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We present cross-correlation frequency-resolved optical gating (XFROG) measurements of super-
continuum pulses generated by using a photonic crystal fiber (PCF), and ultraviolet (UV) pulses 
generated by frequency doubling of infrared ultra-short pulses. Since supercontinuum pulses have 
broad spectra, XFROG measurement typically requires using an extremely thin nonlinear crystal 
which has a thickness of sub-ten microns. Instead of using such a thin crystal, we employed a 
relatively thick crystal which was mounted on a galvanometer in order to achieve a phase-matching 
over the whole spectral bandwidth of the supercontinuum pulses by a crystal-dithering technique. 
Experimental results of the retrieved phase and intensity were in fair agreement with the indepen-
dently measured data.
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I. INTRODUCTION

There has been rapid progress in the generation, 
manipulation and application of ultrashort laser pulses 
in recent years. Pulses of the order of a few femto-
seconds are now routinely generated in labs, and are 
widely used in the areas of semiconductor physics, 
biomedical optics, chemistry, and high speed communi-
cations [1-4].

As the applications for femtosecond pulses increases, 
so does the need to completely characterize the inten-
sity and phase of ultrashort pulses. Several such full 
characterization techniques were invented in the early 
1990s, and their applications have truly revolutionized 
the field of ultrafast optics. Among these pulse measure-
ment techniques, frequency-resolved optical gating (FROG) 
[4-7] and spectral phase interferometry for direct electric-
field reconstruction (SPIDER) [8] are the two most widely 
used techniques.

Characterization of ultraviolet pulses by using second-
harmonic generation (SHG)-based techniques, such as 
SHG FROG, involves some drawbacks when the pulses 
are too weak to yield efficient signal or when absorption 
and phase-matching constraints of nonlinear crystals 

limit the useful nonlinear processes. These difficulties 
can be substantially reduced by employing XFROG 
technique, which is based on spectrally resolved cross-
correlation (sum frequency generation – SFG, difference 
frequency generation - DFG) of the weak unknown 
pulse with a fully characterized strong reference pulse 
as a function of the relative delay. The squared magni-
tude of the spectrum of the cross correlation signal 
yields the XFROG trace [9]. The strong reference pulse 
amplifies the weak unknown pulse and therefore allows 
characterization of quite weak pulses. Because XFROG 
uses SFG or DFG, the difficulties due to the absorption 
and dispersion of the crystal can be easily reduced. 

This paper deals with the characterization of the 
intensity and the phase of complex, weak and UV 
pulses by using the SFG XFROG technique. As UV 
pulses, we have used second harmonic (SH) pulses which 
are generated by a commercially available frequency 
doubler that employs an 1-mm-thick BBO crystal as a SH 
generator. As complex and weak pulses, we generated 
supercontinuum pulses by using a PCF which has a 
core diameter of 1.7 μm and a length of 4 cm. Section 
II covers a brief theory of the XFROG measurement 
technique. In Section III, we describe the experimental 
setup and discuss the results of the XFROG measurements. 
In Section IV, we give the conclusion of this study.
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FIG. 1. Schematic of the XFROG retrieval algorithm.
FIG. 2. Experimental setup for the UV pulse characteri-

zation by using SFG XFROG.

II. BRIEF THEORY AND ALGORITHM 
FOR XFROG

The electric field of the XFROG signal beam is deter-
mined by the product of the electric fields of the refer-
ence and the test pulses. 

(1)

  Because the signal is proportional to the both pulses, 
the strong reference pulse can amplify the weak un-
known pulse and therefore allows characterizing quite 
weak pulses [9]. The corresponding carrier frequency of 
the cross correlation signal is given by 


   for sum frequency generation, and by 


   for difference frequency generation. 

Different frequencies of the reference and the unknown 
pulses make the XFROG technique more powerful for 
measuring inconvenient wavelengths such as UV. 
Using XFROG, one can gate the UV pulse with a 
visible or infrared reference pulse, and either SFG or 
DFG process produces a suitable signal pulse to 
measure. 

The squared magnitude of the spectrum of the cross-
correlation signal recorded as a function of delay between 
the reference pulse and the test pulse yields a XFROG 
trace or a spectrogram. For a SFG XFROG the spectro-
gram has the following form:

(2)

  Having the measured XFROG trace and the predeter-
mined reference pulse as input data, one can retrieve 
the intensity and phase of the unknown test pulse by using 

an iterative Fourier-transform algorithm with generalized 
projections [10]. The schematic of the algorithm is 
shown in Fig. 1. Detailed explanation for the algorithm 
can be found in the references [2,7,9,10].

III. EXPERIMENTAL RESULTS AND 
DISCUSSION

We will give a detailed explanation of every step of 
our experimental setups, because it could be useful for 
those who are interested in characterizing the intensity 
and phase of complex, weak and/or UV pulses by using 
a XFROG technique. As we mentioned in Section I, we 
characterized two kinds of pulses, UV pulses and 
supercontinuum pulses. Taking some differences between 
the experimental setups into account we divided this 
section into two parts.

1. UV pulse characterization 
Because of high absorption of a SHG crystal (below 

190 nm), it is almost impossible to use a SHG FROG 
technique to characterize UV pulses. But this difficulty 
can be reduced significantly by using a XFROG technique, 
since it uses cross-correlation of the unknown SH pulse 
and a visible or an infrared reference pulse. To show 
the advantage of the SFG XFROG technique, we have 
characterized the SH pulse, which was generated from 
the frequency doubler. 

The arrangement of the experimental setup is shown 
in Fig. 2. Output pulses from the Ti:sapphire laser (788 
nm, 133 fs, 2.5 nJ) were injected into the frequency 
doubler for generation of UV pulses. At the output 
port of the frequency doubler, the second harmonic and 
the residual fundamental pulses were separated, and 
then used as the unknown and the reference pulses for 
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FIG. 3. (a) Temporal, and (b) spectral intensity and phase of the reference pulse.

FIG. 4. SFG XFROG measurement of the UV, SH pulse: (a) measured XFROG trace, (b) retrieved XFROG trace, 
(c) retrieved spectrum (solid) and phase (dashed), (d) retrieved temporal intensity (solid) and phase (dashed). 

the XFROG setup, respectively. The reference pulse 
was characterized by a simple SHG FROG apparatus 
named as GRENOUILLE [11, 12] and passed through 
a variable time delay. Then the two pulses were focused 
by an aluminum coated, parabolic mirror (f=75 mm) 
onto a 100-μm-thick BBO crystal, and the generated 
sum frequency signal (around 262 nm) was recorded as 
a function of the relative delay between the pulses with 
a spectrometer. 

The SH pulse had an orthogonal polarization direc-
tion to the reference pulse at the output of the fre-
quency doubler. In order to obtain an efficient sum 
frequency signal, we rotated the polarization direction 
of the SH pulse by using a half-wave plate and employed 

Type I phase matching condition for generating the 
sum-frequency signal.

The measured intensity and phase of the reference 
pulse are shown in Fig. 3. The temporal width at FWHM 
was 133 fs and the spectral bandwidth at FWHM of 
the spectrum was 6.2 nm.

The relative delay between the UV and the reference 
pulses was controlled by a Michelson type interfero-
meter with an increment of 1.77 fs. The spectrometer 
measured the spectrum of the generated sum frequency 
signal at each delay step, and all of the data are synthe-
sized to produce a complete SFG XFROG trace. Our 
measured raw trace had dimensions of 64×512, and we 
interpolated it into a 256×256 trace for convenience of 
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FIG. 5. (a) The retrieved XFROG trace (without a BK7 rod) (b) The retrieved XFROG trace (with a 2-cm-thick BK7 rod).

FIG. 6. The spectrum and spectral phase of the pulses measured without and with a 2-cm-thick BK7 glass rod on 
the beam path (▲-spectrum, dashed line – spectral phase (without a BK7 rod),  - spectrum, solid line –spectral phase 
(with a 2-cm-thick BK7 rod)). 

the phase retrieval algorithm.
From the trace, we have succeeded in retrieving the 

temporal and the spectral intensity as well as phase of 
the unknown SH pulses. The measured and the retrieved 
XFROG traces, and corresponding temporal and 
spectral characteristics of the retrieved UV pulses are 
shown in Fig. 4. The retrieved spectrogram fairly repro-
duces the measured one with an error G=0.0068 [4]. 
The retrieved SH pulse shows a 68 fs temporal width 
and a 2.2 nm spectral bandwidth. 

In order to check the consistency of the XFROG 
measurements, we have compared the retrieved spectral 
phase and spectrum of the pulses measured by using 
the XFROG technique without and with a 2-cm-thick 
BK7 glass rod on the path of the UV pulses. Assuming 
that the BK7 rod keeps the spectrum of the UV pulses 
unchanged and neglecting the third and higher order 
terms of the dispersion, we could estimate the inten-
tional chirp of the pulse which was induced by a passage 
through the BK7 rod. Electric field of a pulse after passing 

through a medium with a length of  can be written as 

 






,                       (3)

where b is the coefficient of the group velocity disper-
sion (GVD) defined as

(4)

  Where  is the refractive index, c is the speed of 
light in vacuum, and  is the center wavelength of the 

pulse spectrum.
Fig. 5 shows XFROG traces of the pulses, which were 

measured without and with a 2-cm-thick BK7 glass rod 
on the beam path. The latter trace shows a slight tilt 
which is due to the additional positive dispersion of the 
BK7 rod. 

The retrieved spectra and spectral phases of the two 
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FIG. 7. The calculated and retrieved GVD of a 2-cm-
thick BK7 rod as a function of wavelength 

(• - calculated,  - retrieved ).

cases are shown in Fig. 6. The spectra of the two pulses 
are almost identical while spectral phases are signifi-
cantly different. 

Taking the difference between the retrieved spectral 
phases into account, we obtain the experimental value 
of the GVD coefficient of the BK7 rod (b=1182±43 fs

2
/cm), 

which is comparable to the theoretical value (b=1250 fs
2
/cm) 

calculated by using the Eq. 4 and the Sellmeier equation. 
Figure 7 shows the calculated and the measured GVD 
coefficients of the 2-cm-thick BK7 glass rod. 

The agreement between the experimental and the 
theoretical results supports that the XFROG technique 
works well for measuring the intensity and the phase 
of the UV pulses.

2. Supercontinuum pulse characterization
Arguably, ultrabroadband supercontinuum is the 

most complex ultrashort pulse ever generated, which 
can be routinely generated using a PCF by injecting 
only nJ pulses from a Ti:sapphire oscillator. Many appli-
cations of the supercontinuum pulses require full infor-
mation about their phases and intensities. But, the full 
characterization of the supercontinuum pulse meets 
some difficulties because of a demanding broad phase-
matching bandwidth, a large time-bandwidth-product 
and a weak intensity of the supercontinuum pulse. Fortun-
ately, a SFG XFROG technique with the crystal dither-
ing makes it possible to overcome above mentioned 
difficulties [2,7].

The main challenge in attempting to use XFROG 
(or any other potential method) to measure the super-
continuum is obtaining sufficiently wide phase-matching 
bandwidth in the SFG crystal. In general, phase match-
ing bandwidth of the nonlinear medium is inversely 
proportional to its thickness, and one can increase the 
phase matching bandwidth by using a sufficiently thin 
crystal. Due to a broad spectrum of the supercontinuum 
pulse, XFROG measurement typically demands an extre-
mely thin, sub-ten micron crystal. However, the SFG 
signal is proportional to the square of the crystal thick-

ness and a thin crystal generates a very weak signal 
resulting in a very low sensitivity. 

P. O’Shea et al. proposed a novel idea that the phase 
matching bandwidth could be increased by using an 
angle-dithered, relatively thick, and hence narrowband 
crystal [13]. The key point was that the phase match-
ing bandwidth doesn’t need to exceed the pulse band-
width for each pulse in a multi-shot measurement. 
Instead of this, it is required for the integrated phase 
matching bandwidth over a measurement time to exceed 
the pulse bandwidth. As a result, only a fraction of the 
pulse spectrum needs to be phase-matched at a shot 
as long as the remaining portions of the spectrum are 
phase matched at other shots during the signal integra-
tion time. Because the center wavelength of a phase-
matching band depends sensitively on the angle of incid-
ence, one should let a SFG crystal angle-dither to yield 
a significantly increased effective phase-matching band-
width for a given crystal thickness. As the SFG signal 
is proportional to the square of the crystal thickness, 
an angle-dithered, thick crystal yields significantly stronger 
signal. The crystal dithering technique has been success-
fully applied to the several pulse characterization techni-
ques including FROG [14], XFROG [15] and SPIDER [16].

In order to achieve a phase-matching over the whole 
spectral bandwidth of the supercontinuum pulses, we 
have estimated appropriate dithering amplitude and 
the crystal’s cut angle. For a given three-wave interac-
tion, such as SFG, the exact phase matching angle can 
be determined using analytical expressions [17]. Suppose, 
we generate SFG signal using a BBO crystal with Type 
I phase matching condition. If we assume that the 
supercontinuum pulse’s spectrum extends from
    to     and the reference 

pulse has a central wavelength of     , corre-

sponding exact phase matching angles for the SFG 
signal can be found as 40.75

0
 and 24.28

0
, respectively. 

As a result, the BBO crystal’s cut angle has to be 
chosen around 32.5

0
 and the dithering amplitude 

should be at least 8.3
0
. In practice, however, we choose 

a larger amplitude of dithering than this.
The experiment for SFG XFROG has been per-

formed in four steps [15,18-20]: Supercontinuum pulse 
generation, reference pulse characterization, XFROG 
measurement, and phase retrieval. A schematic dia-
gram of the experimental setup is shown in Fig. 8.

The supercontinuum pulses were generated by laun-
ching output pulses from a Ti:sapphire laser system 
into a 4-cm-long PCF which has zero dispersion at 750 
nm and a core size of 1.7 μm. The laser emitted 100 
fs pulses at 780 nm central wavelength with energy of 
about 3 nJ at the rate of 82-MHz. The output pulses 
of the laser passed through a broadband optical isolator 
[21] which blocked the feedback of reflected light that 
may disturb the mode-locked operation of the laser 
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FIG. 8. Experimental setup for the supercontinuum 
pulse characterization by using a SFG XFROG.

FIG. 9. (a) The measured XFROG trace, (b) the retrieved XFROG trace.

oscillator. Then the pulse was divided into two pulses 
by a 50:50 beamsplitter. One part of the split pulses 
was used as reference for the SFG XFROG measure-
ments while the other part traveled through a 40X 
microscope objective to be coupled into the 4-cm-long 
PCF for generation of the supercontinuum pulses. The 
supercontinuum pulses coming from the PCF were 
collimated by a 20X microscope objective and directed 
to a BBO crystal for sum frequency signal generation.

The intensity and the phase of the reference pulses 
were characterized by a simple SHG FROG apparatus. 
The experimental result showed that the temporal width 
at FWHM was about 100 fs and the spectral band-
width at FWHM was 10 nm for the reference pulse.

The completely characterized reference pulses were 

guided through a variable time delay so that they tem-
porarily overlapped with the supercontinuum pulses. 
To generate the sum frequency signal, the reference 
and the unknown supercontinuum pulses were focused 
by an aluminum-coated, parabolic mirror (f = 75 mm) 
onto an 1-mm-thick BBO crystal, which was rapidly 
angle-dithering to achieve a phase matching over the 
whole bandwidth of the supercontinuum pulse. Angle-
dithering of the crystal was performed by a galvano-
meter with amplitude of about 15

0
 and the dithering 

frequency was selected depending on the signal inte-
gration time of the spectrometer. We adopted a non-
collinear geometry for SFG, and made the crossing 
angle of the pulses about 3 degrees. The relative delay 
between the supercontinuum and the reference pulses 
was controlled by a Michelson interferometer with an 
increment of 1.77 fs. The full spectrally-resolved measure-
ments of the sum frequency signal at each delay step 
yielded a XFROG trace. Our measured raw trace had 
a grid size of 512×1536, and we further interpolated 
it into a size of 2048×2048 for the convenience of the 
phase retrieval. 

In order to retrieve the intensity and phase of the 
supercontinuum pulse from the SFG XFROG trace, we 
have used an iterative Fourier transform algorithm 
with generalized projections [10]. The measured and 
the retrieved XFROG traces show good agreement, as 
can be seen in Fig. 9, and the major features of the 
measured trace have been successfully reproduced in 
the retrieved one with an error of G=0.0522. The FROG 
error G is the measure for convergence of the phase 
retrieval and it’s proportional to the normalized differ-
ence between the experimental and retrieved traces.

As shown in Fig. 10, we have plotted the retrieved 
intensity and the phase of the continuum pulse in the 
temporal and the spectral domain. Even though it shows 
a qualitative similarity between the measured and the 
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FIG. 10. (a) Temporal and, (b) spectral intensity and phase of the retrieved supercontinuum pulse.

FIG. 11. Spectral intensity of the supercontinuum.

retrieved trace, the retrieved spectrum profile revealed 
fine structures which are absent in the spectrum of the 
supercontinuum measured independently by using a 
spectrometer (Fig. 11). Such disparity was already noted 
and explained as the result of shot-to-shot variation of 
supercontinuun because the nonlinear process involved 
is very sensitive to any slight change in environmental 
conditions [4,15]. But the overall shape, positions of 
main peaks and the bandwidth of the retrieved and the 
measured spectra were in a good agreement.

 

IV. CONCLUSIONS

We have characterized the intensity and the phase 
of the supercontinuum, and the UV pulses by using a 
SFG XFROG technique.

Even though the supercontinuum pulse had quite com-
plex structures in the temporal as well as the spectral 
domain, the retrieved spectrum agreed fairly well with 
an independently-measured spectrum. However, the 
retrieved spectrum has an incredible amount of fine 
structure that was not observed in the independently 
measured spectrum. 

The difference of the frequencies between the refer-
ence and the unknown pulses make a XFROG techni-
que more powerful to measure inconvenient wavelengths 

like the UV region. We have characterized the intensity 
and phase of the UV pulses generated from a frequency 
doubler.

In order to check the consistency of the XFROG 
measurement, we have compared the retrieved spectral 
phase and spectrum of the UV pulses which have been 
measured by XFROG technique without and with a 
2-cm-thick BK7 glass rod on the beam path. The 
agreement between the theoretical and the retrieved 
GVD coefficients of the BK7 rod shows the reliability 
of the XFROG technique.
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