-cycle pulses in other wavelength regions [12, 13].
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