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ABSTRACT 

We demonstrate the first frequency-resolved optical gating measure- 

ment of an laser oscillator without the time ambiguity using third-harmonic 

generation. The experiment agrees well with the phase-retrieved spectro- 

grams. 
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Frequency-resolved optical grating (FROG) is a techique for measuring the full time- 
dependent intensity and phase of an arbitrary ultrashort optical pulse.'-' Unlike the 
polarization-gated (PG) method, FROG using second-harmonic generation (SHG) has 
a time-reversal ambiguity. The envelope of the SHG FROG signal field is given by 
ESHG-sig( t ,  7) a E(t)E(t  - T )  and is always symmetric in the time delay r ,  therefore the 
resulting spectrograms are somewhat unintuitive. Nevertheless, because of the simplicity 

ultrashort optical pulses of laser oscillators. We extend this FROG technique with the 
use of third-harmonic generation (THG FROG), where the signal field is now given by 
E T H G - s i g ( t , T )  a E2(t)E(t  - r )  which has no time ambiguity. Therefore the resulting 
THG FROG trace is as appealing as the PG FROG. Although THG is dipole-allowed, the 
coherent length in the bulk of a material is short therefore THG in the bulk is often too 
weak to be measured. But THG is much enhanced at  an interface3 giving adequate THG 
photons for pulse characterization of laser oscillators. 

The output of a self-mode-locked Ti:sapphire laser oscillator is used. It has an output 
average power of 300 mW in -100 fs duration at -100 MHz repetition rate with a center 
wavelength of 780 nm. The experimental arrangement for THG FROG is identical to SHG 
FROG and is interchangeable, see Fig. l(a), where standard background free autocorrela- 
tion technique is employed. A 20x microscrope objective is used to focus the two collinearly 
propagating beams on the surface of a dielectric medium. The source of the THG is highly 
localized at the air-dielec t ric interface and diappeared completely when the interface is 
traversed away from the beam focus, see Fig l(b). We note that this surface THG tech- 
nique allows one to use dielectric materials (linear or nonlinear) that can be opague to the 
harmonic by focusing the fundamental beam at the back surface. In this experiment, two 
autocorrelated THG beams are generated at the back surface of a piece 160 pm thick cover 
glass. One of the autocorrelated THG beam is recollimated and sent to a spectrometer 
equipped with a linear diode array for spectral recording. Spectrograms at various time 
delays, 10 fs interval, are collected and converted to a bitmap for viewing. A corresponding 
set of SHG FROG is also collected for comparison. Alternatively and more conveniently 
a sensitive CCD camera placed at the exit end of the spectrometer and translated in the 
z-axis sychronized with a rapidly scanning optical delay line would provide a real time 
observation of the FROG trace. Figure 2(a) shows a set of SHG and THG FROG traces 
of nearly transform-limited pulses, AEAt x 0.43, where little or no cubic and/or quartic 
chirps are present, therefore, no noticeable difference were seen between them. Both the 
SHG and the THG traces are symmetric in the time delay, in agreement with the predic- 
tion. For non-transform-limited pulses, AEAt M 0.56, the experimental and the retrieved 
THG-FROG traces depicted in Fig. 2(b) clearly show the absence of the time ambiguity - 
asymmetry in the time delay, while the time ambiguity is still present in the corresponding 
SHG-FROG traces. Therefore, for the first time we have made FROG measurement of an 
laser oscillator without the time ambiguity using surface third-harmonic generation, and 

phase of the electric field are compared in the time domain and in the frequency domain 
for the SHG and the THG measurements, see Fig. 3. Small cubic chirp and some quartic 
chirp are observed. 

The simplicity of the surface THG technique without the time ambiguity and minimum 
wavelength restriction may pave the way for ultrashort pulses characterization of laser 
oscillators to below the 10 fs regime and at various wavelengths. 

* of the SHG FROG, it becomes the most common technique for detail characterization of 

II the traces are appealing. Good agreements are found when the retreived intensity and 
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Figure 1 (a) Schematic of the surface THG for generating FROG traces. (b) Normalized THG signal when 
the interface is traversed across the beam focus. 
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Figure 2 (a) Experimental SHG and THG FROG traces of nearly transform-limited pulses. (b) Experi- 
mental and the retrieved SHG and THC FROG traces of non-transform-limited pulses. 
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Figure 3 Comparison between the retrieved intensity and phase for the SHG and the THG measurements 
in the (a) time and (b) frequency domains. 
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