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When a narrowband laser pulse evolves into a broadband pulse, for example, via transmission through a
photonic crystal fiber, the resulting continuum usually exhibits massive shot-to-shot pulse-shape fluctua-
tions. The continuum’s extreme complexity prevents its single-shot measurement, with the best estimates so
far resulting from an average over many pulses. Here we solve this problem using cross-correlation
frequency-resolved optical gating, achieving the necessary large spectral range using a polarization-gating
geometry and the necessary large temporal range by significantly tilting the reference pulse. Furthermore,
we have also discovered that we can simultaneously cancel the previously unavoidable longitudinal
geometrical smearing by using a carefully chosen combination of pulse tilt and beam-crossing angle, thus
simultaneously achieving the required temporal resolution. We hence make a complete measurement of an
individual complex continuum pulse generated in photonic crystal fiber. By enabling measurement of single
optical rogue waves, this technique could provide insight and perhaps even lead to the prediction of when

mathematically similar, destructive oceanic rogue waves may occur.
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1. INTRODUCTION

Supercontinuum (SC) generation is the remarkable nonlinear-
optical process by which a narrowband laser pulse efficiently
evolves into an extremely broadband pulse [1]. Photonic
crystal fiber (PCF) is an especially advantageous medium,
conveniently yielding a spatially coherent SC beam [2] and
allowing a wide range of applications, including stimulated
emission depletion microscopy, optical coherence tomogra-
phy, optical frequency metrology, and carrier-envelope phase
stabilization [3-6].

Interestingly, SC pulses are extremely temporally complex,
and trains of them are inherently highly unstable [7-14]. As a
result, it has never been possible to measure the temporal inten-
sity and phase of a single SC pulse. Such measurements have
been possible if averaged over many pulses, but at best they yield
only an estimate of a typical SC pulse [15-21]. At worst, multi-
shot measurements of such unstable pulse trains are susceptible
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to “coherent artifacts” that can mislead the unwary into believ-
ing that their pulses are erroneously simple [22,23].

SC measurement recently acquired increased urgency when
it was noted (and confirmed) that SC can give rise to optical
rogue waves, mathematically equivalent to the oceanic rogue
waves that sink dozens of ships every year [24]. Numerical
simulations and experimental observations of collections of
single-shot spectra have confirmed that SC generation in PCF
follows the same L-shaped statistics as oceanic waves, where
statistically rare rogue events occur much more often than
would be implied by simple Gaussian statistics [25,26]. While
the measurement of an oceanic rogue wave is straightforward
(if one happens upon such a rare event), its intentional gen-
eration is difficult and perhaps also ill-advised (unless on a very
small scale). On the other hand, while the generation of an
optical rogue wave is simple, routine, and safe, its single-shot
complete measurement has remained impossible. Complete
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measurements of optical rogue waves could lead to insight into,
and eventually to the prediction of, their destructive and
difficult-to-simulate oceanic counterparts [26-28].

Unfortunately, the challenges facing single-shot measure-
ment of SC are many. A typical SC generated from PCF is
several picoseconds long and has well over 100 nm of spectral
bandwidth, easily achieving a time—bandwidth product (TBP)
of ~100 or more. Such SC pulses are extremely complex, with
fine structure in both the temporal and spectral domains. To
further complicate the task, due to the small cores of PCFs, a
SC pulse is quite weak, having at most ~20 nJ of energy. Since
this energy is spread over a few picoseconds, the intensity of
these pulses is also quite low. While addressing one (or occa-
sionally two) of these requirements at a time is now routine,
achieving nanojoule sensitivity, large temporal and spectral
ranges, and fine temporal and spectral resolution simultane-
ously on a single shot has not yet been accomplished, despite
an ever-increasing need to do so.

Here, we report a general technique that solves this
problem. In order to deal with the low energy of the SC pulse,
we use a cross-cotrelation frequency-resolved optical gating
(XFROG) setup with a high-energy (regeneratively amplified)
reference pulse. This setup provides much moressignal and hence
sensitivity than a self-referenced nonlinear measurement. Even
better, XFROG has been demonstrated to retrieve extremely
complicated pulse shapes very reliably [29]. We also chose a
polarization-gating (PG) geometry, which has essentially infinite
bandwidth and so nicely solves the spectral-width problem
immediately. Unfortunately, PG has a drawback: it is a third-
order nonlinear process, and therefore, even with ahigh-intensity
reference pulse, it still requires a relatively long (>1 mm) non-
linear medium for adequate signal strength, which will prove
problematic for other reasons that we will discuss shortly.

Achieving sufficient temporal range to measure SC is also
nontrivial. A typical FROG or XFROG device achieves single-
shot measurement by crossing the reference and unknown
pulses inside the nonlinear medium at an angle, 6, as depicted
in Fig. 1(a). This maps the delay onto the transverse spatial
position in the nonlinear medium and also at the camera onto
which the nonlinear medium is imaged. The temporal range of
the device scales with the crossing angle, and delay ranges up to
a few picoseconds are possible with this approach. However,
since a delay range of several times the pulse length is necessary,
this is not sufficient to measure SC pulses, which are typically
longer. An old and well-known innovation that increased the
temporal range of autocorrelators to tens of picoseconds was
the use of pulse-front tilt (PFT) in the two pulses in the device
[30]. We adapt this approach here for XFROG and add PFT,
but only to the reference pulse (to avoid potentially distorting
the SC). The temporal ranges with and without PFT, AT ppr
and AT, are given by (see Fig. 1)

AT = étan 0, (1)
c
d

ATPFT = — tan(a - 9), (2)
c
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Fig. 1. Illustration of the temporal range calculation for single-shot
XFROG [sce Egs. (1) and (2)]. (a) Typical device with an untilted refer-
ence pulse. The unknown and reference pulses are shown in blue and red,
respectively, with arrows showing their propagation directions. The rel-
ative delay between the pulses varies transversely, and imaging the beam-
crossing region onto a camera achieves single-shot operation. (b) Proposed
approach using a reference pulse with pulse-front tilt to increase the
temporal range. The tilt angle is a.

where 4 is the beam diameter, 6 is the internal crossing angle,
a is the PFT angle, and ¢ is the speed of light. This can easily
increase the temporal range by more than an order of magni-
tude, and hence solves the temporal range problem [31].

The last and most difficult requirement for measuring SC is
achieving the required very fine temporal resolution. In a PG
geometry (and most other beam geometries as well), this is
severely limited by a fundamental effect called longitudinal
geometrical smearing (LGS). As the pulses cross in the
nonlinear medium, the line of constant delay drifts away from
the direction of signal-beam propagation, causing a given cam-
era pixel to see signal light generated from a range of delays,
rather than just one delay [32]. The LGS increases with cross-
ing angle at an even faster rate than the temporal range does,
significantly limiting the temporal resolution in experiments
requiring a large temporal range. In addition, LGS increases
with the length of the nonlinear medium, limiting signal
strength.

Interestingly, introducing PFT into the gate pulse has a sig-
nificant impact on LGS, which has not yet been considered in
the literature. As shown in the schematic of LGS in a PFT
setup [Fig. 2(a)], the zero time delay between the reference
and the unknown pulse is located at the centers of both beams
at the entrance of the nonlinear medium. Because the signal in
a PG geometry follows the same path as the unknown pulse,
the spatial center of the signal beam corresponds to different
time delays between the pulses as the two beams propagate in
different directions. When the signal beam exits the nonlinear
medium, the delay between the beams in the center is nonzero.
The range of delays contained in the same transverse spatial
location, 8rppr, is the longitudinal smearing;

L cos a
Otrrr = c (1 "~ cos(a - 6))’ @

where L is the thickness of the nonlinear medium, a is the PFT
angle, 0 is the internal crossing angle, and ¢ is the speed

of light.
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Fig. 2. Illustration of longitudinal geometrical smearing in single-shot
XFROG. (a) General case with arbitrary internal crossing angle, 6, and
PFT angle, a. The rectangle with thickness L represents the nonlinear
medium. The reference and unknown pulses are shown in red and rain-

bow colors, respectively, with an arrow indicating their propagation di-
rection. The signal pulse propagates along the same direction as the
unknown pulse (the gray dashed line). In this direction, the reference
pulse gates the green part (the center) of the unknown pulse at the front
of the medium and the red part (the left) of the unknown pulse at the
back of the medium. Thus, each transverse position contains signal light
created by a range of delays, rather than a single delay. This range is the
longitudinal smearing, S¢ppr. (b) The ideal choice of internal crossing
angle, @ = 2a, removes the longitudinal smearing completely while
maintaining a large delay range. The reference pulse overlaps with the
same part of the unknown pulse at each transverse position throughout
the medium. The PFT angle, a, here remains the same as in part (a).

Quite fortuitously, from Eq. (3), we find that for a given
amount of PFT, a specific internal crossing angle can be chosen
that actually perfectly eliminates the LGS. Indeed, Eq. (3) pro-
vides two such conditions: & = 0 and 8 = 2a. The solution
0 = 0 is not practical in our setup, as it provides for copro-
pagating reference and unknown pulses, which cannot be
separated after their interaction inside the nonlinear medium.
The second condition, 8 = 2a, however, is ideal, and we
implement it in our apparatus, thus solving the temporal res-
olution problem [see Fig. 2(b)]. This condition does not limit
flexibility in the temporal range for the device, because the
beam size is also a strong factor in determining the overall tem-
poral range. In any case, removing LGS allows the use of a
much thicker nonlinear medium (the next limitation on the
medium thickness is group-velocity dispersion, which is sig-
nificantly less restrictive, even for the SC’s large spectral width,
and can be included in the XFROG retrieval algorithm if de-
sired). And as mentioned above, this also significantly increases
the nonlinear interaction length and thus the sensitivity of the
device, because the signal pulse energy scales as the square of
the nonlinear medium thickness.

Finally, we use a regeneratively amplified reference pulse
with 440 pJ of pulse energy, attenuated to just below the
threshold for continuum generation in the nonlinear medium
in order to maximize the nonlinear—optical interaction without
distorting the reference pulse or SC pulse to be measured. This
allows our device to measure even extremely weak SC on a
single shot. An additional increase in device sensitivity could
be achieved by time stretching (chirping) the reference pulse,
whose phase is irrelevant in the measurement, so that it
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overlaps with a larger fraction of the unknown SC pulse. This
proved unnecessary in our experiments, but we mention it here
in case a weaker SC must be measured.

2. METHODS

To create the reference pulse, 80% of the energy from a
regenerative amplifier was sent to a 45° polarizer and then
to a 600 line/mm diffraction grating. To properly image
the diffracted beam, we prefer that the first order diffracts
along the normal of the grating surface, setting an incidence
angle of 28.7° for 800 nm light. As is shown in Fig. 3,
the diffracted beam has PFT because the right side of the pulse
hits the grating before the left side of the pulse. This pulse was
imaged with 1: 1 imaging (using a 200 mm lens with 400 mm
of propagation before and after) onto the nonlinear medium,
5 mm of BK7. Figure 3 also shows that the beam size is
expanded by both the grating and the large incidence angle
into the nonlinear medium. The beam expansion combined
with the slower phase velocity in the glass causes the PFT angle
in the nonlinear medium to be significantly less than the PFT
angle in air just after the grating. The tilt angle @ in the glass is
given by (see Fig. 3)

tan @ = (6/n)/(dM(cos 6,/ cos 6,))
= sin y cos 6, /nM cos 6,, (4)

where 6 is the spatial delay caused by impinging on the grating
at incidence angle y, 7 of BK7 is ~1.5, 4 is the beam diameter
at the grating, M = 1 is the magnification of the imaging lens,
and 0, and @, are the incidence and refracted angles, respec-
tively, at the glass surface. We find that the reference pulse had
a tilt of ~15° inside the nonlinear medium. It crossed with the
SC pulse at an external angle of 43° to satisfy the condition to
eliminate LGS. Fine adjustment of the crossing angle of the
beams was accomplished by tweaking the angle of the BK7.
The beam from the amplifier has a diameter 4 of about
1 cm. Using Eq. (2), we find that this yields a theoretical tem-
poral range of about 14 ps. The effective temporal range is
often less due to the drop-off in intensity in the wings of
the beam, but this geometry is sufficient to measure SC pulses
2-3 ps long.

The other 20% of the amplifier pulse was made into a SC
seed by spatially and spectrally filtering it (with a filter centered
at 785 nm with FWHM 6.5 nm) and then stretching it with

delay in space, b
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Fig. 3. Illustration of how to create PFT and calculate the resulting
PFT angle in the nonlinear medium. The PFT angle in glass is smaller
than the angle in air after the grating due to the larger size of the refracted
beam and the slower phase velocity. The drawing is not to scale, and the

angles are slightly exaggerated for clarity.
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Fig. 4. 3D schematic of the experimental apparatus of PG XFROG with PFT in the reference pulse. The red and orange represent the reference pulse
and the SC, respectively. The reference pulse gates the SC in the nonlinear medium, which is imaged onto the camera in the vertical direction, mapping

time delay to spatial position. The spectrometer consists of a transmission grating and cylindrical lens that generate the spectrum of the gated SC pulse in

the horizontal direction.

several centimeters of glass to reduce the peak intensity. It
was focused into 23.1 mm of PCF fiber (NL-2.8-850-02,
Thorlabs) with a microscope objective and collimated after
the fiber with another microscope objective. The spatial profile
of the SC was measured by a camera to confirm that it had a
single spatial mode. A fiber-coupled spectrometer confirmed
the absence of spatial chirp in the SC.

The remainder of our device was a standard single-shot PG
XFROG. The experimental setup is shown in Fig. 4. The non-
linear medium was imaged into a simple homemade imaging
spectrometer, and the SC pulse gated by the tilted reference
pulse was spectrally resolved as a function of delay, yielding
an XFROG trace (spectrogram) of the SC. The experimental
apparatus had a temporal range (at the camera) of ~8 ps and a
spectral range of ~360 nm. Fourier filtering and standard
background subtraction were performed before retrieving
the intensity and phase with the standard XFROG algorithm.

3. RESULTS
The generated SC had 15.5 n] of energy, and 7.3 n] was de-

livered to the nonlinear medium. The measured and retrieved
XFROG traces (2048 x 2048 arrays), with a FROG error (rms
difference between the measured and retrieved XFROG traces)
0f 0.85% (indicating good agreement), are shown in Figs. 5(a)
and 5(b). The retrieved temporal and spectral intensity and
phase are shown in Figs. 5(c) and 5(d). The majority of the
measured features are reproduced in the retrieved trace, while
the noisy background is appropriately ignored by the XFROG
retrieval algorithm. The retrieved spectrum (green solid line)
ranged from 715 to 850 nm, showing excellent agreement with
an independently measured spectrum (black solid line) from
the same SC as was measured by our apparatus. The retrieved
spectral peak locations also match well with the measured ones.
The duration of the pulse is ~2 ps, and the TBP is ~65. This
is, to the best of our knowledge, the first single-shot intensity
and phase measurement of SC generated from PCF.

It is important to confirm that our retrieved pulse is correct,
but there is no alternative technique available to confirm it.
The best that can be done is to compare the spectrum
measured by our device with that measured using a standard
spectrometer. However, SC generation is an inherently unsta-
ble process and suffers from severe shot-to-shot fluctuations,
especially in its spectrum. As a result, the only spectrum that
can be used to confirm the measurement has to come from the
same SC pulse that was measured by the XFROG. Since
the SC pulse is extremely weak, sending a sufficient amount
of the SC pulse to a spectrometer before the nonlinear medium
would greatly reduce the signal strength. Fortunately, in the
PG geometry, the signal pulse is generated when the gate pulse
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Fig. 5. Single-shot PG XFROG measurement of SC generated from a
23.1 mm long NL-2.8-850 photonic crystal fiber. (a) Measured XFROG
trace (2048 x 2048 array) after background subtraction, (b) retrieved
XFROG trace with rms error of 0.85%, (c) temporal intensity (red)
and phase (blue) of the retrieved SC, and (d) spectral intensity (green)
and phase (violet) of the retrieved SC with the same-shot spectrum

(black).
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slightly rotates the polarization of the SC pulse and a polari-
zation analyzer rejects the original, unrotated polarization.
Thus, the spectrum of the analyzer-rejected portion of
the SC can be independently measured and hence used to
confirm the XFROG-measured spectrum on the same shot.
So we directed this rejected pulse to pass through the same
grating-lens spectrometer as that used for the PG
XFROG setup.

When comparing the retrieved spectrum with the same-
shot spectrum measured in this manner, we see that the spec-
tral peaks match well at the edges of the spectrum, but there
are some small discrepancies in the central region. During the
experiment, we found that a small prepulse was ejected from
our regenerative amplifier tens of picoseconds before the main
pulse. Due to its much lower energy, the prepulse experienced
only slight spectral broadening in the PCF and contributed to
the spectrum from 760 to 800 nm, with a FWHM of 15 nm.
As FROG is a time-gating device, and the prepulse precedes
the gating reference pulse by many picoseconds, the prepulse
does not affect the recorded FROG trace. A spectrometer,
however, integrates over all the energy that impinges onto
the sensor during its exposure time. Thus, the same-shot spec-
trum is affected by a prepulse, while the FROG measurement
is not. A correction to the spectrum was performed by first
capturing a FROG trace of the prepulse at the correct delay,
determining its spectrum, and then subtracting this spectrum
from the same-shot spectrum. This assumes incoherent addi-
tion of the prepulse spectrum and the SC spectrum, which is
not precisely the case, but it is not possible to do better. We
believe that this accounts for the discrepancies in the central
region of the spectrum.

With our device demonstrated to accurately measure pulses,
we measured a very different SC pulse generated using a seed
with less applied chirp and slightly larger energy, sent into a
longer piece of fiber 32.2 mm long. The resulting SC had
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Fig. 6. Single-shot PG XFROG measurement of SC generated from a
32.2 mm long NL-2.8-850 photonic crystal fiber. (a) Measured XFROG
trace (2048 x 2048 array) after background subtraction, (b) retrieved
XFROG trace with a G-error of 0.57%, (c) temporal intensity (red)
and phase (blue) of the retrieved SC, and (d) spectral intensity (green)
and phase (violet) of the retrieved SC.
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longer temporal duration, broader spectral bandwidth, and less
pulse energy. The measured and retrieved XFROG traces
(2048 x 2048 array), with a FROG error of 0.57%, are shown
in Figs. 6(a) and 6(b). The retrieved temporal and spectral
intensity and phase are shown in Figs. 6(c) and 6(d). The
retrieved pulse has a TBP of ~96 with a duration of
~2.5 ps and spectrum ranging from 590 to 800 nm. The
broader spectrum is not surprising, as the seed is less chirped
and hence has a higher peak intensity, which usually generates
a SC with a larger bandwidth. The temporal and spectral
phases from Figs. 6(c) and 6(d) show more quadratic phase
in the output, which is expected because the spectral band-
width is larger and the fiber is longer. The same-shot spectrum
was not measured, as the previous measurement demonstrated
the validity of this measurement technique.

4. CONCLUSIONS

To summarize, we have proposed and demonstrated the use of
PFT in the reference arm of PG XFROG to measure the in-
tensity and phase of SC generated from PCF on a single shot.
The unlimited phase-matching bandwidth of the PG geometry
achieves the required large bandwidth. Further, introducing
PFT into the reference pulse increases the temporal range
of the single-shot device. More importantly, controlling the
internal crossing angle between the tilted reference pulse
and the SC inside the nonlinear medium eliminates the longi-
tudinal geometrical smearing completely and allows the use of
a thick nonlinear medium to achieve nanojoule sensitivity in
our device. As regenerative amplifiers routinely achieve kilo-
hertz repetition rates, and camera frame rates and data storage
are more likely to limit the data collection rate, the apparatus
described here is more than sufficient for studies of optical
rogue waves involving many millions of pulses. Our method
is easily able to adapt to different bandwidth and temporal
range requirements imposed by optical rogue waves. For exam-
ple, the optical rogue waves identified by Solli ez 4l require a
temporal range of ~G6 ps and a spectral bandwidth of
~300 nm centered at 1064 nm [25]. Our current apparatus
is capable of such a measurement once the mirrors, lenses,
and gratings are replaced with those appropriate for the shifted
center wavelength.
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