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Techniques for measuring simple ultrashort laser pulses are often unable to temporally characterize
extremely complex pulses—such as shaped pulses, ultrabroadband continua, and arbitrary optical
waveforms—nbut recent research has yielded methods capable of measuring such pulses and, unlike the
pulses they measure, the techniques are surprisingly simple.

The processes that generate ultrashort laser pulses require that they have very simple temporal intensities and
phases, which is fortunate because most applications work best with simple pulse shapes. As a result, ultrashort
pulses emitted by lasers usually have near-unity time-bandwidth product (TBP), the measure of the complexity of
a pulse and the approximate number of peaks in the pulse mtensity vs. time (or spectrum vs. wavelength).

Some pulses, though—pulses of great interest and utility—are much more complex. Pulses deliberately shaped
with TBPs as large as ~20, for instance, can be used to control chemical reactions, thereby generating reaction
products other than those intended by nature.! Potentially much more complex and perhaps also more interesting
is the ultrabroadband continuum, which can have a TBP in excess of 1000. Continua have many applications,
from optical coherence tomography to simulation of the hydrodynamic rogue waves that have sunk ships on the
world’s oceans for millennia and continue to do so at an alarming rate even today.? And in the new field of
arbitrary-optical-waveform generation, the goal is specifically to generate and control the most complex optical

waveforms possible.3 Arbitrary waveforms with TBPs approaching 100,000 have been generated.

How do we know what such pulses look like? Unfortunately, the techniques available for measuring simple laser
pulses were not designed for this much more difficult task, so most fail at it—indeed, some of them yield a simple
pulse even when presented with a complex one! Recent research, though, has yielded new approaches—and
some old ones—that can measure pulses with TBPs approaching 100,000. Remarkably, unlike the pulses they
measure, these techniques are relatively simple.

Shaped pulses
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A now two-decade-old method for measurement of simple pulses directly from lasers can actually measure most
pulse shapes. The frequency-resolved optical gating (FROG) technique generates a spectrogram of the pulse by

measuring its spectrally resolved autocorrelation. A two-dimensional phase-retrieval algorithm retrieves the pulse

intensity and phase from the measured spectrogram.*

The FROG technique measures shaped pulses well, and it even measures pulses whose polarization is also

shaped, by making three FROG spectrograms, one each for the vertical, horizontal, and 45° polarizations.® The
advantages of FROG include considerable redundancy in the measured two-dimensional trace, which not only
reduces noise in the measurement but also helps confirm its validity—an important feature when measuring such
exotic waveforms.

The FROG technique is self-referenced—that is, the pulse is used to measure itself. This is important for
measuring pulses directly from lasers when a reference pulse is not available. But when a previously measured
simple reference pulse is available, it is usually better to use it, especially when characterizing more complex
pulses. Fortunately, such complex pulses are typically produced from the simple pulse emitted by a laser, which
can then act as the reference pulse.

Consider an ultrabroadband continuum, which is typically generated by propagating a simple pulse through
optical fiber with nonlinear optical properties (particularly self-phase modulation) that cause massive spectral
broadening. The result is light pulses with spectral widths as large as 1200 nm and TBPs up to several thousand.
The only technique to have successfully measured continua is a variation of FROG—spectrally resolved cross-
correlation (XFROG)—which, in this case, involves spectrally resolving a cross-correlation between the

continuum and a replica of the simple pulse that produces it (see Fig. 1).® Because the simple pulse has so much
less bandwidth than the continuum, this simplifies the measurement and works well even though the simple pulse
can be much longer than the fine temporal structure in the continuum. In addition, XFROG places no requirement
on the spectrum of the reference pulse, so that it can measure pulses as broadband and as complex as a
continuum with minimal complications (see Fig. 1).
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FIGURE 1. In the XFROG apparatus a sum-frequency-generation crystal
cross-correlates the two pulses. The crystal is angle-dithered to generate
the sum frequencies of all frequencies in the continuum (top). In this
example of measured and retrieved XFROG traces of an ultrabroadband
continuum with a TBP of >1000, the retrieved trace does not agree with the
measured trace, indicating that something is wrong. In this case, what’s
wrong is not the measurement but the train of pulses being measured:
Every pulse in the train is different, violating the universal scientific-
measurement assumption that all objects averaged over during a
measurement are identical. Fortunately, the XFROG measurement reveals
this fact at the same time that it yields a typical pulse in the train (middle).
The measured continuumpulse is also shown in the time and frequency

domains (bottom). ({llustration courtesy of X. Gu et al.6)

Spectral interferometry

For characterizing even more complex pulses, the otherwise advantageous two-dimensional redundant nature of
the FROG and XFROG traces becomes a liability and must be sacrificed because precious camera pixels must
be devoted to measuring the additional pulse complexity. In this case an even older technique, spectral

interferometry (SI)—developed in the 1970s—becomes the basis of some new characterization approaches.’

Spectral interferometry requires a previously measured reference pulse whose spectrum contains that of the
unknown pulse. SI nvolves simply measuring the spectrum of the sum of the known and unknown pulses, from
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which the unknown pulse can be retrieved. Since there is no redundancy i this measurement, it seems at first
glance ideal for measuring complex pulses.

Unfortunately, SI can be as complex to perform as it is simple to describe. In its standard form SI requires
mode-matching and aligning the two beams perfectly collinearly, which is very difficult. Consequently spectral
mterferometers require constant re-alignment. Worse, SI’s requirement that the two pulses be separated in time
so as to yield spectral fringes for its pulse-retrieval algorithm sacrifices most of the spectrometer’s resolution and
limits the technique to relatively simple pulses. So at second glance, SI is not ideal for measuring complex pulses.

But an experimentally simpler version of SI has been developed that addresses these problems. Named “spatially
encoded arrangement for temporal analysis by dispersing a pair of light e-fields” or SEA TADPOLE, it uses
optical fibers to couple in the laser beams and crosses the two beams at an angle after they emerge from the

fibers, yielding a much simpler alignment while generating spatial fringes instead of spectral ones.® This allows the
known and unknown pulses to be coincident in time, thereby recovering the spectrometer’s resolution and
allowing complex-pulse measurement. As a result, SEA TADPOLE has measured shaped pulses with TBPs as
large as ~100 and can in principle measure TBPs as large as ~1000. But how can it be extended to even more
complex pulses?

To measure more complex pulses, we can take advantage of an additional advantage of SEA TADPOLE.
Unlike standard S1, its reference pulse only measures the part of the unknown pulse with which it overlaps
temporally at the output of the spectrometer (by the uncertainty principle applied to each spectrometer resolution
element, the reference pulse expands inside the spectrometer to a length of the reciprocal of the spectrometer
resolution). So, to measure more complex pulses, multiple delayed replicas of the reference pulse can be used—
mn MUItiple Delay (MUD) TADPOLE, each reference pulse measures a different temporal region of the

unknown pulse (see Fig, 2).°
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FIGURE 2. Multiple replicas of a reference pulse overlap with different
temporal pieces of an unknown pulse in this apparatus of a single-shot
variation of the MUD TADPOLE technique (top). MUD TADPOLE-
measured spectrogram of a train of linearly chirped pulses is shown
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(bottom left), with the temporal profile of the train of pulses (middle) and
the spectrum and spectral phase of the pulse train (bottomright). Note that
this pulse is so complex that its structure cannot be resolved; a movie is
required to show the entire pulse and is available in the original

publication. (lllustrations courtesy of J. Cohen et al %10 )

There are several versions of MUD TADPOLE. In single-shot MUD TADPOLE, the multiple reference pulses
(or better, a highly tilted reference pulse) overlap at different angles with the unknown pulse and so generate

different spatial-fiinge periodicities, allowing them to be separated in the pulse-retrieval algorithm. !° In this way a
single very complex pulse can be measured. In multishot MUD TADPOLE, scanning a delay stage allows each
temporal region of an even more complex pulse to be measured, assuming the unknown pulse takes the form ofa
train of identical pulses.

Single-shot MUD TADPOLE has measured a pulse with a TBP as large as ~1000 and multishot MUD
TADPOLE has measured a pulse with a TBP of 65,000 (see Fig. 2), very close to the goal of one version of
arbitrary-waveform generation, in which a Tisapphire laser whose ~100 fs pulses are separated by about 10 ns
and are manipulated to be so complex that they stretch from one pulse to the next and so are 10 ns long with a
TBP of 100,000 (see Fig. 2).

One could also perform SI using an echelle spectrometer, which uses both coarse and fine gratings, whose
dispersion planes are arranged perpendicular to each other, yielding a raster-scanned spectrum across the
camera’s two-dimensional rectangular surface. In this manner, the ratio of the spectrometer’s range and
resolution could be as high as the number of camera pixels, ~107, allowing the measurement of pulses with a
TBP of ~106. Depending on the required spectral resolution and range, a grating and an etalon could be used.

One drawback of MUD TADPOLE and the echelle-spectrometer approach is that they require a camera, and
camera technology refresh rates are currently limited to—at most—kilohertz rates. In true arbitrary-waveform
generation, each pulse in the train will not only be extremely complex but will also be different, as was the case
with the continuum. Thus, it is important for the measurement technique to be able to rapidly measure many
different pulses n rapid succession.

Another clever version of SI addresses this issue.!! It takes advantage of the fact that, because SI measures only
the difference in spectral phase between the known and unknown pulses, the two pulses can experience
significant spectral-phase distortions along the way to the detector—as long as the two pulses see precisely the
same distortions, which then cancel out. It also takes advantage of the nteresting fact that, if a fiber is long
enough, its group-velocity dispersion will be so large that (typically) the longest wavelengths will emerge long
before the pulse’s ntermediate wavelengths, which will then emerge long before the pulse’s shortest wavelengths.
In other words, the output pulse intensity vs. time will be the pulse spectrum vs. frequency, and, even better, the
temporal resolution to measure it is relatively slow. Thus, a simple long fiber can become a spectrometer or a
spectral interferometer when its output is measured m time, usually on an oscilloscope. And because
oscilloscopes have very rapid refresh rates—several orders of magnitude more rapid than cameras—such a
device can measure complex pulses in very rapid succession. Time bandwidth products as large as 900
(involving a 350 ps range and 400 fs temporal resolution) have been achieved with an impressive refresh rate of
17 MHz (see Fig. 3).
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FIGURE 3. Setup for spectral interferometry of a complex pulse (TBP ~900)
measured using a high refresh rate (~17 MHz) and involving a long optical
fiber whose group-velocity dispersion yields a pulse intensity vs. time that
mirrors the pulse spectrum. In this manner, the SI spectrum can simply be
read off an oscilloscope trace. Intensity vs. time (blue inset: spectrum) is
seen at the top and phase vs. time at the bottom. (l{ustration courtesy of

M.H. Asghari et alll

With these new techniques, pulses considered immeasurable only 20 years ago are now easily characterized. But
are these techniques enough? Can all pulse-measurement researchers retire? Probably not! Propagation of laser
pulses through even the simplest real-world media, such as human tissue, can easily yield much more complex
pulses in time (and space) than those discussed here. Even a light bulb emits far more complex light and remains
describable only statistically. But if progress in the next few years is at all like that of the previous few, techniques
for therr measurement are closer than ever.
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