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We demonstrate tunable, single-pulse spectral phase measurement of broadband ultrafast signals by linear
spectral interferometry. The approach is based on a coherently coupled pair of optical parametric amplifiers
(OPAs). The first amplifier is the source of a signal pulse that is coupled into a nonlinear medium, where the
pulse generates a broadband signal by nonlinear interactions; the second OPA provides a phase-correlated reference pulse that can be tuned across the broad spectral range and used for complete characterization of the
broadband signal generated by the first OPA. An experimental demonstration of the technique for a nonlinearly modulated femtosecond pulse with a bandwidth of ⬎200 nm occupying the range 1.13–1.36 m is given.
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1. INTRODUCTION
Nonlinear interactions of ultrashort laser pulses with
transparent dielectric materials have been the subject of
intensive research for the past few decades. Spectral
broadening of intense femtosecond pulses propagating in
the nonlinear regime has attracted much attention both
in terms of a fundamental understanding of light–matter
interaction1–3 and for various applications such as
ultrashort-pulse generation,4–6 optical communications,
and nonlinear signal processing.7–9 Spectral broadening
with generation of broadband continuum light (supercontinuum) has found important applications in frequency
metrology, biomedical imaging, and atmospheric
sensing.10–12
Experimentally, the analysis of nonlinear interactions
of ultrashort pulses usually requires the means to characterize the electric field (i.e., amplitude and phase) of ultrafast optical waveforms. The techniques that are of
particular importance for the characterization of nonlinear effects are those that perform the characterization by
using a single shot (single exposure) of the detector and,
potentially, the characterization of a single pulse in a periodic pulse train.13,14 The importance of these properties arises from the extreme sensitivity of nonlinearly
generated signals to noise and to pulse-to-pulse parameter fluctuations in the input waveform. Slight fluctuations in the input signal can be significantly amplified because of the presence of a high degree of nonlinearity, and
this would result in erroneous experimental measurements if a multishot technique, for which the result is an
average over a large number of laser pulses, were used.
In general any single-shot technique is inherently more
power consuming than a multishot technique, as it relies
on spreading the laser beam in at least one spatial dimension to permit faster parallel detection with a detector array. Additionally, the investigation of nonlinear interac0740-3224/2005/040922-08$15.00

tions frequently requires using a wide range of input
power levels to identify different processes that contribute to formation of the output signal. These factors limit
the application of single-shot nonlinear techniques that
use second-harmonic generation, the Kerr effect, or nonlinear absorption.13–15
Spectral interferometry16 uses linear detection of interference between the spectra of the signal pulse,
s(t)exp(ict), and of the reference pulse, r(t
⫹  )exp关ic(t ⫹ )兴, with a relative time delay [here s(t)
and r(t) are complex amplitudes of the signal and the reference, respectively]
I 共  兲 ⫽ 兩 s̃ 共  ⫺  c 兲 兩 2 ⫹ 兩 r̃ 共  ⫺  c 兲 兩 2 ⫹ 兩 s̃ 共  ⫺  c 兲 兩兩 r̃ 共 
⫺  c 兲 兩 exp兵 i 关  s 共  ⫺  c 兲 ⫺  r 共  ⫺  c 兲 ⫹   兴 其
⫹ c.c.,

(1)

where s̃(  ⫺  c ) and r̃(  ⫺  c ) are complex Fourier amplitudes of the signal and the reference with phases  s
and  r , respectively. The spectral phase information is
carried by the last term in Eq. (1); the first two terms
constitute the dc component. Measurement of I(  )
provides the difference between the spectral phases
of the signal and the reference pulses  s (  ⫺  c )
⫺  r (  ⫺  c ). Therefore, when the spectral phase of
the reference pulse is known the reconstruction of the
spectral phase of the signal becomes a straightforward
task. The measurement of the spectral intensity can easily be achieved with the same setup, thus permitting complete characterization of the electric field of the signal
pulse.
In conventional spectral interferometry the signal and
the reference pulses are derived from the same ultrafast
source.17,18 The output is split into two beams. One
beam is coupled into the nonlinear medium, while the
other beam is unaltered and serves as a reference. Fre© 2005 Optical Society of America
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quently the phase of the reference is left unknown and
only the difference between the spectral phases of the output laser pulse and the pulse that exhibits nonlinear interaction is detected. This phase difference, however, allows the nonlinear phase that is acquired by the signal
during propagation to be detected. Alternatively, the reference pulse can be characterized and later its spectral
phase can be taken into account during reconstruction.19
Spectral interferometry has been extensively applied to
the analysis of nonlinear interactions with femtosecond
laser pulses.17,18 However, the conventional approach in
which signal and reference are derived from the same laser source is restricted to investigation of the nonlinear
effects of moderate strength. As can be seen from Eq. (1),
the reference pulse must have the same spectral support
as the signal pulse, which limits the spectral bandwidth
that can be detected. More generally, one must have a
reference for all the frequencies that are present in the
signal, which is not possible if the signal exhibits significant spectral broadening.
In this paper we describe a novel approach to spectral
interferometry that permits broadband-tunable singlepulse detection of the spectral phase of signals that exhibit nonlinear interactions and consequent spectral
broadening. The essence of the approach lies in using an
independently tunable reference pulse that is derived
from a separate laser source. For the two independent
sources to be correlated in spectral phase, which is necessary for measurement of interference, we use a pair of optical parametric amplifiers (OPAs) pumped by the same
ultrafast amplified laser system. The pulse from the first
OPA is used as a signal that propagates in a nonlinear
medium, whereas the pulse from the second OPA is used
as a tunable reference signal. To characterize the broad
bandwidth of the signal we create multiple spectral interferograms, using several shots of the output signal interfered with a sequence of reference pulses centered at different wavelengths, ultimately covering the whole
nonlinearly generated bandwidth of the output signal.
Processing each spectral interferogram provides a section
of the spectral phase function centered at the reference
wavelength and limited to the reference bandwidth. We
reconstruct the full spectral phase function by joining
these sections. (The details of the reconstruction are presented in Section 4 below).
It should be noted that, whereas this approach does not
permit acquisition of the whole spectral phase in a single
shot, each individual measurement is performed by use of
a single laser pulse. Should the spectrum and the phase
of the signal exhibit fluctuations, the fluctuations can be
easily identified. Moreover, by recording an ensemble of
interferograms for each wavelength and monitoring input
intensity, the output spectrum, or both, we can find
matching sets of measurements and use them for phase
reconstruction.
To demonstrate the method we experimentally characterize the spectral phase of a ⬃200-fs pulse that exhibited
almost three-fold spectral broadening after being focused
into 2-cm glass window. In our experiments we employ a
modification of the spectral interferometry approach that
uses two-dimensional spectral interferograms.
The
modified approach has the advantage of providing intui-
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tive visual information about the spectral phase (a twodimensional interferogram can be considered essentially
a graph of spectral phase versus frequency).
In Section 2 we briefly review the two-dimensional
spectral interference approach. In Section 3 we describe
details of the experimental setup. Section 4 is devoted to
reconstruction of the full spectral phase function from a
set of interferograms with the reference pulse centered at
a different wavelength. Experimental results of the detection of a nonlinearly generated signal with a bandwidth of 1.13–1.36 mm are described in Section 5, and a
summary and conclusions are presented in Section 6.

2. TWO-DIMENSIONAL SPECTRAL
INTERFEROMETRY
A two-dimensional spectral interferogram20–24 (or digital
spectral hologram) approach is a modification of spectral
interferometry that allows intuitive visual access to the
spectral phase. It was applied previously to measurement of the spectral phase of ultrashort laser pulses20,21,23
as well as to measurement of the group delay of optical
components22 and space–time coupling in ultrashort
pulses.24 Conventional spectral interferometry described
by Eq. (1) uses a relative time delay  between the signal
and the reference pulses to introduce a temporal carrier
frequency used for separating the interferometric signal
that carries the phase from the dc term 兩 s̃(  ⫺  c ) 兩 2
⫹ 兩 r̃(  ⫺  c ) 兩 2 . In contrast, the digital hologram approach (see Fig. 1) utilizes a spatial rather then a temporal carrier frequency. The spatial carrier is introduced in
the direction perpendicular to the direction of the spectral
decomposition (the reference beam is propagating at an
angle in a vertical direction relative to the signal beam).
A cylindrical lens performs a Fourier transform in the x
coordinate while it leaves free-space propagating beams
in the y direction. The spatial field distribution in the
Fourier-transform plane of a spectral decomposition device (back focal plane of the lens in Fig. 1) is a Fourier
transform of the input temporal signal scaled to the spatial coordinates.25 Thus we can represent a twodimensional field distribution in the plane of the photodetector array as

Fig. 1. Two-dimensional spectral interferometry approach to
broadband phase detection. The carrier frequency is introduced
in the vertical direction ( y axis) by propagation of the beams at a
relative angle.
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Fig. 2. Modeled spectral interferograms showing spectral interference between a transform-limited Gaussian reference pulse and a
Gaussian signal pulse that possesses various phase modulations: (a) transform-limited pulse, (b) linearly chirped pulse, (c) pulse with
self-phase modulation.

E det共 x, y 兲 ⫽ s̃ 共  x 兲 exp关 ⫺i 共  s ⫺  x 兲 t 兴
⫹ r̃ 共  x 兲 exp关 ⫺i 共  r ⫺  x 兲 t 兴 exp共 ik y y 兲 ,
(2)
where  ⫽ ⫺2  c/sin()f,  is the diffraction angle, f is
the focal distance of the lens (see Fig. 1), and k y is a spatial frequency determined by the relative angle between
the reference and the signal beams. The detected intensity pattern is therefore given by
H ⫽ 兩 s̃ 共  x 兲 兩 ⫹ 兩 r̃ 共  x 兲 兩 ⫹ 兩 s̃ 共  x 兲 兩兩 r̃ * 共  x 兲 兩
2

2

⫻ exp关 ⫺i 共  s 共  x 兲 ⫺  r 共  x 兲 ⫺ k y y 兲兴 ⫹ c.c. (3)
We observe that Eq. (3) has the same form as Eq. (1), with
the spectral phase of the signal given by the argument of
the interferometric term carried by spatial frequency k y .
The interference occurs in the y direction (Fig. 1), creating
a two-dimensional pattern. The shape of the fringes directly displays the spectral phase of the signal, as illustrated in Fig. 2, where examples of simulation of spectral
interferograms for signal pulses that possess various
types of phase modulation are shown. The single fringe
shape of the interferogram can be considered a graph of
the spectral phase versus frequency. The scaling of the y
axis is determined by the 2 fringe period.
The spectral phase-reconstruction procedure from a
digital hologram is similar to that for a one-dimensional
interferogram. The two-dimensional Fourier transform
of the hologram will contain components centered at zero
frequency and at ⫾k y . The spectral phase is the argument of the inverse Fourier transform of one of the two
terms centered at ⫾k y that is selected by digital filtering.
The spatial carrier needs to be chosen to ensure separation of interferometric signals and the dc term.

3. EXPERIMENTAL SETUP
A schematic diagram of the experimental setup is shown
in Fig. 3. We use two OPAs pumped by the commercial
Ti:sapphire regenerative amplifier delivering 100-fs
pulses at a wavelength of 800 nm with energy of 1 mJ per
pulse and a repetition rate of 1 kHz. Each OPA is seeded
by a separate white-light continuum generated by focusing pump radiation onto 3-mm-thick sapphire plates.
Signal and idler waves are generated in 3-mm-long
␤-barium borate crystals. Wavelength tuning is achieved
by control of phase matching by rotation of the nonlinear

Fig. 3. Experimental system for tunable spectral phase measurement by use of a pair of OPAs.

crystal. In the study described here we utilized signal
pulses from both OPAs in the range 1.1–1.4 m. An important property of such a double-OPA system is that, although separate white-light continua are used as a seed,
the generated pulses are phase correlated with each other
and will interfere.26 The pulse from the first OPA is
coupled into the nonlinear medium, while the pulse from
the second OPA serves as a tunable reference. A pulse
shaper at the output of the second OPA is used to compensate for a residual chirp and to create a transform-limited
reference pulse. In fact, the previous investigation15
demonstrated that the pulse from the OPA has rather
small nonlinear modulation, so we simply used a shift of
the output diffraction grating to compensate for the residual linear chirp (the required shift was small enough
not to induce an appreciable spatial chirp). If a nonlinear phase has to be compensated for, a well-developed
pulse-shaping approach with spatial light modulators can
be utilized.27
The shape of the reference pulse was controlled in real
time by a single-shot interferometric correlator.28 A representative correlation of the reference pulse at a wavelength of 1222 nm is shown in Fig. 4(a). Figure 4(b) illustrates the phase-modulation test: good overlap of the
pulse intensity autocorrelation with the second-harmonic
field correlation shows that the pulse is nearly transform
limited.29
The spectral interferogram was detected by an InGaAs
infrared camera with a resolution of 252 ⫻ 316. We
achieved single-pulse detection of the interferogram by
setting the camera’s integration time to 1 ms, corresponding to a 1-kHz repetition rate of the laser. The camera is
capable of operating in a movie mode to record an ensemble of interferograms with subsequent analysis and
comparison of the individual frames.
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4. RECONSTRUCTION OF SPECTRAL
PHASE FROM MULTIPLE
INTERFEROGRAMS
As described in Section 1, our approach to broadband
spectral phase detection is based on recording several
spectral interferograms, with each interferogram corresponding to the reference pulse tuned to a different wavelength. Therefore each interferogram contains information about the spectral phase of the signal within the
bandwidth of the reference pulse. This concatenation allows the wide bandwidth that is generated when a signal
pulse exhibits strong nonlinear interaction to be covered.
Reconstruction of the full spectral phase function requires
joining together the piecewise spectral phase information
obtained from the different interferograms. We do this
by using overlapping portions of the reference spectra as
described below.
Frequency tuning of the reference pulse is achieved by
angular rotation of the nonlinear crystal in the OPA.
Unfortunately during this procedure the optical path of
the beam in the nonlinear crystal changes both because of
a geometrical factor and as the result of a change in the
refractive index of the birefringent material in the direction of beam propagation. Therefore the absolute time
delay between the pulses from the two OPAs will change
when the reference pulse OPA is tuned between two distinct frequencies. This time delay results in a relative
linear phase factor between the spectral interferograms
that corresponds to different reference wavelengths and
has to be taken into account to accurately reconstruct the
full spectral phase across the signal bandwidth.
Additionally, in our experiments the interference patterns that correspond to different shots of the laser fluc-

Fig. 4. (a) Interferometric correlation of the reference pulse at a
wavelength of 1222 nm after compensation for residual chirp.
(b) Intensity autocorrelation (solid curve) and second-harmonic
field correlation (dashed curve) extracted from the correlation
trace of (a) by filtering zero and high-frequency components, respectively. The good overlap of the two curves indicates the absence of phase modulation in the pulse.

Fig. 5. CCD snapshots of the spectral intererograms of the signal pulse with the reference pulse centered at (top to bottom)
1259, 1253, and 1248 nm.

tuate with time, most probably because of mechanical instabilities. The fluctuations produce a constant phase
shift between the phases extracted from different interferograms.
To account for these factors in reconstruction of the full
spectral phase, we record a set of interferograms with the
frequency shift of the reference spectrum small enough to
permit overlap between two consecutive interferograms.
The overlapping regions are used to eliminate the linear
phase and phase shifts, thus permitting reconstruction of
the complete spectral phase function.
For an initial test of the spectral phase reconstruction
from multiple interferograms we characterized the pulse
in the output of the signal OPA, using three spectral positions of the pulse from the reference OPA. Figure 5
shows CCD snapshots of the three independently detected
interferograms, which correspond to the reference pulse
tuned to three distinct center wavelengths. The parabolic shape of the fringes indicates the presence of linear
chirp in the pulse. We processed each interferogram independently to extract the spectral phase, which we differentiated to obtain the group delay. The group delay
was assumed to be continuous at the points where data
from different holograms were joined.
A continuous group-delay function is obtained by addition of constant values to the group delays from different
interferograms to produce equal values in the overlapping
regions of the spectra. The group delay is then integrated back to produce the spectral phase shown in Fig. 6
together with the spectral intensity. We detect the spectral intensity simply by blocking the reference channel after the phase measurement has been performed. The
spectral regions that correspond to the data from different interferograms are shown shaded. The obtained
complex spectrum was inverse Fourier transformed, and
an intensity autocorrelation of the pulse was calculated
for comparison with the correlation measured with the
single-shot correlator. Figure 7 illustrates excellent
agreement between the two independent results, proving
the validity of our phase-reconstruction method. The reconstructed spectral phase is close to a quadratic function
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(linearly chirped pulse), which also matches the characteristic shape of the interferometric correlation shown in
the inset of Fig. 7.30
It should be noted that, although the continuity of the
group delay is an assumption that might not necessarily
be fulfilled across the whole bandwidth of the signal, in
practice the group-delay continuity is required only at the
points where the multiple interferograms are joined together. As a two-dimensional interferogram essentially
represents a plot of the spectral phase versus frequency,
the discontinuities in the group delay can easily be identified visually, and these regions can be avoided when one
is selecting points for joining the independently acquired
interferograms.

Fig. 6. Spectrum and spectral phase of the signal pulse reconstructed from the three interferograms of Fig. 5. We eliminated
the unknown linear phase between the interferograms by assuming continuity of the group delay. The shaded areas show the
data that correspond to three different interferograms.

Fig. 7. Comparison of the intensity autocorrelation calculated
with the reconstructed electric field of the signal pulse (solid
curve) and those measured with a single-shot interferometric
correlator (dashed curve). Inset, the interferometric correlation
trace, which has a shape that is typical for a linearly chirped
pulse, in agreement with the quadratic shape of the phase function in Fig. 6.

Fig. 8. Spectral intensity of a nonlinearly modulated pulse at
the center (solid curve) and on the edge (squares) of the spatial
mode. The slight difference between the two curves indicates
that the modulation is spatially variant. The input signal’s
spectrum is shown by a dashed curve.

5. EXPERIMENTAL RESULTS
To demonstrate the application of our approach to the
study of nonlinear effects we investigated the spectrum
generated by a signal pulse at 1230 nm focused into a
2-cm-thick BK7 glass window by using a 50-mm lens.
Taking the nonlinear refractive index of BK7 glass to be
n 2 ⫽ 2.8 ⫻ 10⫺20 m2 /W, 31 we calculated the critical
power
for
the
self-focusing
to
be
P crit
⫽ (0.61) 2  /(8n 0 n 2 ) ⫽ 5.4 MW.
The equivalent cw
power of the input pulses was ⬃2 mW, corresponding to
an energy per pulse of a 2 ⫻ 10⫺6 J and to 10-MW peak
power for a pulse width of 200 fs. For these parameters
of the input pulse, significant spectral broadening was observed (see Fig. 8). In general, the amount of modulation
is spatially dependent (the on-axis beam exhibits stronger
modulation) because of self-focusing. We used an aperture after the collimating lens to select the central part of
the beam. The spatial effect in the remaining part of the
beam is fairly negligible, as shown in Fig. 8, where the
spectral intensity at the center of the mode is compared
with that at the edge of the mode. The average standard
deviation of the spectral intensity corresponding to the
different shots of the laser lay within 5%. We therefore
considered the generated signal to be quasi-stationary,
i.e., steady enough that we can use different shots of the
laser without normalization to the input power.
Figure 8 shows that the generated signal exhibits almost threefold spectral broadening compared with the
bandwidth of the input pulse, shown by a dashed curve in
Fig. 8. In addition to broadening in the near IR, weak
blue light was generated that we believe resulted from
multiphoton absorption.
In our experiment we recorded 11 interferograms that
correspond to the different positions of the reference
wavelength (see the caption to Fig. 9). Three representative interferograms are shown in Fig. 10. Group delays
reconstructed from the interferograms are shown in Fig.
9. Note that overlapping portions of adjacent groupdelay curves are parallel as expected and can be used to
eliminate unknown linear phase factors that come from
the temporal delay of the reference as well as a constant
phase shift caused by mechanical instability. Each
group-delay function has noisy regions that correspond to
the parts of the signal spectra that do not overlap the reference. The constant shift between the curves in Fig. 9
was introduced for the sake of illustration.
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The temporal shape of the signal (Fig. 12) exhibits a
multiple-peaked structure and is found in agreement with
the well-known phenomenon of pulse splitting in a bulk
transparent nonlinear medium.32,33 Pulse splitting occurs as a result of the interaction of self-focusing, selfphase modulation, and dispersion and is characteristic
only for short-pulse propagation in a bulk medium (as opposed to propagation in a fiber, from which self-focusing is
absent). The profile of the generated signal varies as a
function of the medium’s nonlinearity and dispersion as
well as with the parameters of the input pulse.34–36 A detailed analysis of this effect is, however, outside the scope
of this paper.

Fig. 9. Reconstructed group delays for different positions of the
reference spectrum. The central wavelengths of the references
that correspond to the curve numbers are 1, 1189 nm; 2, 1207
nm; 3, 1212 nm; 4, 1235 nm; 5, 1248 nm; 6, 1259 nm; 7, 1270 nm;
8, 1282 nm; 9, 1295 nm; 10, 1305 nm; 11, 1315 nm.

6. CONCLUSIONS
In this paper we have described an approach to tunable
single-pulse spectral phase detection based on interference between the pulses from two optical parametric amplifiers pumped by the same ultrafast amplified source.
The approach combines several useful features. The use
of a linear photodetector favors the detection of signals
with moderate power. Independent tuning of the reference pulse wavelength permits detection of the spectral
phase of broadband signals, and single-pulse operation

Fig. 11. Spectral intensity and phase of a nonlinearly modulated signal. Solid and dashed curves show functions extracted
from two different sets of interferograms.
Fig. 10. Spectral interferograms that correspond to the reference pulse centered at (top to bottom) 1207, 1248, and 1295 nm.

To further test the reconstruction procedure we used
two sets of interferograms, the first one corresponding to
curves 1, 3, 5, 7, 9 and 11 of Fig. 9 and second one corresponding to curves 2, 4, 6, 8, and 10. The FWHM of the
reference spectrum was ⬃38 nm; therefore each set covered more than 200 nm of signal spectrum with sufficient
overlap between consecutive interferograms to permit accurate reconstruction of the complete spectral phase function. As can be seen from Figs. 11 and 12, the spectral
and temporal domain data reconstructed from these two
sets, which are shown by dashed and solid curves, respectively, demonstrate good agreement.
The spectral intensity and phase of the signal are
shown in Fig. 11. The spectral phase shape exhibits
strong nonlinearity as a result of self-phase modulation.

Fig. 12. Temporal amplitude and phase of the modulated signal.
Solid and dashed curves show functions extracted from two different sets of interferograms.
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permits revealing and investigating phase and intensity
fluctuations in the signal. We expect that our approach
will be useful for investigation and optimization of supercontinuum generation as well as for pulse compression
and applications that require adaptive pulse shaping. As
was mentioned in Section 1, strictly speaking the measurement of the complete spectral phase function is not
single-shot based, as several shots with the reference
tuned to different wavelengths are necessary. However,
when fluctuations in the output signal are present, by
monitoring the input intensity and the spectrum of the
output signal one can find matching interferograms that
would permit reconstruction of the complete spectral
phase. An alternative way to do this, which will permit
broadband phase detection in a single shot, is to use a reference pulse with a broader bandwidth. Such a pulse
could be achieved in principle by use of a noncollinear
parametric amplifier (NOPA).37,38 Indeed, sub-10-fs signal pulses with bandwidths of more than 250 nm in the
visible region have been generated from a NOPA pumped
by the second harmonic of a Ti:sapphire regenerative amplifier (400 nm).39 Therefore, provided that a singlepulse characterization of the NOPA signal pulse is made,
the NOPA should permit true single-pulse detection of a
broadband signal in the visible. The use of the idler
pulse to cover the near-infrared range near 1.5 m, however, requires a complicated optical setup to compensate
for angular dispersion of the idler.40 Therefore we believe that a tunable reference approach to phase detection
is beneficial in the infrared owing to the relative simplicity of the system, provided that the generated nonlinear
signal does not exhibit pulse-to-pulse fluctuations. The
presence of the fluctuations in a tunable reference approach will require taking large amounts of data and a
significantly more-complicated reconstruction procedure,
as mentioned above. In this case utilizing the morecomplicated optical setup of a mid-infrared NOPA could
be desirable.
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