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Controlling Ultrashort Pulses 
in Scattering Media
Ori Katz, Eran Small, Yaron Bromberg and Yaron Silberberg

L ight is randomly scattered when it 
passes through an inhomogeneous 

medium, such as biological tissue. � e 
result is a diff used and smeared light 
pattern even from the most focused laser 
beam. Such scattering-induced distor-
tions are one of the major limitations 
in many applications, from astronomy 
to microscopy. Focusing light through 
scattering media is even more challenging 
when ultrashort pulses are considered, 
as the scattering distorts the pulses in 
both space and time. Understanding and 
correcting the spatiotemporal distortions 
is crucial when nonlinear processes are in-
volved, as these processes are sensitive to 
the pulse temporal shape. � is applies to 
applications such as multiphoton micros-
copy, nanosurgery, micromachining and 
quantum coherent control experiments.

In recent years, the challenge of 
correcting scattering-induced spatial 
distortions has been the focus of many 
works in the fi elds of adaptive optics and 
wavefront shaping.1,2 However, despite 
previous achievements, the simultaneous 
correction of the temporal distortions 
of ultrashort pulses has only been ad-
dressed this year. 

In our recent work,3 we have tackled 
exactly this question—namely, can one 
engineer an ultrashort optical pulse 
that will focus in both space and time 
through a scattering medium? In a set of 
experiments using 100-fs-long infrared 
pulses, we have shown that this goal is 
achievable. Moreover, we have discov-
ered that one can correct both spatial 
and temporal distortions by manipulat-
ing only the incident wavefront’s spatial 
degrees of freedom. � e reason behind 
this surprising result is that multiple 
scattering couples the spatial and tem-
poral degrees of freedom by introducing 
path-length diff erences between the 
scattered photons, similar to how scat-
tering from a grating couples the spatial 
and spectral degrees of freedom in a 

conventional femtosecond pulse-shaper. 
Such coupling is extensively utilized 
by time-reversal techniques in acoustics 
and radio frequency,4 and has also been 
demonstrated this year by Aulbach et al.5

In our experiments, we have used a 
two-dimensional spatial light modula-
tor to focus ultrashort pulses through 
scattering samples.3 To correct spatial 
and temporal distortions, we have 
optimized the wavefront spatial phase 
to maximize a two-photon fl uorescence 
(2PF) signal at a selected point behind 
the medium (a). Optimizing such a 
nonlinear signal (which is widely used 
in multiphoton microscopy) results in a 

(a) Experimental setup for spatiotemporal focusing through scattering media;3 a 100 fs 
pulse is focused through a scattering medium by controlling its wavefront with a 2-D SLM. 
Spatiotemporal focusing is obtained by optimizing a two-photon � uorescence (2PF) signal at 
a selected point behind the medium. The optimized and non-optimized pulses are spatiotem-
porally characterized by 2PF autocorrelation using a Michelson interferometer. Images of the 
2PF from the scattered � eld before (b) and after (c) optimization. Maps of the 1/e-width of the 
pulse temporal autocorrelation, before (d) and after (e) optimization, revealing the temporal 
compression around the optimization point. (F-band-pass � lter).

refocused pulse in both space and time, 
and has even led to a compressed pulse 
that was shorter than the input pulse 
when the latter was not Fourier-limited. 
To prove that our optimization results 
in temporal compression in addition 
to the spatial focusing (b-c), we have 
used the 2PF to measure the temporal 
autocorrelation of the pulses across the 
entire fi eld (d-e). We have demonstrated 
spatiotemporal focusing through various 
scattering samples, from 1-mm-thick 
brain tissue to turbid bone samples. Our 
results open up new possibilities for opti-
cal manipulation and nonlinear imaging 
in scattering media. t
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Micro-optical Foundry: “Freezing” 
Polymer Liquid Instabilities 
S. Grilli, S. Coppola, V. Vespini, A. Finizio, F. Merola and P. Ferraro

W ater droplets exhibit optically 
smooth surfaces that are naturally 

stable due to their minimal surface-free 
energy and surface tension. � e pearl-
like structures have a liquid interface of 
nearly fl awless optical quality. Mother 
Nature generates many of these fasci-
nating liquid silhouettes with unsteady 
structures. Such structures, shaped in 
polymeric (e.g., polydimethylsiloxane) 
liquids under an electric fi eld, can be 
“frozen” by thermal rapid crosslinking 
for solid fi gure fabrication. By using this 
method, it is possible to produce several 
types of hardened 3-D microstructures.1 

� is new concept in lithography 
is driven by the electrohydrodynamic 
pressure exerted onto a polymer liquid 
fi lm. � e electric fi eld, e.g., the pyroelec-
tric eff ect in a lithium niobate crystal 
(LiNbO3), generates fl uidic instabilities 
at the nanoscale. Cones, beads-on-
a-string, pillars, tiny wires and other 
curious structures with mushroom-like 
shapes form as a result of the evolution-
ary history of these fl uidic instabilities. 
� e fate of these delicate fl uid structures 
is, of course, to collapse. However, if 
rapid cross-linking is adopted, any of 
these structures can be “frozen.”1 

Using optics and photonics, we can 
exploit many of these unstable shapes. 
Micro-axicons have been realized and 
used for generating Bessel beams. Bessel 
beams can be used as optical tweezers 
in microfl uidics (i.e., for trapping and 
sorting particles and biological cells by 
the light forces). � ese beams have clear 
advantages over the Gaussian beams pro-
duced by microscope objectives. In fact, 
undiff racted beams produced by axicons 
have remarkably higher depth-of-focus 
and allow simultaneous multiple particle 
trapping in diff erent planes along the 
optical axis.1,2 

Spherical polymer beads are another 
class of micro-optical elements. Micro-
spheres can be used as either passive or 

active whispering gallery mode (WGM) 
resonators.3,4 As passive WMG resona-
tors, they provide label-free detection 
of biosamples by classical evanescent 
fi eld coupling. � ey can also be used as 
remotely excitable, i.e., active, micro-
structures it they are embedded with dye 
or quantum dots. � ese processes avoid 
intimate contact between the resonator 
and the evanescent wave source for cou-

(a) Array of polymeric conical and wire structures with beads-on-a-string. (b) Typical spheri-
cal structures used as WGM optical resonators. (c) On the left, intensity ring image and 
Bessel beam intensity pro� le genereted by the “frozen” micro-axicon. On the right, a latex 
particle trapped by the Bessel beams. (d) Polymer beads applied as optical resonators and 
luminescent structures by embedding CdSe quantum dots in liquid polymer. Luminescence 
is excited by ultraviolet laser.
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(c) (d)

pling light.5 � e spherical polymer beads 
do not require a complex fabrication 
process and their smooth shells are natu-
rally produced by the surface tension. 
� is approach will make possible the 
development of a novel 3-D lithography 
concept/platform in which nanoliquid 
instabilities could be “fl uidynamically” 
designed and fabricated for applications 
in many fi elds. t

S. Grilli, S. Coppola, V. Vespini, A. Finizio, F. Merola 
and P. Ferraro (pietro.ferraro@ino.it) are with the 
Instituto Nazionale di Ottica, Consiglio Nazionale 
delle Ricerche in Naples, Italy.

References

1. S. Grilli et al. Proc. Natl. Acad. Sci. 108, 15106 (2011).

2. V. Garcés-Chávez et al. Nature, 419, 145 (2002).

3. T. Ioppolo et al. Opt. Express 17, 16465 (2009). 

4. T. Hope J. et al. J. Opt. Soc. Am. B 27, 536 (2010). 

5. K. Yamashita et al. Opt. Lett. 36, 1875 (2011). 

Visit www.opnmagazine-digital.com to view 
the video that accompanies this article.



December 2011 | 47

U
L
T
R

A
F
A

S
T
 O

P
T
IC

S

An Ultrafast Fiber Laser with Self-Similar 
Evolution in the Gain Segment 
Bai Nie, Dmitry Pestov, Frank W. Wise and Marcos Dantus

The promise of rugged, compact and 
robust femtosecond pulsed sources 

with excellent mode quality has been 
driving innovation in ultrafast fi ber 
laser technology for the last 20 years.1,2 

Recently, researchers reported 
amplifi er-similaritons formed in an all-
normal-dispersion fi ber laser oscillator 
with a narrow bandwidth intra-cavity 
spectral fi lter,3 which is an alternate 
route to high-performance fi ber lasers. 
Here we demonstrate a similar Yb 
fi ber laser setup (a, top) but scaling 
up to higher pulse energy and shorter 
pulse duration.4 

To verify the presence of amplifi er 
similaritons in the cavity, we performed 
numerical simulations with the actual 
fi ber parameters based on the nonlinear 
Schrödinger equation. With a 3-nm 
bandwidth spectral fi lter, the spectral 
breathing ratio through the cavity is 
about 153. � e 2-D plot of the spectral 
evolution along the cavity position is 
shown in (a, center). 

Meanwhile, the pulses are also 
linearly chirped in the time domain.4 
� e simulated spectrum at the end 
of the second SMF segment has good 
match with the spectrum measured 
from the 0th order diff raction of the 
grating (a, bottom). � e spectrum 
shows a good parabolic profi le, which 
is one of the important characteristics 
of amplifi er similaritons.

Experimentally, this laser delivers 
930-mW average output power at a rep-
etition range of 42.5 MHz, correspond-
ing to 21.9 nJ. After being characterized 
and compressed with a MIIPS-enabled 
pulse shaper,5 the interferometric auto-
correlation (AC) measurement gives AC 
full-width-half-maximum (FWHM) 
of 57 fs (e). Hence, the FWHM pulse 
duration is 41.6 fs. 

Taking into account the throughput 
of our pulse shaper (~50 percent due to 

the refl ection effi  ciency of the grating 
and mirrors), the pulse energy of com-
pressed pulses is around 10 nJ, resulting 
in a peak power for compressed pulses 
of about 250 kW. 

� e excellent match of experimen-
tal second harmonic generation and 
intereferometric AC with calculation 
indicates the full compression of the 
output pulse. When focused with a 
103 objective at the surface of a 1-mm-
thick glass slide, the compressed pulses 

(a) Spectral evolution though the laser cavity. (Top) Scheme of the laser cavity. SMF: single 
mode � ber. QWP and HWP: quarter- and half-waveplate. (Bottom) Comparison of simulated 
spectrum after the second SMF and the spectrum measured from the 0th order diffrac-
tion of the grating. (b) Output laser spectrum. (c) Comparison of experimental (black) SHG 
spectrum with calculation (red).The dashed lines are in log10 scale. (d) THG spectrum. (e) 
Comparison of experimental interferometric autocorrelation with calculation. Inset: Same 
data on the range from -500 fs to 500 fs.

produce the third harmonic generation 
(THG) spectrum. t
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Toward Ultrafast Pump-Probe 
Measurements at the Nanoscale
Bing-Yu Hsieh, Ning Wang and Mona Jarrahi

T ime-resolved optical pump THz 
probe (OPTP) measurements are 

a powerful method for studying the 
ultrafast dynamics of charge carriers 
in semiconductors.1 By observing the 
pump-induced changes in the transmis-
sion and/or refl ection of a THz probe 
pulse as a function of the pump-probe 
time delay, parameters for carrier trans-
port, relaxation and recombination are 
extracted with temporal resolutions in 
the order of carrier scattering and semi-
conductor lattice motion. 

Although numerous OPTP studies 
have been performed on ultrafast carrier 
dynamics in bulk semiconductors, rela-
tively little research has been performed 
on direct monitoring of ballistic and 
quasi-ballistic carrier transport and 
relaxation dynamics in nanoscale semi-
conductors. � is is mainly due to the 
diff raction-limited interaction of OPTP 
pulses at the nanoscale. Near-fi eld scan-
ning optical microscopy techniques al-
low for monitoring carrier transport dy-
namics with spatial resolutions beyond 
the diff raction limit.2 However, they fail 
to account for the quantum phenomena 
and interface eff ects that play a sig-
nifi cant role in carrier relaxation within 
semiconductor nanostructures. 

We recently investigated the unique 
property of metallic slit periodic arrays 
to allow extraordinary electromagnetic 
transmission at multiple frequency 
bands. � ese arrays enable effi  cient 
interaction of OPTP pulses inside 
semiconductor nanostructures inte-
grated with metallic nanoslit arrays.3 
� e diff raction limit in subwavelength 
metallic slit periodic arrays is mitigated 
by excitation of surface waves that 
assist effi  cient coupling of a TM-po-
larized incident electromagnetic wave 
into the TEM waveguide modes of the 
subwavelength slab waveguides formed 
by metallic slits.4,5 By investigating the 

geometry dependence of the electro-
magnetic-guided modes supported 
by periodic arrays of subwavelength 
metallic slits, we have demonstrated an 
array of metallic nanoslits—which en-
ables effi  cient interaction of broadband 
OPTP pulses at nanoscale semicon-
ductor regions sandwiched between 
metallic slits.3 

Utilizing the presented array of 
metallic nanoslits enables direct moni-
toring of the one-dimensional transport 
and relaxation dynamics of ballistic and 
quasi-ballistic carriers at the nanoscale 
and as a function of the applied elec-
tric fi eld. Studying one-dimensional 
ballistic and quasi-ballistic carrier 
dynamics in nanoscale semiconductors 
fi lls an important knowledge gap. It 
enables fundamental discoveries on the 
interaction of electrons, holes, excitons, 
photons and semiconductor lattices. 
In particular, it will deepen our under-
standing of the dynamics of ballistic and 
quasi-ballistic energy dissipation among 

(a) Ef� cient interaction of optical pump and THz probe pulses at nanoscale semiconductor 
regions integrated with metallic nanoslits. (b) First and second TEM-guided modes sup-
ported by metallic nanoslits. 
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carriers while they interact with semi-
conductor interfaces, scattering centers 
and defects. � is will help to optimize 
the power consumption and effi  ciency of 
nanoscale photovoltaics, nanoelectronic 
and nanophotonic devices integrated on 
a single chip. 

Studying non-equilibrium one-
dimensional charge carrier dynamics 
on a subpicosecond time scale allows us 
to understand the fundamental physi-
cal limitations of ultrafast operation of 
nanoscale devices and provides a more 
realistic prediction for the future transis-
tor scaling roadmap. t
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