
Every December, Optics & Photonics News (OPN) high-
lights the year’s most exciting developments in the fast-
paced world of optics. Our special December issue,“Op-

tics in 2001,” presents key research in the form of summaries of
articles that have appeared in peer-reviewed journals over the
course of the past 12 months.

The overwhelming number of submissions received in 2001
signals another groundbreaking year for the world of optics.
The increase in the number of submissions—almost twice as
many were received this year as last—is vibrant testimony to
the vitality of the optics community and to the importance of
the work being carried out by optics researchers all over the
world. The 58 summaries that compose this year’s issue repre-
sent the work of nearly 200 scientists.

Submissions included in “Optics in 2001” are judged ac-
cording to the following selection criteria:

• the accomplishments described must have been published
in a refereed journal in the year prior to publication in OPN;

• the work must be illustrated in a clear, concise manner, com-
prehensible to the at-large optics community;

• the topical area as a whole must be described, and the im-
portance of the research must be detailed.

Although we make every effort to insure that progress in all
optics subfields is recognized, there are no requirements in the
selection process for inclusion of specific topical areas. When a
large number of submissions are received for a specific area,
this is taken as evidence that the topic has been fertile ground
for activity and research over the course of the preceding year.
OPN strives to ensure that engineering, science, and technolo-
gy are all represented. The number of papers accepted overall is
limited by space. This year, a significant increase in submis-
sions in the field of bio-optics reflects the rapid growth regis-
tered in this area of research.

OPN and OSA would like to thank the hundreds of re-
searchers from all over the world who submitted summaries to
“Optics in 2001.”

Optics in 2001

Guest Editor: Bob D. Guenther
Physics Department, Duke University
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BIO-OPTICS
Optical Scatter Imaging for 
In situ Subcellular 
Morphometry
Nada N.Boustany,Nitish V.Thakor, and Scot C.Kuo

The constituent parts of a cell, general-
ly known as organelles, are at the res-

olution limit of optical microscopes. Dy-
namic alterations in organelle morpholo-
gy can be important indicators of underly-
ing biochemical activity in living cells.
While these changes can be quantified by
electron microscopy in specially prepared
fixed (and therefore dead) cells, a micro-
scopic technique better suited for live cell
monitoring provides more insight into a
biological process. Quantitative light scat-
tering methods are an ideal way to quanti-
fy morphologic change in live cells, and
compliment existing microscopic tech-
niques. These methods are noninvasive
and sensitive to changes in the dimension
and optical properties of particles with
size on the order of the wavelength. In par-
ticular, angular scatter data has been used
in cell and macromolecule analysis to
probe intracellular morphology and ob-
tain size information about objects that
cannot be optically resolved.1,2 However,
those studies are spectroscopic and do not
allow sample imaging. Typically, scatter
source location information within the
specimen is lost.

We recently demonstrated a technique
that combines light scattering spec-
troscopy with imaging microscopy to
track the location of morphologic change
(and thus scatter change) within a mono-
layer of cells or even within a cell itself.3

This optical scatter imaging (OSI) tech-
nique produces images that directly en-
code a morphometric parameter within
the microscope's full field of view. The OSI
method uses Fourier filtering to detect al-
terations in particle size with wavelength-
scale dimensions. A “scatter ratio” image is
generated by taking the ratio of images col-
lected at high and low numerical aperture
in central dark-field microscopy. Such an
image spatially encodes the ratio of wide to
narrow angle scatter and provides a meas-
ure of local particle size. We validated OSI
on sphere suspensions and live cells.
Unlike high resolution imaging methods,
OSI provided size information for part-
icles smaller than the camera's spatial reso-
lution.

The study of live
cells undergoing pro-
grammed cell death—
or apoptosis—achiev-
ed the most striking
results. In this stu-
dy, the OSI method
quickly revealed apop-
tosis-induced subcel-
lular changes not ap-
parent in conventional
differential interfer-
ence contrast images
(see Fig. 1). In light of
the research and de-
bate regarding the ini-
tial subcellular events
involved in program-
med cell death,4 OSI
provides a novel per-
spective that cell biol-
ogists can use to track
the dynamics of apop-
tosis—a process fun-
damental to biological homeostasis and
development.

More generally, OSI is a simple and ef-
fective method to detect subtle in situ
morphological changes for particles with
wavelength-scale dimensions such as or-
ganelles and perhaps intracellular aggre-
gates. The probed particles do not need to
be individually resolved and measured by
traditional morphometric methods. OSI
thereby avoids the tedious process of im-
age recognition, particle sizing, and count-
ing. In contrast to electron microscopy
and flow cytometry techniques, OSI re-
quires no potentially damaging cell sec-
tioning or other sample preparation pro-
cedures. OSI complements current micro-
scopic methods and allows real-time mon-
itoring of the same cells. The technique
can be easily extended to high-throughput
screening.
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Figure 1. Optical scatter imaging. Representative
cell undergoing programmed cell death (apopto-
sis). Differential interference contrast (DIC) im-
ages (left panels) and OSI images (right panels) are
displayed at times t = -7 and 37 min. before and af-
ter apoptosis induction at t=0. "C" and "N" re-
spectively point to the cytoplasm and nucleus. The
decreased scatter ratio within the cytoplasm at  
t = 37 is consistent with an increase in the average
particle size within the cytoplasm, and might be at-
tributable to a loss in the volume homeostasis of
mitochondria. OSI complements current micro-
scopic techniques such as DIC by revealing subcel-
lular alterations that might otherwise remain un-
detected in conventional microscopic images.
OSIR = Optical scatter image ratio.
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Ultrafast Water Motions 
In Cells Probed with a 
Femtosecond Optical 
Microscope
Eric O. Potma,Wim P. de Boeij,
and Douwe A.Wiersma

W ater is the principal solvent in bio-
logical life. Despite its crucial role

in biology, not much is know about the
physical properties of intracellular water.

Given the high con-
centration of pro-
teins and solutes in a
cell's interior, it is not
surprising that stud-
ies indicate that cell
water dynamics differ
markedly from the
motional properties
of pure water.1 Since
cell water's physical
state has a direct in-
fluence on intracellu-
lar reaction kinetics,
the physical state per-
tains to the actual
functioning of the
organism.

The method of
choice to address wa-
ter molecules in cells
should not be haz-
ardous to the biologi-
cal sample. Nuclear
magnetic resonance
(NMR) methods
have been conven-
tionally used to map
the hydrodynamics
in tissues. However,
the time and spatial
resolution of NMR
techniques is too

coarse for discriminating intracellular dif-
fusion from membrane permeability
processes and extracellular water contri-
butions. In contrast, optical methods can
provide the high temporal and spatial res-
olution necessary to non-invasively moni-
tor the intrinsic mobility of water mole-
cules in single cells.

We have developed a novel optical
technique for probing the ultrafast mo-
tions of water molecules in cells by com-
bining optical microscopy with ultrafast
nonlinear spectroscopy.2 The method is
based on the optical Kerr effect (OKE).3 In

the OKE microspectroscopic experiment,
a high numerical (NA) objective focuses
an intense pump beam and induces a
transient birefringence in the microscopic
focal spot's vicinity. The partial depolar-
ization of a probe beam subsequently
senses the magnitude of the local birefrin-
gence. By time-delaying the probe with
respect to the pump, the liquid's ultrafast
structural relaxation can be followed in
time.

A schematic of the OKE microscope
apparatus is displayed in the upper part of
Fig. 1. Contrary to conventional OKE ex-
periments, the microscopic configuration
requires collinear beam geometry to en-
sure a high spatial resolution. In order to
discriminate the signal from the over-
whelming pumping radiation, we have
adopted a multicolor excitation scheme
that allows spectral suppression of the
pump at the detector stage. A coherent de-
tector scheme is used to compensate for
the depolarization of the incident beams
inherently induced by the high NA objec-
tives.4

Due to the nonlinear process, the OKE
signal has a highly intrinsic three-dimen-
sional (3D) resolution. Water dynamics
can therefore be recorded exclusively from
intracellular domains. The lower part of
Fig. 1 shows the average time resolved
OKE signal obtained from intact mam-
malian tissue cells (COS-1). A structural
relaxation time of 1.35 ps is found, which
is 1.7 times as long as the decay parameter
obtained from pure water. The slower dy-
namics of cell water is possibly explained
by the short-range structural organization
of water molecules enforced by proteins
and solutes.

The present measurements provide di-
rect evidence for the altered physical prop-
erties of cell water. With an increase in
spatial resolution, the OKE microspectro-
scopic technique may prove to constitute a
powerful probe for local viscosity meas-
urements on a subcellular level.
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Figure 1. (a) Schematic of the OKE microscope.
Multicolor-pulsed radiation is provided by a fs cav-
ity pumped visible optical parametric oscillator
system.5 A single-mode fiber is used as the coher-
ent detector filter. (b) Time-resolved heterodyned
OKE signal from COS-1 cells, yielding a relaxation
time of 1.35 ps (solid line). Dashed line gives the
instantaneous response function.
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FIBER OPTICS
Highly Birefringent Photonic
Crystal Fibers
A. Ortigosa-Blanch, J.C. Knight,W.J.Wadsworth, J.
Arriaga, B.J. Mangan,T.A. Birks, and P. St. J. Russell

Conventional circularly symmetric
optical fibers do not maintain the

guided mode's polarization state along
their length. Although such fibers are
nominally isotropic, small twists, bends,
and other stresses can impose unknown
and uncontrolled birefringence on the
fiber, making the fiber output's polariza-
tion unpredictable. Highly birefringent or
polarization-preserving fibers (in which
strong birefringence is deliberately intro-
duced during the fiber fabrication) are
much more resilient to such environmen-
tal factors. The required birefringence can
be achieved in two main ways. The shape
of the refractive index profile defining the
waveguide can be made non-circular
(form or shape birefringence), or the ma-
terial forming the fiber can itself be made
birefringent by introducing stresses as in
bow-tie or panda fibers.1, 2

Photonic crystal fiber (PCF)3 is a pure
silica optical fiber that has an array of mi-
croscopic air holes running along its
length. In the PCF considered here, a sin-
gle missing air hole within the array forms
a region of raised refractive index that
guides light by a form of total internal re-
flection. Our fibers are fabricated by stack-
ing silica capillaries and rods as previously
reported.3 PCF can potentially be made
highly birefringent: the large index con-
trast enables high form birefringence,
while the stack-and-draw fabrication
process allows the formation of the re-
quired microstructure near the fiber core.
By carefully positioning capillaries with
the same external diameter but different
wall thicknesses (leading to different air-
hole sizes in the cladding of the final fiber
and two-fold rotation symmetry—see 
Fig. 1), we have recently formed optical
fibers with massive form birefringence.4

One way of characterizing polariza-
tion-preserving fibers is to measure the
beatlength (LB) that corresponds to the
length of fiber necessary for introducing a
2� phase change between the polarization
eigenmodes. The shorter the beatlength,
the better the fiber. We attempted two dif-
ferent known direct methods for measur-
ing the beatlength of the fiber, but were

unable to use these methods to character-
ize highly birefringent PCF.4 We attribute
this difficulty to the cladding's holey struc-
ture, which acts as a strong optical and
mechanical anisotropic medium. There-
fore, we used an indirect approach. We
launched light from a tunable diode laser
(polarized at 45° to the principal axes) into
a fixed length L of fiber, and monitored the
output polarization state as a function of
wavelength. Using the experimental results
and a theoretical model,4 a value of LB =
0.42 ± 0.04 mm and a modal birefringence
|nx - ny| = 3.7 x 10-3 was found. At the same
time, the agreement between the model
and the experimental results showed that
the most important contribution to the
birefringence was form birefringence.

In conclusion, we have developed a
PCF with a very high modal birefringence
and a beatlength of 0.4 mm at 1540 nm.
We have also shown that the unusual opti-
cal properties of the PCF cladding are ac-
companied by unique mechanical proper-
ties, making it difficult to access light
propagating down the core.
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Figure 1. By carefully positioning capillaries with
the same external diameter but different wall
thicknesses (leading to different air-hole sizes in
the cladding of the final fiber and two-fold rota-
tion symmetry), we have recently formed optical
fibers with massive form birefringence.
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sponding mode images (bottom) of an
ASMF with six large air holes surrounding
an inner cladding region of ~30 �m in di-
ameter (see inset). A Bragg grating with a
period of 0.5 �m was written in the 8 �m
diameter Germanium core. Light propa-
gating in the core of a fiber incident upon
a Bragg grating couples to a backward
propagating core mode in addition to oth-
er counter-propagating cladding modes
(see inset). This coupling is manifested as
sharp peaks in the transmission spectrum
where each peak corresponds to a particu-
lar mode. The first peak on the right side
of the transmission spectrum (labeled A)
corresponds to the excitation of the back-
ward propagating core mode. The other
resonances on the shorter wavelength side
of the main peak correspond to the cou-
pling of higher order modes. Only the four
lowest-order cladding modes (labeled B,
C, D, and E) in the ASMF’s transmission
spectrum are surrounded by the holes.
The total internal reflection at the inter-
face of the cladding-holes governs the
cladding modes’ propagation. The higher
order mode (labeled F) spreads through-
out the fiber through the interstitial in the
cladding between the holes.

Figure 1(b) shows the simulated mode
spectrum (plotted in blue) and the simu-
lated mode profiles using the beam propa-
gation method (BPM). The simulated plot
reveals the values of the relative power,
which is related to the overlap ratio be-
tween the core and each of the excited
modes, versus wavelength. The profile and
distribution of the energy of the modes
are clearly affected by the presence of the
holes. The circular shapes of a convention-
al fiber's modes are lost in this ASMF. In-
stead, the images exhibit symmetry of the
air-hole geometry. At small radiuses near
the core, however, the inner cladding
modes have approximate cylindrical sym-
metry and hence have large overlap with
the core mode.
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Modal Characteristics of an 
Air-Silica Microstructure Fiber
C. Kerbage, P. S.Westbrook, R. S.Windeler,
and B. J. Eggleton

Air-silica microstructure fibers (ASMF)
are silica optical fibers with air holes

running along the length of the cladding
region.1 These fibers have attracted much
interest over the past few years due to their
unique guidance properties and ability to
control light propagation.2 The fibers’
unique optical properties have been
demonstrated with different geometric
air-hole shapes for certain potential appli-
cations. For example, photonic crystal
claddings have been designed to guide
light through the photonic bandgap ef-
fect.3 Other crystalline lattices have shown
“endlessly single mode” guidance in a fiber
with a periodic air-silica cladding.4

The modal properties of such complex
fibers can be studied using a Bragg grating
holographically written into the fiber's
photosensitive region. B.J. Eggleton re-
cently reported such an example while
studying the optical propagation charac-
teristics of cladding modes in complex
fibers.5

Figure 1(a) shows the experimental
transmission spectrum and the corre-

Figure 1. (a) Experimental and (b) simulated
mode spectrum. (a) The measured spectrum,
shown in black, is plotted as transmission loss (in
arbitrary units) versus wavelength. (b) The simu-
lated plot shows the relative power versus the
wavelength calculated from the effective indices of
each mode.
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HOLOGRAPHY
One-Step 360° Rainbow 
Holography
Maurizio Vannoni, Giuseppe Molesini,
and Stephen F. Jacobs

Conventional holography provides a
full three-dimensional (3D) recon-

struction of the recorded object in laser
light. Rainbow holography, introduced by
Stephen A. Benton in 1969, allows one to
use an extended incoherent light source
for reconstruction in place of a laser.1 The
recording process requires two steps. Ini-
tially a conventional hologram is pro-
duced. A second (rainbow) hologram is
then made from it. The observation is lim-
ited to a one-sided view of the object (typ-
ical field angles within ± 45°) so that the
number of persons who can simultane-
ously view the hologram is very small.

For display holography, images in the
round are of particular interest. The use of
refractive optical systems to obtain one-
step wide-angle rainbow holograms has
been proposed.2 Our work shows how
wide-aperture, wide-angle reflective optics
may be used to conveniently produce 360°
rainbow holograms in a single step.3 The
recording scheme is shown in Fig. 1. A pair
of wide-aperture concave mirrors are
mounted in confocal position, one on top
of the other. The upper mirror has a cen-
tral aperture where a real image of the bot-
tom object is formed. An annular slit,
placed between the two mirrors, selects a
single parallax view of the object. This sin-
gle parallax view is required by rainbow
holography.

A laser beam is split into two parts. One
part illuminates the object and the other
part serves as a reference beam. The light

reflected by the object creates the real im-
age. Above the real image of the object, the
image of the annular aperture is formed.
The latter image is the exit pupil of the sys-
tem. The holographic plate at the central
opening of the upper mirror records the
interference pattern produced between the
reference beam and the image formed by
the mirror system. A white light axial
beam from a small source obtains recon-
struction. The image is observed by plac-
ing one's eye at the exit pupil, which is dis-
persed as a conical rainbow. Observation
is thus allowed on a 360° viewing angle.

Since the components are placed on
top of one another, the setup is particular-
ly stable and insensitive to vibrations. The
system is also versatile, allowing for the
rapid change of the object. Rainbow holo-
grams are obtained in a single step, over-
coming the involved process of two-step
recording. A number of viewers can see
360° reconstruction simultaneously. Ap-
plications include displays, anticounter-
feiting, and possibly extending holograph-
ic interferometry to over a 360° viewing
angle.
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Figure 1. Schematic of hologram recording con-
figuration. M1, M2, spherical mirrors; L, negative
lens;C, cylindrical housing;H, holographic plate;AP,
exit pupil (annular).

OPN Trends: 
Fiber Optics

The March 2002 issue of OPN’s new sup-
plement, OPN Trends, will highlight the
fast-paced world of fiber optics.Topics to be
covered in the March issue of OPN maga-
zine and OPN Trends include:

Tunable lasers for 
fiber-optic communication 
Limits to the information 

capacity of fiber
Holey fibers

Advances in wavelength-division 
multiplexing

Coarse WDM transceivers
Manufacturing automation 

in fiber optics
Passive optical networks

Atmospheric laser communications
All-optical integrated circuits

Fiber optics test and 
measurement systems

Launched in March 2001, OPN Trends 
covers the hottest topics in optics.The March
2002 issues of OPN Trends and OPN maga-
zine will be distributed at OFC, the Optical
Fiber Communication Conference, which at-
tracted 38,000 participants in 2001.

In 2002, future issues of OPN Trends will
focus on micro-optical machines and on
using optics technologies to detect bio-
logical threats.

For advertising information, send
an e-mail to adsales@osa.org,
or call Stephen O’Connor at 

703-368-3251 or 
301-535-1799 (mobile).

Coming in March 2002!

OPN Trends: 
Fiber Optics
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An Isotropic Hilbert 
Transform in Two Dimensions:
Fearful Symmetry?
Kieran G. Larkin and Michael A. Oldfield

Hilbert transform (HT) relations oc-
cur frequently in optics. In commu-

nication theory, HT arises naturally in the
study of signal demodulation. Given a
modulated carrier wave, it is always possi-
ble to retrieve the modulation using the
signal's HT.

The idea of modulation naturally ex-
tends to higher dimensions in the areas of
interferometry and holography. Rather
surprisingly, the theory of demodulation
has not extended in a similarly natural
manner. The disparity has been most evi-
dent in the analysis of inteferometric
fringe patterns where two dimensional
(2D) phase-modulation is intrinsic. For
many years, the introduction of extreme
asymmetry in fringe patterns known as
“carrier fringes” has side-stepped the
problem. In essence, carrier fringes ensure

that a 2D problem becomes a one-dimen-
sional (1D) problem and that the 1D HT
allows full demodulation of the fringes. In
1982, Takeda introduced a Fourier trans-
form (FT) implementation of the 1D HT
that revolutionized fringe analysis. How-
ever, this method still required carrier
fringes. Over the past 20 years, a consider-
able amount of research has been devoted
to the demodulation of carrier-free fringe
patterns with varying amounts of success.
Methods using wavelets, filters, phase-
locked loops, and rotating 1D HTs have
been tried. Since the necessary anti-sym-
metry seems counter-intuitive, none of the
methods have defined an isotropic 2D HT.

The symmetry problem is at the very
core of the 2D HT. In 1D, the FT of the HT
is the signum function. This scenario rais-
es the question of how the signum func-
tion can be defined in higher dimensions.
The most popular solutions are the half-
plane signum and the quadrant signum.
Since neither solution is isotropic, unwar-
ranted directional artifacts influence the
analysis. Larkin, Bone, and Oldfield re-
cently proposed a new twist on the
isotropic signum function.1 The idea is
based on a smooth spiral phase function
that almost paradoxically has odd (180°)
symmetry. Another way to view the
signum function as a normalized vector
makes the 2D extension obvious:

1D signum: sgn(x) = x/|x|.
In 2D, let z = x + iy, then sgn(z) = 

z/|z| = exp(i�): spiral phase signum.

Many unsolved problems in 2D de-
modulation become soluble once the spi-
ral phase signum function replaces the
conceptual barrier of the conventional lin-
ear signum function.1, 2 A mathematical
justification of the spiral phase HT has
been achieved using asymptotic meth-
ods.2, 3 Initial simulations and error analy-
sis indicate that the method can be applied
quite generally with remarkably accurate
demodulation of typical fringe patterns.
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Figure 1. Comparison of demodulated magni-
tudes for spiral phase Hilbert transform and half
plane Hilbert transform. The spiral phase trans-
form derives a close estimate of the complex 
image magnitude, failing only at discontinuities in
the phase.The half-plane Hilbert transform derives
a highly oscillatory estimate of the magnitude with
substantial errors in all regions.
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IMAGING
Enhanced Depth Resolution 
Using Phase-Shift 
Interferometry
Jon L. Johnson,Timothy D. Dorney,
and Daniel M. Mittleman

Imaging by way of time-of-flight tomog-
raphy is common in many fields of re-

search. Techniques such as optical coher-
ence tomography (OCT)1 have found
widespread applications, in part because
of their ability to image with high depth
resolution by use of interferometry. In
general, the depth resolution in such
measurements is determined by the band-
width of the radiation. This limit is a
manifestation of the well-known Rayleigh
criterion: it is not possible to distinguish
the reflections from two closely spaced
surfaces if the separation between them is
much smaller than the coherence length of
the light. Recent advances in ultrafast op-
toelectronics have led to the development
of a time-of-flight reflection imaging tech-
nique using single-cycle pulses of terahertz
(THz) radiation.2 In this case, time-do-
main spectroscopy permits the direct de-
tection of the THz electric field, so inter-
ferometry is not required. Nevertheless, as
in OCT, the Rayleigh criterion applies, so
resolution of two closely spaced reflecting
surfaces is a challenge.

We describe a new technique that com-
bines coherent detection with interferom-
etry to beat the Rayleigh limit, and we
demonstrate it using THz time-domain
spectroscopy. The single-cycle THz puls-
es, generated and detected by use of con-
ventional photoconductive sampling
methods,3 are injected into a Michaelson
interferometer. A lens is placed in one arm
of the interferometer (the sample arm),
and the sample to be imaged is located at
its focus. The beam in the second arm of
the interferometer (the reference arm) is
simply retroreflected off of a flat mirror on
a manual translation stage.

In addition to providing transverse
spatial resolution for imaging, the lens also
provides the phase shift that permits back-
ground-free imaging. The pulse that pass-
es through the lens acquires an additional
phase of approximately � (compared to
the pulse that traverses the reference arm)
as a result of the Gouy phase shift.4 Thus,
when the pulses from the two arms of the
interferometer reach the detector they de-

structively interfere, and a small signal is
measured. However, if the sample con-
tains any feature that distorts either the
amplitude or the phase of the reflected
THz pulse, this destructive interference is
disrupted and a large signal is measured.

The figure shows an example of the en-
hanced contrast provided by phase-shift
interferometry. The upper part of the fig-
ure shows a schematic cross-section of a
model sample, consisting of a Teflon-met-
al sandwich with a series of calibrated air
gaps. The data represent two line-scan im-
ages that show the percent change in am-
plitude of the measured THz waveform as
a function of lateral position across the
sample. The blue curve shows the result
with conventional reflection imaging,2

whereas the red curve shows the dramatic
contrast enhancement resulting from the
interferometric technique. In these meas-
urements, the thinnest air gap is approxi-
mately 80 times smaller than the coher-
ence length of the THz pulses. This tech-
nique dramatically broadens the applica-
bility of THz imaging to samples with fea-
tures well below the Rayleigh limit. More-
over, since the Gouy phase is a purely geo-
metric effect, this result is applicable to
any situation in which a field is coherently
detected.
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Figure 1. The upper part of the figure shows a
schematic cross-section of a model sample, with a
series of air gaps between Teflon and a metal mir-
ror of calibrated width. The lower part represents
two line scan images across this sample, showing
the peak-to-peak amplitude of the reflected THz
pulse as a function of position across the sample,
both with (red) and without (blue) interferometry.
In these data, the coherence length of the THz
pulse is about 80 times larger than the smallest air
gap (12.5 �m).
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Peering into Darkness
Grover A. Swartzlander, Jr.

Ever wanted to look into a
laser beam or to dim some

other bright coherent light
source to see the low-level light
from other sources such as scat-
terers? By placing an optical vor-
tex phase mask in the beam
path, it has been shown that the
relative contrast between a low-
level near-axis light source and a
high-intensity on-axis coherent
source can be enhanced by many
orders of magnitude.1 This oc-
curs because the on-axis coher-
ent light undergoes destructive
interference creating a dark vor-
tex core, while the off-axis light

from other sources diffracts into the core.
Unlike interferometric nulling, this tech-
nique is simple to set up and is immune to
vibrations in the apparatus. The effective
size of the dark window increases with the
topological charge created by the vortex

Figure 1. Power �P transmitted through an aper-
ture of size R ap normalized, respectively, by total
beam power P and the characteristic diffraction
size of the optical instrument, Rdiff = 1.22 � f-num-
ber. Cases are shown for different values of the
topological charge of the vortex (m = 0 implies a
planar rather than a helical phase front).

mask. The topological charge is the num-
ber of 2� phase windings around the core,
introduced by the mask.2 Figure 1 shows
the relative nulling effect on the bright
source as the radial size of the viewing
window is varied. These calculated values
show, for example, that a vortex mask of
topological charge m = 4 could allow 10
orders of magnitude reduction in the de-
tected power of the bright source, assum-
ing the window is one tenth the diameter
of an Airy disk. In principle, this magni-
tude could allow the direct detection of
light from a Jupiter-size planet orbiting a
distant star at 1 AU. More terrestrial appli-
cations include techniques to quantify
near-axis scattering, provide radiation
protection from laser threats, and allow se-
cure line-of-sight communications.
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LASERS
Semiconductor Lasers
Stabilized to Spectral Holes
In Rare-Earth Crystals
Thomas Böttger, Geoffrey J. Pryde, Nicholas M.
Strickland, Peter B. Sellin, and Rufus L. Cone

F requency-stabilized lasers are impor-
tant for a number of current and

emerging technologies including all-opti-
cal signal processing, interferometry and
vibrometry, ultrahigh-resolution spec-
troscopy, and metrology. The need for
portable, high-performance, compact, vi-
bration-insensitive sources has encour-
aged the development of lasers stabilized
to narrow spectral holes in the resonant
absorption lines of millimeter-sized rare-
earth crystals as an alternative and com-
plement to traditional stabilization of
lasers to gas absorption cells, Fabry–Perot
cavities, cooled atomic fountains, or
trapped single ions.

The laser to be stabilized, an external
cavity diode laser or Ti:sapphire laser in
our experiments, burns a narrow spectral
hole—a region of reduced absorption in
the spectrum—in an inhomogeneously
broadened spectral line. The center fre-
quency of the hole, measured to high pre-
cision by frequency-modulation spec-
troscopy, is used to correct fluctuations in
the laser frequency.1-4 The first demonstra-
tions of this method of laser frequency sta-
bilization have been made to persistent
spectral holes in Er3+:CaF2:D

- or
Tm3+:CaF2:D

-, at 1.5 �m and 793 nm, re-
spectively, and provide subkilohertz stabil-
ities for integration times from 100 ms to
10 s [Ref. 1]. Regenerative (lifetime-limit-
ed) spectral hole frequency references
based on Er3+ and Tm3+ doped materials
have kilohertz widths and have produced
laser stabilities in the 20–200-Hz range.3,4 

Current results are shown in Fig. 1,
where the joint frequency stability of inde-
pendent stabilized lasers at 1.5 �m con-
trasts with the stability of the free-running
lasers. Subkilohertz stability (Allan devia-
tion) is exhibited over a wide range of in-
tegration times. These results were
achieved without requiring vibration iso-
lation of the laser or frequency reference.

Characterization and optimization of
spectral hole burning frequency refer-
ences, both by experiment and simula-
tion,5,6 have demonstrated that narrow
holes lead to a high signal-to-noise ratio

and consequently good
short-term stability. Mate-
rials that combine long-
lived holes and minimal
spectral diffusion provide
good stability over integra-
tion times of hundreds of
seconds or longer. Figure 1
emphasizes the difference
in performance between
Er3+:CaF2:D

-, a material
with long-lived but broad-
er holes and Er3+:Y2SiO5, a
material with narrow but
shorter lived holes. Spec-
troscopic investigation of
Er3+:Y2SiO5 and other ma-
terials demonstrates that hole widths can
be made much less than a kilohertz and
can potentially reach the lifetime limit of
approximately 10 Hz [Ref. 7]. Locking has
been demonstrated for six materials, and
many others are being characterized. Fur-
ther development of crystals with both
narrow and long-lived holes is in progress,
including 100-Hz holes that last for weeks,
and is leading to higher performance and
stability over longer integration times.
Permanent hole burning references with
gated spectral holes under development
will provide portable compact secondary
frequency standards.

Frequency reference crystals have been
developed that are capable of providing
long-term portable references with spec-
tral holes persisting above liquid-nitrogen
temperatures. The holes can be pro-
grammed at arbitrary positions within the
inhomogeneous profile, which has been
custom tailored in width to values be-
tween 0.2 and 270 GHz by alteration of the
crystal composition with broader ranges
available in glasses.
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Figure 1. Experimentally measured Allan devia-
tions for independent lasers: free running (squares)
and locked to separate spectral holes in the 1.5-
�m 4I15/2 ´ 4I13/2 transition of Er3+:Y2SiO5 (circles)
and Er3+:CaF2:D- (triangles).
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Quantum-Cascade Lasers 
With Heterogeneous 
Cascades: Multiple-
Wavelength Operation
Claire Gmachl, Deborah L. Sivco, Raffaele
Colombelli, Federico Capasso,Trinesha S. Mosely,
Axel Straub, James N.Baillargeon, and Alfred Y.Cho

Quantum-cascade (QC) lasers have
achieved high levels of performance

and have certainly entered mainstream
semiconductor laser science.1 One charac-
teristic feature of the QC laser is the cas-
cading scheme in which electrons traverse
a stack of many, sometimes up to 100, ac-
tive regions alternated with injector re-
gions,2 rather than only a single active re-
gion, as is typical for conventional semi-
conductor lasers. So far, QC lasers all share
the characteristic that all stages of the cas-
cade are essentially identical. This is a sen-
sible approach as it allows for low-thresh-
old current density, high-optical output
power, and large slope efficiency.2 Howev-
er, it also means that there is only limited
use of the much greater potential that is
inherent to the cascading scheme.

Here we present our initial experi-
ments with heterogeneous cascades, i.e.
QC lasers that comprise stacks of dissimi-
lar active regions that operate cooperative-
ly. In Ref. 3 we reported heterogeneous
cascades that contain substacks of homo-
geneous cascades. Cascades with alternat-
ed or interleaved active regions will be re-
ported soon in Ref. 4.

The cascades reported in Ref. 3 contain
two substacks, each of which uses a previ-
ously optimized QC structure of the so-
called three-well vertical transition active
region design.2, 5 This resulted in a QC
laser that emits simultaneously at 5.2- and
8.0- �m wavelength, as shown in Fig. 1(a).
In this type of heterogeneous cascade it is
not necessary to adjust the design electric
field of the two stacks to match each other.
Each substack is apportioned the appro-
priate fraction of the total applied bias,
which can be understood from the neces-
sity for current continuity and the small
differential resistance, typically < 1 Ohm,
of the QC lasers under operation.

The low-temperature threshold cur-
rent densities were 2.67 and 2.70 kA cm-2,
and the measured peak output power lev-
els reached 300 and 220 mW for 8.0 and
5.2 �m, respectively. These values com-
pare favorably with similar lasers that use a
homogeneous cascade.2, 5

In addition, an etch-stop layer was in-
serted between the two substacks, which
allowed the fabrication of a tap into the
cascade [see inset in Fig. 1(a)]. The latter
was used to manipulate the laser threshold
of the 8.0-�m substack selectively, while
the 5.2-�m laser operated undisturbed.3

Next to heterogeneous cascades of ho-
mogeneous substacks, we also tested QC
lasers with heterogeneous cascades by use
of continuously alternated active regions
at the wavelength combinations of 5.2 and
8.0 �m, as well as 8.2 and 9.3 �m [see Fig.
1 (b)]. Consequently, each cascade also
contained two types of alternate injector
regions: one bridged the shorter-to-longer
wavelength active region and the other did
the reverse, but all were designed for a
common electric field. As part of the same
effort we were also able to produce ultra-
broadband QC lasers with laser emission
covering a spectral window more than a
micrometer wide.4

Potential applications for such QC
lasers with heterogeneous cascades are
abundant and range from multispecies
trace gas sensing and ultrawide tunable
lasers to difference-frequency generation
in the terahertz regime.
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Figure 1. (a) Emission spectrum of a QC laser
that contains a two-stack heterogeneous cascade
at a pulsed peak operating current of 2 A. Insets:
Schematic cross section through two device types
used with this laser, top, deep-etched mesas; bot-
tom, a tapped cascade. (b) Emission spectrum of a
QC laser that contains a heterogeneous cascade
of two different and continuously alternated active
regions; the operating current was 1.1 A.
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Mid-Infrared Photonic Crystal
Distributed-Feedback Laser
With Enhanced Spectral 
Purity and Beam Quality
W.W.Bewley,C. L. Felix, I.Vurgaftman,R. E. Bartolo,
J. R. Lindle, J. R. Meyer, H. Lee, and R. U. Martinelli

A lthough a number of semiconductor
laser approaches have achieved high

output power combined with good beam
quality, none is robust enough to maintain
a single spectral mode under all condi-
tions of interest. Recent self-consistent
time-domain Fourier-transform simula-
tions showed that a good candidate for the
significant improvement of single-mode
output power and brightness is a gain-
guided laser patterned with a two-dimen-
sional (2D) photonic crystal distributed-
feedback (PCDFB) grating. A schematic of
the PCDFB laser with a rectangular 2D
lattice is shown in Fig. 1. The gain stripe is
tilted relative to the facets as in an angled-
grating DFB (�-DFB) laser, which could
be considered a special case. However, the
diffraction that directs the mode in a
zigzag pattern in the PCDFB grating is
supplemented by two additional diffrac-
tion processes that couple the forward-
propagating and backpropagating beams.
The resulting stop band in the transmis-
sion characteristic, which is not present in
an �-DFB laser,4 and the concomitant
strong spectral variation of the threshold
gain, are analogous to the mechanisms re-
sponsible for the robust single-mode op-
eration of a conventional one-dimension-
al (1D) DFB laser.

Compared with the near-IR spectral
region, it is much more challenging to op-
timize the beam quality and spectral prop-
erties of a mid-IR interband semiconduc-
tor laser. This is due to a higher internal
loss that is sometimes combined with a
larger linewidth enhancement factor. The
optically pumped PCDFB devices were
grown by molecular beam epitaxy, and
contained type-II W active regions (35 re-
peats of 29-Å InAs/35-Å Ga0.85 In0.15 Sb/
29-Å InAs /55-Å AlSb) bounded by an
AlAs0.08 Sb0.92 lower cladding layer and a
GaSb top separate confinement region.

Optical lithography and reactive-ion
etching were used to define a second-or-
der grating with periods of 4.09 and 
1.49 �m along the two rectangular axes.
The grating was oriented at 20º with re-
spect to the facet normal and had circular
features etched to a depth of 100 nm. Al-

though single-mode output was not ex-
pected for the Q-switched excitation puls-
es used in this study, far above threshold
the spectral linewidth was nonetheless
narrower than for any earlier type-II mid-
IR laser that we are aware of. For example,
under resonance conditions at T = 240 K,
pumping at five times threshold, and a
stripe width of W = 200 �m, the width of
the emission line (� ≈4.7 �m) was 7 nm
FWHM, which compares with 70 nm for
an unpatterned Fabry-Perot laser on the
same bar. In contrast, �-DFB devices fab-
ricated from the same wafer showed only
minimal spectral narrowing (<20%). A
second narrow line (� ≈4.6 �m) was ob-
served at T ≤ 190 K, whereas both lines ap-
peared simultaneously at intermediate
temperatures.

We derived etendues as a function of
stripe width by combining the measured
far-field and simulated near-field emission
characteristics. Although the �-DFB and
PCDFB outputs were both essentially dif-
fraction limited at W = 50 �m, the PCDFB
etendue showed much slower degradation
with an increase in W. At W = 200 �m the
etendue was only four times the diffrac-
tion limit, which represents a factor of 5
improvement over the �-DFB result that
could be considered the prior state of the
art. Although the PCDFB efficiency was
28-34% of the corresponding Fabry-Perot

value under given pump conditions (ap-
proximately half of the typical �-DFB re-
sult), for an optimized first-order PCDFB
grating the simulations project 50-60%,
along with substantial further improve-
ments in the beam quality and spectral
purity. The PCDFB configuration can be
expected to enhance the optical coherence
of broad-stripe semiconductor lasers that
emit at any wavelength, providing an at-
tractive approach for the generation of
high single-mode output powers.
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Figure 1. Schematic of the PCDFB laser.
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MATERIAL 
PROCESSING
Femtosecond Laser Pulses
Move Voids in Transparent 
Materials
Wataru Watanabe and Kazuyoshi Itoh

S tructural modification with ultra-
short laser pulses can potentially be

used in micromachining both on the sur-
face and inside the bulk of transparent
materials. When infrared femtosecond
laser pulses are tightly focused in glass, the
resulting features consist of micrometer-
sized voids surrounded by compacted or
densified glass. The array of voids has been

applied for three-dimensional optical data
storage.1,2 We have shown that such voids
can be seized and pulled along the optical
axis, and can even be made to merge.3

To tug the voids, we exploited the same
laser pulses that were used to fabricate the
voids, merely reducing the pulse energy. In
the experiment, eight successive 130-fs,
800-nm pulses from a 1-kHz pulse regen-
erative amplified Ti:sapphire laser were
sent through a 0.55-numerical-aperture
microscope objective into silica glass to
create each 0.9-µm-diameter void. We cre-
ated voids in evenly spaced lines 300 µm

beneath the surface of the glass. Next,
weaker pulses were focused onto a void
and the focal spot moved along the optical
axis (-z), dragging the void along with it.

Optical images of voids were observed
from the direction perpendicular to the
optical axis by a transilluminated optical
microscope (Fig. 1). Voids were moved by
as much as 5 µm. We were able to move a
void along a perpendicular direction to
the beam propagation axis by translation
of the focal volume of a focusing lens.4 We
also observed that a void moves under
successive irradiation of femtosecond laser
pulses inside amorphous silica glass and
crystalline calcium fluoride without any
mechanical translations along the optical
axis.4 We also demonstrated that two voids
could be combined into one larger void.3

After creation of one void, an addition-
al void was created at a location that was
deeper by 5 �m. We then seized the void at
the deeper location and moved it. The
void approached the initial void and the
two voids merged to form a bigger void.
To verify that the dark spots seen through
an optical microscope were indeed voids,
we created a laser-ablated line on the sur-
face of the glass along a plane that includ-
ed a row of voids and then separated the
glass into two parts. By viewing the cleaved
voids under a scanning electron micro-
scope we were able to confirm the exis-
tence and size of the void.

The ability to move voids within glass
makes void-based rewritable optical mem-
ories possible. In addition, the technique
allows modification and fine tuning of op-
tical microstructures that are written with-
in transparent materials.
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Figure 1. (a)-(d) Side view of optical seizure and
movement of a void. (e) Central void moved to-
ward the input plane by 5 �m.



deposition, the ratio of lost materials to
that of materials that define the active de-
vice area is significant . Unlike ink-jet
printing, screen printing is a relatively
faster and more versatile technique. Screen
printing provides simplicity, affordability,
speed, and adaptability to the fabrication
process. This technique can be applied to
virtually any surface with precision.

Simply explained, the elements of
screen printing are: the screen, stencil,
squeege, ink, press bed, and substrate. Al-
though a very simple printing technique,
the characteristics and quality of the print-
ed image are greatly affected by a combina-
tion of variables that can exceed 60. To
mention a few, the printing speed, angle
and geometry of the squeege, mesh mate-
rial, distance between the screen, and the
substrate are all variables that can affect
the image quality.

The use of screen printing in science
and engineering has been limited to the
deposition of inorganic based supercon-
ductors, solar cell, and sensor materials.
The potential benefit of this technique was
not investigated successfuly until recently,
when it was demonstrated that screen
printing can be an important tool in fabri-
cating photonic devices based on organic
materials. In this case, fully functional
OLEDs with light emission at less than 5V
and a peak external quantum efficiency of
0.91% were demonstrated.1 Moreover, the
first generation of devices having a screen-
printed hole transport layer (HTL)
showed similar external quantum efficien-
cy to that of devices having the same HTL
but deposited instead with spin coating
methods.
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Screen Printing for 
Organic-Based Photonics 
And Electronics
G. E. Jabbour and N. Peyghambarian

Perhaps the most recent popular devel-
opments in the area of organic-based

functional devices that have already made
it to the marketplace are organic light-
emitting devices (OLEDs). These are the
basis for a novel class of ultrathin, light-
weight, wide-viewing angle, low-power
consumption displays that can be made on
any kind of substrate including plastic
foils, thus promising a revolutionary dis-
play concept that can be folded or rolled
up. OLEDs are currently marketed for use
in car stereos and mobile phone displays. It
is expected that they will be used for many
other applications. Recently, Sony unveiled
a 13-in. (33-cm) active matrix OLED dis-
play. Sony plans to have this type of display
available for commercial use sometime
during 2003. There are projections for
even larger displays in the near future
based on OLEDs that approach a diagonal
size of 40 in. (101 cm).

Although traditional manufacturing
methods include spin casting and physical
vapor deposition (PVD), there is still a
need for inexpensive and more versatile
fabrication techniques. This is especially
true for low information content displays
including signs and logos as well as gener-
al lighting. Similar to ink-jet printing,
screen printing allows for a great reduction
in material usage because materials are di-
rected only to the printed areas. In con-
trast, with spin coating and vacuum depo-
sition there is no control without the addi-
tion of a complicated and costly masking
system that can be used to direct material
deposition on the desired areas only. Thus,
with the use of spin coating and vacuum

Prior to our research, screen printing
was considered a relatively thick film dep-
osition technique. Our findings demon-
strated, for the first time, the use of screen
printing in the deposition of ultrathin lay-
ers of organic materials for use in OLEDs
and photovoltaics fabrication.2 Films with
thickness lower than 20 nm and an RMS
roughness of less than 1.5 nm can be ob-
tained using this primitive deposition
method. Figure 1 shows a functional
OLED where the emitting layer was pat-
terned using screen printing. In this case,
the thickness of the printed layer is be-
tween 20-40 nm. Figure 2 shows a poly-
meric screen printed teddy bear for light-
emitting applications.

Our group has been able to use screen
printing on both hard and flexible sub-
strates. We anticipate this technique to be
extremely useful in roll-to-roll printing of
photonic and electronic components for
low-defnition displays, signage, disposable
electronics, and lighting.
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MEDICAL OPTICS
Receptor-Targeted 
Fluorescent Contrast Agents
For in vivoTumor Imaging
Richard B. Dorshow, Samuel Achilefu,
Joseph E. Bugaj, and Raghavan Rajagopalan 

Although sta-
tistical data

show that cancer
will continue to be
a primary cause of
death in the fore-
seeable future, the
early detection of
tumors does im-
prove patient prog-
nosis.1 Current me-
thods for cancer di-
agnosis rely on the
presence of a pal-
pable tumor mass.
At this stage, how-
ever, the benefits of
early medical inter-
vention are most
likely compromis-
ed. The emerging
fields of photodi-
agnosis and pho-

totherapy have the potential to improve
cancer patients’ management. Previous
studies have shown that certain dyes can
localize in tumors and serve as a powerful
probe for the detection and treatment of
small cancers.2 The poor capacity of dyes
to accumulate preferentially in malignant
tissues led to the use of covalent or non-
covalent dye conjugates of carriers such as
antibodies, liposomes, and polysaccha-
rides to improve the specificity of tumor
retention.3 This strategy also makes it pos-
sible to select dyes on the basis of their op-
timum photophysical and photochemical
properties instead of their tumor targeting
potential. Since large biomolecules can
elicit adverse immunogenic reactions,
slower blood clearance times can result
that delay target tissue visualization.

We adapted an approach to optically
image tumors predicated on the observa-
tions that radioactive metal chelate conju-
gates of low molecular weight oligopep-
tides successfully target tumor receptors
without peptide receptor affinity loss.4

Potential advantages of this approach are
numerous with respect to the use of non-
specific dyes or the conjugation of probes

to large biomolecules. Such advantages in-
clude enhanced localization in tumors,
rapid clearance from blood and non-tar-
get tissues, ease of synthesis for a variety of
high-purity compounds for combinatorial
screening of new targets, and the ability to
affect the pharmacokinetics of the conju-
gates by minor structural changes.

We conjugated a dye that fluoresces in
the near infrared to bioactive peptides that
specifically target over expressed tumor re-
ceptors in established rat tumor lines and
evaluated their efficacy in vivo. Both solu-
tion and solid-phase methods were suc-
cessfully used to prepare the dye-peptide
conjugates in high purity. This chemical
methodology resulted in the conjugate re-
taining both the dye fluorescence and the
peptide affinity for the targeted tumor tis-
sue. A simple, noninvasive continuous
wave fluorescence apparatus was used to
assess the efficacy of these conjugates in
vivo. A 40 mW power laser diode with a
780 nm wavelength and a CCD camera
were used. Typically, an image of the ani-
mal was taken before the agent was ad-
ministered. This image was subsequently
subtracted from the post-administration
images.

Upon intravenous administration, the
dye-peptide conjugate immediately begins
to accumulate in the tumor tissue.5 Im-
ages at one minute post-administration
clearly show this effect. Figure 1 shows the
conjugate localization in the tumor at 27
hours post-administration. Thus, we have
established that targeting tumor receptors
with small dye-peptide conjugates is feasi-
ble. These studies were conducted with
novel and high purity compounds in well-
characterized rat tumor models. Applica-
tions in human clinical trials are expected
in the near future. Site-specific delivery of
photodynamic therapy agents should also
benefit from this approach.
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Figure 1. Fluorescent image of the dye-peptide
conjugate in a somatostatin receptor-rich rat tu-
mor.The image is at 27 hours post-intravenous ad-
ministration of the conjugate.
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Phase-Resolved Functional 
Optical Coherence 
Tomography
Zhongping Chen,Yonghua Zhao,
and J. Stuart Nelson

Optical Doppler tomography (ODT),
also termed Doppler optical coher-

ence tomography (OCT), is a recently de-
veloped technique for imaging both tissue
structure and flow velocity of moving par-
ticles in highly scattering media.1, 2 ODT's
noninvasive nature and exceptionally high
spatial resolution have many potential ap-
plications in the clinical management of
patients who require tissue structure im-
aging and the monitoring of blood flow
dynamics. In previous ODT systems, short
time Fourier transformation (STFT) was
used to calculate the power spectrum's
centroid. Since Doppler shift detection
using STFT requires sampling the interfer-
ence fringe intensity over at least one oscil-
lation cycle, the minimum detectable
Doppler frequency shift, �fD, varies in-
versely with the STFT window size (i.e.,
�fD ≈ 1/�tp), where �tp represents the
time duration of each pixel. As a conse-
quence, ODT has not simultaneously
achieved high imaging speed and high ve-
locity sensitivity. Both are essential for
measuring blood flow in small human
skin vessels.1, 2

We have developed a novel phase re-
solved functional OCT (F-OCT) system
that uses phase information derived from
a Hilbert transformation to image in vivo
blood flow in small blood vessels with fast-
scanning speed and high velocity sensitiv-
ity.3-5 The technique, which uses the phase
change between sequential scans to con-
struct flow velocity images, decouples spa-
tial resolution and velocity sensitivity in
flow images and increases imaging speed
by more than two orders of magnitude.
These results are achieved without com-
promising spatial resolution and velocity
sensitivity. The minimum flow velocity
that can be detected using an A-line scan-
ning speed of 1000 Hz can be as low as 
10 �m/s while maintaining a spatial reso-
lution of 10 �m. The significant increases
in scanning speed and velocity sensitivity
make it possible to image in vivo blood
flow in human skin.

In addition to the regular F-OCT ve-
locity and structural images, the Doppler
spectrum's standard deviation is used to
map port-wine stain (PWS) vessels in hu-

man skin.4, 5 This method is less sensitive
to the random direction and the pulsatile
nature of blood flow in small vessels. Con-
sequently, standard deviation imaging
provides better vessel location mapping.
We have developed a device that combines
phase resolved F-OCT and therapeutic
systems so that small vessels in patients
with PWS can be monitored in situ before
and after laser treatment.5 This in situ
monitoring is shown in Fig. 1. To our
knowledge, this is the first F-OCT clinical
application to provide a fast semi-quanti-
tative evaluation of PWS laser therapy effi-
cacy in situ and in real-time.

F-COT's high spatial resolution and ve-
locity sensitivity will enable in vivo tissue
microcirculation imaging and tumor an-
giogenesis studies. Both of these feats will
have a great impact on basic science and
clinical medicine. Phase-resolved F-OCT
could also be used to image dispersion,
polarization, and other optical properties
of tissue. Potential clinical applications of
phase-resolved F-OCT include determin-
ing tissue viability and burn depth, screen-
ing vasoactive drugs, evaluating PWS laser
treatment efficacy, imaging changes in tis-
sue structure and hemodynamics follow-
ing pharmacological intervention and
photodynamic therapy, mapping cortical
hemodynamics for brain research, and as-
sessing brain injury.
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Figure 1. F-OCT images taken in situ from PWS
human skin. (a) Structural image; (b) histologic
section from the imaged site; (c) Doppler standard
deviation image before laser treatment; and 
(d) Doppler standard deviation image after laser
treatment.
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Confocal Cross-Polarized 
Imaging of Skin Cancers to 
Potentially Guide Mohs 
Micrographic Surgery 
Milind Rajadhyaksha, Gregg M. Menaker, Salvador
Gonzalez, James M. Zavislan and Peter J. Dwyer 

Precise microsurgical excision of ep-
ithelial cancers in high-risk anatomi-

cal sites is guided by the frozen histology
examination of each excision during the
surgery. A well-known example is Mohs
micrographic surgery for the excision of
basal- and squamous-cell cancers (BCCs,
SCCs) that occur most frequently on older
people’s faces.1 Since frozen histology
preparation requires 20-45 minutes per
excision, a Mohs procedure typically lasts
several hours. Confocal reflectance imag-
ing offers a method to avoid frozen histol-
ogy. Using acetowhitening and crossed
polarization to enhance the contrast of the
cancers, confocal reflectance imaging en-
ables the rapid noninvasive examination
of BCCs and SCCs in surgical excisions.

In confocal brightfield reflectance im-
ages of human epidermis, the cytoplasm
appears bright and the nuclei dark in basal
and squamous cells.2 The nuclei appear
dark due to weak light back-scattering
from the 30-100 nm thin chromatin fila-
ments. The underlying dermis consists of
collagen bundles and also appears bright
with dark spaces in between. Thus, when
cancerous epidermal cells invade the der-
mis (as in BCCs and SCCs), confocal de-
tection of the cancer is not possible be-
cause the cells and nuclei lack contrast rel-
ative to the surrounding normal dermis.

To enhance the contrast of the nuclei
within the BCCs and SCCs, we wash the
surgical skin excisions with 5% acetic acid.
Acetic acid makes the nuclei appear bright
in confocal brightfield images.3,4 The
acetic acid causes chromatin compaction
into 1-5 �m-thick strands with an in-

crease in refractive index. Subsequently,
light back-scatter increases and makes the
nuclei appear bright and easily detectable.5

We observe that the brightness of the
acetic acid-washed nuclei does not vary
much when illuminated with linearly po-
larized light and imaged through a rotat-
ing analyzer. On the contrary, the bright-
ness of the collagen varies from maximum
to minimum (dark). The significant depo-
larization of back-scattered light from the
compacted chromatin most likely occurs
due to the multiple scattering within its
convoluted structure. However, light from
the collagen preserves the illumination po-
larization due to single back-scatter. Be-
tween crossed polarizers, we see bright nu-
clei in the BCCs and SCCs in strong con-
trast against a dark background of sur-
rounding normal dermis (see Fig. 1).

Cancer nests are first detected at low-
resolution (0.3 NA, 30 �m-thin sections)
in 1-2 mm-large fields-of-view [Figs. 1(a),
(b)]. Initial detection is followed by care-
ful high-resolution (0.9 NA, 3 �m-thin
sections) examination of nuclear mor-
phology in 0.25-0.50 mm-small fields-of-
view [Fig. 1(c)]. This process is similar to
the histology exam procedure. To exam-
ine the typically 2-20 mm-large excisions,
individual images are tiled in software to
create a mosaic [Fig. 1(d)]. We create mo-
saics of 20 x 20 mm-excisions in five min-
utes. Thus, the Mohs surgery may proceed
faster, saving both the patient and surgeon
several hours per day. Rapid confocal
cross-polarized microscopic examination
of excisions may guide the microsurgery
of any human epithelial tissue and 
improve the management of surgical 
pathology.
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Figure 1. Confocal cross-polarized images of
acetic acid-washed surgical skin excisions of a BCC
show bright nests [* in (a)] that correlate well to
the purple-stained nests [* in (b)] in the corre-
sponding histology; (c) abnormal nuclei appearing
as bright oval shapes within (*) and along the pe-
riphery (arrows) of a nest, surrounded by dark col-
lagen; and (d) confocal mosaic in which the loca-
tion, shape, size, and morphology of bright nests 
(* and arrows) are clearly detected in a large 
field of view. Scale bar = 100 �m (a, b), 25 �m (c),
1 mm (d).
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This result is very encouraging
because there is no known robust
stopping criterion to terminate iter-
ative image reconstruction algo-
rithms. No further iterations are
needed with the a priori knowledge
from co-registered ultrasound.

Figure 1 shows an example of ul-
trasound assisted NIR image recon-
struction.2 Figure 1(a) shows the
contours of ultrasound image of
two targets 1 cm in size. Figure 1(b)
is the NIR image of the two targets.
The target indicated by the white ar-
row in part (b) is displaced from its
true location by about 1 cm and the
reconstructed absorption coefficient is
only 50% of the true value. With the ul-
trasound localization shown in part (a),
the NIR image shown in Fig. 1(c) provides
correction target locations and the recon-
structed absorption coefficients are within
20% of the true values.

By adding optical contrasts to ultrason-
ically detected lesions, the combined ap-
proach has great promise in improving
breast cancer diagnosis.4 Optical contrasts
will significantly improve diagnostic ultra-
sound in differentiating benign from ma-
lignant solid lesions.
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Near Infrared Diffusive Light
Imaging with Ultrasound 
Localization
Quing Zhu, Nan Guang Chen, Puyun Guo,
Shikui Yan, and Daqing Piao

Functional imaging with near infrared
(NIR) diffusive light has found poten-

tial applications in many areas. Although
huge efforts have been made to bring this
technique to a clinically acceptable stage,
intense light scattering remains a funda-
mental problem. Subsequently, diffusive
light continues to probe a widespread re-
gion instead of providing information
along a straight line. Multiple measure-
ments are always correlated as a result of
overlapping probed regions. Therefore,
increasing the total number of measure-
ments does not necessarily provide more
independent information for image re-
construction. Image reconstruction is gen-
erally affected by many factors, including
system signal-to-noise ratio, probe config-
uration, and regulation schemes used in
the imaging algorithms.

We have constructed a novel combined
imager suitable for simultaneous NIR dif-
fusive light and ultrasound imaging and
co-registration.1, 2 The imager consists of
a two-dimensional (2D) ultrasound array
deployed at the center of a hand-held
probe. Twelve dual wavelength laser source
fibers and eight optical detector fibers are
deployed at the periphery of the probe.
The combined imaging uses target loca-
tions and shapes provided by co-registered
ultrasound images to localize the NIR im-
aging reconstruction. As a result, the NIR
image reconstruction is well defined.
Since the convergence can be achieved
within a small number of iterations, the
NIR image reconstruction is less sensitive
to noise.

In experiments where co-registered ul-
trasound provided the target depth infor-
mation, the reconstructed optical absorp-
tion coefficient accuracy has been im-
proved by 15% for high contrast targets
and 30% for low contrast targets.3 The
speed of reconstruction has been im-
proved by ten times on average.

In experiments where the three-dimen-
sional (3D) target distributions were pro-
vided by co-registered ultrasound, the op-
tical image reconstruction converges very
fast and needs only one iteration to recon-
struct accurate optical absorption coeffi-
cients.2

Figure 1. (a) Contours of the ultrasound image of
two low optical contrast targets (absorption coef-
ficients are 0.1 cm-1) embedded 2.5 cm deep in the
intralipid of 0.5% concentration. (b) NIR image of
the two targets without ultrasound localization.
One target (indicated by the white arrow) is only
50% of the true value and is displaced from its true
location by 1 cm. Two image artifacts appear at
the top edge of the image. (c) NIR image assisted
by ultrasound localization. The targets appear at
correct location and the reconstructed optical ab-
sorption coefficients are within 20% of the true
value.

(c)
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METROLOGY
Complete Spatial 
Characterization of a Laser
Beam by Use of Spherical 
Optics and a Cylindrical Lens
Julio Serna, Fernando Encinas-Sanz,
and George Nemeş

The spatial characteristics of laser
beams produced by industrial, med-

ical, and research lasers need to be known
and specified if useful and reproducible
results are to be obtained from their use.
In this context, beam characterization
based on the Wigner distribution function
and on irradiance second-order moments
has proven very useful. This characteriza-
tion is the basis of International Organi-
zation for Standardization (ISO) standard
11146.1 Within this formalism, the most
general three-dimensional beam is charac-
terized completely if the ten elements of
the beam matrix are known.2 Nine of
these elements (those related to the beam
size, the beam divergence, and the radius
of curvature) can be obtained from irradi-
ance measurements by use of spherical
lenses and free-propagation sections. But
the tenth element, which is related to the
orbital angular momentum transported
by the beam, remains hidden if only opti-
cal systems with rotational symmetry are
used. Several setups have been proposed
for measuring all the elements of the beam
matrix.3,4 In these setups, at least one
cylindrical lens must be used during meas-
urement to reveal the information related
to the orbital angular momentum. If not,
the characterization of the beam is only
partial and could lead to errors. Experi-
mental results have been obtained for
pseudostigmatic beams purposely gener-

ated from simple astigmatic beams; these
have been compared with the theoretical
calculations.4

With the above results in mind, we
completed a full ten second-order-mo-
ments characterization of a laser beam.
This goes beyond the ISO 11146 method-
ology, which inherently considers only
stigmatic and simple astigmatic beams be-
cause only rotationally symmetric optics
are used in the characterization setup.1,3

We used a pulsed transversely excited at-
mospheric (TEA) axial multimode CO2

laser that delivers a doughnut beam.5 This
kind of beam profile could correspond to
either a stigmatic beam carrying no angu-
lar momentum, or to a pseudostigmatic
beam carrying angular momentum. The
cylindrical lens used for the full ten-pa-
rameter characterization of the beam re-
vealed that the laser emitted different
kinds of beam profiles from shot to shot.
Without the cylindrical lens, the profile
was always a reproducible, doughnut-
type, hiding the intrinsic instability and
the orbital angular momentum caused by
quasi-random coupling between the dif-
ferent laser modes. The cylindrical lens
also allowed us to complete a second-or-
der characterization of our beam in the
case of pulses that display a clockwise-ro-
tating transverse irradiance pattern. We
have seen that those pulses transport an
orbital angular momentum of approxi-
mately --h per photon and consist of near-
ly pure Laguerre-Gauss LG-1

0 modes [ex-
perimental and theoretical results can be
compared in Figs. 1 (b) and 1 (c)]. It is im-
portant to note that such intrinsic charac-
teristics of the beam would have remained
hidden if a beam characterization setup
with no cylindrical lens had been used.
This conclusion can be extended to other
types of beams.
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Figure 1. (a) Typical doughnut beam profile with
no cylindrical lens. (b) Beam profile after the cylin-
drical lens. (c) Computer simulation of a Laguerre-
Gauss beam LG-1

0 after propagation through the
same cylindrical lens.



Space-Variant Polarization-
State Manipulation with 
Computer- Generated 
Subwavelength Gratings
Ze’ev Bomzon, Gabriel Biener, Vladimir Kleiner,
and Erez Hasman

Subwavelength gratings have opened
up new methods for the formation of

beams with sophisticated phase and polar-
ization distributions. Such gratings are
usually used to form homogeneous space-
invariant polarizers or wave plates. When
the period of the grating is much smaller
than the incident wavelength, only the ze-
roth order is a propagating order, and all
the other orders are evanescent. Such grat-
ings behave as layers of uniaxial crystal.
Therefore by using space-variant (trans-
versely inhomogeneous) subwavelength
gratings, we can generate complex vectori-
al wave fronts with a different polarization
state at each location. Such nonuniformly
polarized beams are useful for polariza-
tion coding of data, neural networks, opti-
cal encryption, tight focusing, imaging po-
larimetry, material processing, atom trap-
ping, and optical tweezers.

We recently developed a novel method
for designing and realizing nonuniformly
polarized beams using computer-generat-
ed space-variant subwavelength gratings.1

Our design is based on determination of
the local period and direction of the grat-
ing at each point, formation of space-
varying polarizers or wave plates that con-
vert uniformly polarized light into any de-
sired space-variant polarization. Our grat-
ings are continuous, thereby guaranteeing
the continuity of the electromagnetic field.
We realized the gratings for CO2 laser radi-
ation at a wavelength of 10.6 �m on GaAs
and ZnSe substrates utilizing advanced
photolithographic and etching techniques.

Figure 1(a) shows the intricate geome-
try of a subwavelength metal stripe grat-
ing designed to convert circularly polar-
ized light into radial polarization. The ex-
perimental measurement of the local az-
imuthal angle at each point is shown in
Fig. 1(b). The manipulation resulted in
high-polarization purity in the desired di-
rection of greater than 98%.2 We also real-
ized a beam with azimuthal polarization
and a beam whose local azimuthal angle
varied linearly in the x direction, demon-
strating the flexibility of our approach.3

Our space-variant polarization state
manipulations are accompanied by a

space-variant phase modification resulting
from the Pancharatnam–Berry phase. This
phase modification results solely from the
polarization manipulation4 and is purely
geometric in nature. We found that this
phase could be understood by projecting
the resulting polarization onto a Poincaré
sphere. Figures 1(c) and 1(e) show the in-
stantaneous real part of the electric field in
two beams with radial polarization. Figure
1(c) illustrates the beam that results di-
rectly from the grating of Fig. 1(a), where-
as Fig. 1(e) shows the beam when the Pan-
charatnam–Berry phase has been canceled
with an appropriate spiral phase element
[an element with phase function exp (i�)].
The symmetry of the beams differs, and
therefore they exhibit different propaga-
tion. Figure 1(d) shows the far-field image
of the beam in Fig. 1(c). The image shows
a clear bright center, as compared with Fig.
1(f), which shows the far-field image of
Fig. 1(e). In this case a dark center is clear-
ly observable. We therefore conclude that

the Pancharatnam–Berry phase plays an
important role in the propagation of
space-variant polarized beams.

Recently we demonstrated a unique
method for rapid polarization measure-
ment based on a subwavelength space-
variant polarization grating.5 The Stokes
parameters of the incident beam are deter-
mined by spatial Fourier analysis, and the
method enables real-time polarization
measurement.
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Figure 1. (a) Magnified geometry of the grating for converting circularly polarized light into radial polar-
ization and (b) experimental measurement of the local azimuthal angle. (c) Illustration of the instantaneous
real part of the electric field vectors including the Pancharatnam–Berry phase, as well as (d) the far-field
image and cross section (both measured and calculated) of this beam. (e) Illustration of the instantaneous
real part of the electric field vector for radial polarization in which the Pancharatnam–Berry phase has
been canceled, as well as (f) its far-field image.
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Space-Variant Polarization-
State Manipulation with 
Computer-Generated 
Subwavelength Gratings
Ze’ev Bomzon, Gabriel Biener, Vladimir Kleiner,
and Erez Hasman

Subwavelength gratings have opened
up new methods for the formation of

beams with sophisticated phase and polar-
ization distributions. Such gratings are
usually used to form homogeneous space-
invariant polarizers or wave plates. When
the period of the grating is much smaller
than the incident wavelength, only the ze-
roth order is a propagating order, and all
the other orders are evanescent. Such grat-
ings behave as layers of uniaxial crystal.
Therefore by using space-variant (trans-
versely inhomogeneous) subwavelength
gratings, we can generate complex vectori-
al wave fronts with a different polarization
state at each location. Such nonuniformly
polarized beams are useful for polariza-
tion coding of data, neural networks, opti-
cal encryption, tight focusing, imaging po-
larimetry, material processing, atom trap-
ping, and optical tweezers.

We recently developed a novel method
for designing and realizing nonuniformly
polarized beams using computer-generat-
ed space-variant subwavelength gratings.1

Our design is based on determination of
the local period and direction of the grat-
ing at each point, formation of space-
varying polarizers or wave plates that con-
vert uniformly polarized light into any de-
sired space-variant polarization. Our grat-
ings are continuous, thereby guaranteeing
the continuity of the electromagnetic field.
We realized the gratings for CO2 laser radi-
ation at a wavelength of 10.6 �m on GaAs
and ZnSe substrates utilizing advanced
photolithographic and etching techniques.

Figure 1(a) shows the intricate geome-
try of a subwavelength metal stripe grat-
ing designed to convert circularly polar-
ized light into radial polarization. The ex-
perimental measurement of the local az-
imuthal angle at each point is shown in
Fig. 1(b). The manipulation resulted in
high-polarization purity in the desired di-
rection of greater than 98%.2 We also real-
ized a beam with azimuthal polarization
and a beam whose local azimuthal angle
varied linearly in the x direction, demon-
strating the flexibility of our approach.3

Our space-variant polarization state
manipulations are accompanied by a

space-variant phase modification resulting
from the Pancharatnam–Berry phase. This
phase modification results solely from the
polarization manipulation4 and is purely
geometric in nature. We found that this
phase could be understood by projecting
the resulting polarization onto a Poincaré
sphere. Figures 1(c) and 1(e) show the in-
stantaneous real part of the electric field in
two beams with radial polarization. Figure
1(c) illustrates the beam that results di-
rectly from the grating of Fig. 1(a), where-
as Fig. 1(e) shows the beam when the Pan-
charatnam–Berry phase has been canceled
with an appropriate spiral phase element
[an element with phase function exp (i�)].
The symmetry of the beams differs, and
therefore they exhibit different propaga-
tion. Figure 1(d) shows the far-field image
of the beam in Fig. 1(c). The image shows
a clear bright center, as compared with Fig.
1(f), which shows the far-field image of
Fig. 1(e). In this case a dark center is clear-
ly observable. We therefore conclude that

the Pancharatnam–Berry phase plays an
important role in the propagation of
space-variant polarized beams.

Recently we demonstrated a unique
method for rapid polarization measure-
ment based on a subwavelength space-
variant polarization grating.5 The Stokes
parameters of the incident beam are deter-
mined by spatial Fourier analysis, and the
method enables real-time polarization
measurement.
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Figure 1. (a) Magnified geometry of the grating for converting circularly polarized light into radial polar-
ization and (b) experimental measurement of the local azimuthal angle. (c) Illustration of the instantaneous
real part of the electric field vectors including the Pancharatnam–Berry phase, as well as (d) the far-field
image and cross section (both measured and calculated) of this beam. (e) Illustration of the instantaneous
real part of the electric field vector for radial polarization in which the Pancharatnam–Berry phase has
been canceled, as well as (f) its far-field image.
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High-Resolution Subsurface
Imaging of Silicon-Integrated
Circuits
M. Selim Ünlü, Stephen B. Ippolito, and 
Bennett B. Goldberg

We developed a novel high-resolution
subsurface microscopy technique

that significantly increases the numerical
aperture without introducing spherical
aberration and consequently improves the
diffraction-limited resolution beyond the
limit of standard subsurface microscopy.
The numerical aperture increasing lens
(NAIL) technique improves the theoreti-
cal resolution limit from 0.5 to 0.14 �m in
the near-infrared inspection of Si integrat-
ed circuits. Experimentally, by realizing a
numerical aperture of 3.4, we demon-
strated a resolution of approximately 
0.2 �m,1,2 which represents a fivefold im-
provement over the current state of the
art. The figure shows images of a SRAM
chip fabricated by an 0.18-�m process,
which displays the striking improvement
provided by the NAIL technique.

Diffraction limits standard optical mi-
croscopy to a spatial resolution of approx-
imately half of the wavelength of light.
Current Si integrated circuit (IC) technol-
ogy includes many opaque metal layers
and structures above semiconductor de-
vices, thereby hindering topside inspec-
tion of devices in their final state. Hence,
inspection through the backside or sub-
strate of a Si IC is often preferred.3 Howev-
er, optical absorption in Si limits inspec-
tion through the substrate to �0 ≥ 1 �m,
yielding a theoretical lateral spatial resolu-
tion limit for standard subsurface mi-
croscopy of ~0.5 �m. Typical lateral spa-
tial resolution values for commercial sys-
tems are inferior at approximately 1 �m.
In contrast, modern Si IC technology has
reached process-sized scales of 0.13 �m,
which is clearly beyond the capability of
standard subsurface microscopy.

By reducing the wavelength or increas-
ing the collected solid angle we can im-
prove the spatial resolution of surface mi-
croscopy. This has been achieved by both
oil immersion and solid immersion lens
(SIL) microscopy techniques,4,5 which re-
duce the wavelength by immersion of the
object space in a material with a high re-
fractive index. However, in subsurface mi-

croscopy the only method to improve the
spatial resolution is to increase the collect-
ed solid angle, i.e., the numerical aperture
(NA) must be increased. The NA is n � sin
�, where n is the refractive index in the ob-
ject space and � is the half-angle subtend-
ed. The large n in the object space in stan-
dard subsurface microscopy of planar
samples does not increase the NA because
of refraction at the planar boundary. Plac-
ing a NAIL on the backside of the sub-
strate introduces a convex surface and ef-
fectively transforms the planar sample
into an integrated SIL, allowing for a very
large NA.

Ideally the NAIL is made of the same
material as the sample, in this case Si, pol-
ished to allow intimate contact and to
avoid reflections at the planar interface.
For optimized dimensions, the object
space coincides with the aplanatic points
of the NAIL's spherical surface, yielding
spherical aberration-free or stigmatic im-
aging. This configuration is similar to that
of a SIL in which the aplanatic points de-
fined by the spherical surface coincide
with an object space on the planar surface
of the lens.

Addition of a NAIL to a standard mi-
croscope increases the NA by a factor of
n2, to as much as a NA of n . For Si at �0 =
1 �m, we increased the NA by a factor of
13 to a NA of 3.6, which corresponds to a
lateral spatial resolution limit of 0.14 �m,
with an initial experimental demonstra-
tion of approximately 0.2 �m.

In addition to the first implementation
in Si IC imaging, we foresee other subsur-
face microscopy applications for the NAIL
technique, including visible, biological,
and thermal imaging as well as other semi-
conductor applications.
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Figure 1. Images taken by the Hamamatsu
µAMOS-200, IC failure analysis system, which
demonstrate how a NAIL improves resolution
well beyond the state of the art through substrate
imaging of Si circuits: (a) image obtained with a
100x objective having a NA of 0.5 and (b) image
obtained with a 10x objective having a NA of 0.25
showing that the NAIL increased the NA to 3.3.
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Three-Dimensional 
Microscopy: Parallelize 
Without Compromise
Stefan W. Hell,Volker Andresen,
and Alexander Egner

The growing need to visualize fast cel-
lular events has initiated the develop-

ment of a number of real-time three-di-
mensional (3D) imaging modes, with the
most common being those based on scan-
ning confocal and multiphoton fluores-
cence microscopy. With these microscopes
one can readily reduce the acquisition
time by increasing the scanning speed,
however, this approach is not as light effi-
cient as the parallel application of multiple
foci. Unfortunately, the use of multiple
foci is challenged by the concomitant dete-
rioration of the 3D imaging capability of
these microscopes. The problem is that in-
terference between neighboring focal
fields reinforces each other in specific
planes located above and beneath the focal
plane. This focal overlap is of particular
concern with the popular Nipkow disk-
scanning confocal microscope, whose sec-
tioning ability is additionally compro-
mised by crosstalk between detection pin-
holes. Hence, the conflict between the
density of the foci, i.e., the degree of paral-
lelization and the axial sectioning, has re-
mained a classical problem in 3D mi-
croscopy.

Exploiting specific properties of
pulsed-mode multiphoton excitation, we
and others have now succeeded in resolv-
ing this conflict.1,2 The basic idea is that
the laser pulses of neighboring foci are
temporally separated by at least one pulse
duration, so that interference is avoided.3,4

We refer to this method as time-multi-
plexing (TMX). Moreover, with a high de-
gree of time multiplicity, the interfocal
distance can be reduced to such an extent
that lateral scanning becomes obsolete. In
this case axial scanning is sufficient to
record a 3D image.

In a multifocal–multiphoton micro-
scope5 a mode-locked Ti:sapphire laser
beam (� = 800 nm) was split into 25–40
beamlets by means of a rotating array of
microlenses arranged on a Nipkow-type
spiral. The beamlets passed through the
optics of an inverted microscope and were
sharply focused in the sample. The fluo-
rescence was imaged by the same optics
onto a camera. For a typical pulse dura-
tion of 130 fs, a delay of 250 fs is sufficient

to ensure that the exci-
tation fields of neigh-
boring beamlets are
separated in time. We
achieved such a delay
by forcing a subset of
the beamlets through
150 �m of glass. This
was realized by two
rigidly mounted coro-
tating glass disks with
suitable arrays of holes
ensuring that adjacent
foci illuminate the
sample at different
time points. The gain
in axial sectioning 
is demonstrated by
comparing volume-
rendered 3D images 
of fluorescent pollen
grains approximately
30-µm diameter. The
comparison clearly re-
veals that TMX elimi-
nates cross talk and
leads to superior par-
allelized 3D imaging.

In summary, tem-
poral separation of the
pulses of adjacent foci in a multifocal–
multiphoton microscope resolves the con-
flict between parallelization and axial sec-
tioning in 3D fluorescence microscopy.
This concept gains additional relevance
because it is readily extended to other
forms of nonlinear microscopy, such as
higher harmonics and coherent anti-
Stokes Raman spectroscopy microscopy.
Most strikingly, by matching the number
of delays with the number of foci, TMX al-
lows one to reduce the interfocal distance
to such an extent that in-plane scanning is
redundant and 3D imaging is accom-
plished by moving the beams along the
optic axis only.
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Figure 1. Time-multiplexed multifocal–multipho-
ton microscopy.The inset in (a) sketches a tempo-
ral delay mask (TMX) placed behind the microlens-
es, ensuring that neighboring foci pass the focal
plane in the sample at different time points. L1,2, M,
and DM denote lenses, a flip mirror, and a dichroic
mirror, respectively. (b), (c) Comparison of the vol-
ume-rendered 3D images of pollen grains shows
that TMX in (c) leads to superior 3D imaging.
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Figure 1. A novel low coherence phase-refer-
enced interferometer (PRI) that can be used to
measure slow (~1-1000-nm/s) and small (~5-nm)
movements with the objective of studying subcel-
lular dynamics.

Phase-Referenced 
Interferometer with 
Subwavelength and 
Subhertz Sensitivity
Changhuei Yang,Adam Wax, Kamran Badizadegan,
Ramachandra R. Dasari, and Michael S. Feld

The sensitivity of most interferometers
is limited by mechanical vibrations.

Such fluctuations preclude the measure-
ment of very slow (less than 1 �m/s) and
very small (less than 1 �m) movement
without elaborate correction and stabiliza-
tion systems. Yet, many interesting biologi-
cal phenomena such as subcellular dynam-
ics occur at such time and length scales.

We have developed a novel low coher-
ence phase-referenced interferometer
(PRI) (Fig. 1) that can be used to measure
slow (~1-1000-nm/s) and small (~5-nm)
movements1 with the objective of studying
subcellular dynamics. A motional PRI
achieves complete insensitivity to interfer-
ometer mechanical jitter by the simultane-
ous use of two light sources: a cw 775-nm
laser and a low coherence light source at
1550 nm. In addition, the use of low co-
herence light in the interferometer pro-
vides depth resolution and, thus, can be
used for tomographic imaging.

Movement within the target sample is
measured with respect to a control inter-
face on the sample that strongly reflects
light at the cw wavelength. As the interfer-
ometer reference mirror is scanned to
probe the target sample, a cw heterodyne
signal (dominated by the control inter-
face's reflection) is generated, along with
the low coherence heterodyne signal asso-
ciated with the various interfaces of the
sample. As one of these interfaces moves

with respect to the control interface, its as-
sociated low coherence heterodyne phase,
�LC , will shift with respect to the CW het-
erodyne phase, �c w . Specifically, the phase
difference �D is directly proportional to
the optical path difference nLCL, between
the two interfaces:

�D= �c w - 2�LC =mod2�(4kLCnLCL), (1)

where L is the cell thickness. This phase
subtraction suppresses noise that is due to
interferometer jitter.

We have demonstrated the ability of
the method to study cellular movement
non-destructively by applying it to meas-
ure the reaction of cell volume to hypo-
tonic and hypertonic environmental
changes. In this case, the sample consisted
of a cell monolayer grown on cover slips;
the exposed side of the cover slip served as
the control interface and the membrane
surface on the top of the cell monolayer
was the target measurement interface. By
focusing to a small spot (17 �m wide), we
targeted only a few (approximately three)
cells. After we abruptly changed the
buffer's osmolality to 85% (115%) of its
normal value, the phase shift �D associat-
ed with the cell membrane surface
changed rapidly and then slowly recov-
ered. In the hypotonic (hypertonic) case,
the maximum change in cell thickness was
approximately 0.2 �m (-1.3 �m) and took
place over several hundred seconds. To our
knowledge, this was the first time that cell
volume changes of such small magnitude
had been observed optically and continu-
ously traced in situ for just a few cells.

The technique described above for
elimination of jitter by use of harmonical-
ly related light has also been used to con-
struct a novel phase dispersion micro-
scope2 and a novel phase-based optical to-
mographic system,3 both of which use dis-
persion for contrast. In addition, the tech-
nique allows observation of the subtle de-
pendency on scatterer size of the phase ve-
locity of ballistic photons that traverse a
turbid medium.4
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Microscope-Based Static Light-
Scattering Instrument Enables
Precise Measurements of 
Heterogeneous Materials
M.T.Valentine, A. K. Popp, P. D. Kaplan
and D.A.Weitz

Abroad range of materials, including
colloids, ceramics, and biological

samples, are characterized by structures
that are from 10 nm to 100 �m in size.
Ideally, one would like to investigate these
complex materials noninvasively on all the
relevant length scales; however, this can-
not be accomplished easily with the well-
established techniques. Optical micro-
scopy has diffraction-limited resolving
power, which precludes the study of fine
detail. In contrast, static light scattering
(SLS) provides high-resolution measure-
ments of structure and organization
through measurements of the intensity of
scattered light as a function of scattering
angle. Although length scales as small as 
30 nm can be probed, each measurement
averages over the entire illumination vol-
ume, making the interpretation of scatter-
ing from heterogeneous samples, which
contain many different structures and ori-
entations, particularly challenging.

A new combination of these two meth-
ods, the static light-scattering microscope,
simultaneously collects high-resolution
scattering data that were obtained with a
beam of the size of relevant structures, and
images that are used for identification and
interpretation of SLS experiments.1 Key
features include a well-defined scattering
geometry and volume as well as controlled
size and placement of the illuminating
beam. For our design [Fig. 1(a)] we fo-
cused a fiber-launched laser beam to a
point in the back-focal-plane (BFP) of an
oil-immersion condenser, producing a
collimated beam at the sample. The scat-
tered light is collected through a wide
range of scattering angles by a high-nu-
merical-aperture, oil-immersion objective
lens. A camera provides an image of the
sample; the scattering data were obtained
by a separate optical train that imaged the
BFP of the objective with a beam block
onto a cooled CCD detector.

This instrument is particularly well
suited for the study of biological samples
such as tissue that include many micro-
scopic structures with a wide range of
shapes and orientations. Although light
propagation through tissue has important

implications for laser surgery, optical
biopsy, and photodynamic therapy, the
microscopic origins of light scattering in
tissue are poorly understood.2,3 For exam-
ple, although considerable effort has been
focused on the measurement of average
absorption and scattering coefficients, lit-
tle attention has been given to the effects
of small yet abundant heterogeneities on
bulk scattering properties. Simultaneous
optical imaging and light scattering can
provide new insight into the nature of
light propagation through heterogeneous
tissue.

To illustrate this we show data from
thin slices of porcine skin tissue. In acellu-
lar derma, hairs or hair follicles and pig-
ments can cause dramatic changes to the
scattering patterns, as seen in Figs. 1(b)
and (c). Figure 1(b) shows a region devoid
of any large heterogeneities; the resulting
scattering pattern is isotropic. Figure 1(c)
shows a region from the same slice of tis-
sue near the vicinity of a hair follicle. The
scattering pattern is anisotropic and is
more structured than the homogeneous
case. These results suggest that models that
do not incorporate details of local tissue
microstructure could fail to give a correct
description of light propagation on short
length scales. Additionally, the sensitivity
of the instrument to variations in struc-
ture and organization in thin tissue sam-
ples makes it a potentially useful tool for
pathohistological studies.
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Figure 1. (a) Schematic of the optical arrange-
ment of the SLS microscope. (b) Real space image
of porcine skin tissue of a region devoid of any
large heterogeneities; the resultant scattering pat-
tern is isotropic. (c) Porcine skin tissue region
from the same slice in the vicinity of a hair follicle ,
resulting in an anisotropic scattering pattern.
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NEAR FIELD
Highly Efficient 
Near-Field Probes
Tom D. Milster and Shu-Guo Tang

Generation of optical spots smaller
than what can be produced with

classical optical systems is an area of active
research. An ultrasmall spot size requires
the presence of evanescent energy, which
can be obtained only when the object and
the optical system are close to each other.
That is, the object and the optical system
must be closer than the wavelength of light

that is used to illuminate the object. This
type of system is often called a near-field
optical system, and that part of the optical
system that is in near contact with the ob-
ject is referred to as the probe.

Applications of superresolved optical
spots include optical microscopy, lithogra-
phy, and data storage. For example, both
solid immersion lens (SIL)1 systems and
aperture2 systems have been used in con-
junction with optical storage media. SIL
systems in which the flat side of a small
hemispheric lens is placed close to the
recording layers are attractive because they
produce spots that are smaller than con-
ventional optical systems and they exhibit
high coupling efficiency for the recording
layers. Aperture systems in which light is
forced through a small hole are attractive
because they offer the smallest spot size,
but they have poor transmission efficien-

cy.3 It is difficult to obtain both high cou-
pling efficiency and a small spot size with
either a SIL or aperture technology sepa-
rately. However, we determined that a
combination of dielectric apertures and
SIL optics can provide both a small spot
size and high coupling efficiency.4

Figure 1 displays the geometry of a
combination aperture. The flat side of a
SIL is patterned with an array of dielectric
probe tips. Each tip is designed to accept
most of the light focused onto the bottom
of the SIL at the plane that corresponds to
an otherwise flat surface. The cone of each
probe tip narrows to a diameter that is not
quite half of the top opening. As light
propagates through the probe tip, it is con-
centrated and emits a narrow beam that is
approximately twice as small as the small-
est spot possible with the SIL system alone.
We adjusted the length of the tip to be
slightly longer than the evanescent decay
length associated with the marginal ray
angle in the SIL. Hirota et al.5 provided de-
tails about the design of the probe tip. The
fabrication procedure involves a photore-
sist exposure, development, and ion
milling, with which the glass is etched into
the desired probe tip array.

Figure 1 also shows the experimental
result from the use of a 488-nm laser that
produced optical spots with a 1/e 2 full
width of 200 nm. The laser was pulsed as a
phase-change optical storage medium was
scanned under it, which resulted in dark
marks on a bright background. The 250
nm diameter marks are easily resolved 
by the combination SI and dielectric 
aperture.

The penalty for use of the dielectric
aperture is only an increase in the loss by a
factor of 2 for double-pass reflection. That
is, one photon is collected for every two
photons into the system. This result is sig-
nificant, because aperture-type probes of
similar diameters typically have single-
pass losses of 10-4 or one photon out per
10,000 photons in.
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Figure 1. The experimental result from the use of
a 488-nm laser that produced optical spots with a
1/e2 full width of 200 nm.

NEAR FIELD

38 Optics & Photonics News ■ December 2001



Enhanced Optical 
Transmission of a Single 
Subwavelength Aperture
Tineke Thio, Kelly Pellerin, Henri Lezec,
Thomas Ebbesen, and Richard Linke

The optical transmission of a subwave-
length aperture in a metal film is very

small when its diameter d is significantly
smaller than the wavelength � of the inci-
dent light scaling as T/f \sim (d/�)4, where
T/f is the transmission normalized to the
hole area. But the throughput can be en-
hanced by several orders of magnitude
when the metal surface that surrounds the
aperture has a periodic corrugation.1 The
surface corrugation allows grating cou-
pling of the incident light to surface-plas-
mon polaritons (SPPs), electronic excita-
tions at the metal surface.2,3 When the en-
ergy and in-plane momentum of the inci-
dent light match those of a surface-plas-
mon mode, the interaction is resonant:
Large electromagnetic fields build up in
the vicinity of the aperture, leading to un-
usually high transmission efficiencies, de-
spite the fact that light propagation
through the subwavelength hole is evan-
escent.4

On the other hand, a single, subwave-
length hole at the center of a corrugated
metal surface acts as a probe of the SPP at
that surface, elucidating the properties of
the SPP and pointing the way to the design
of the optimal geometry for transmission
enhancement.

In a systematic survey of surface corru-
gation geometries5 we find that, for unpo-
larized illumination, the optimum geome-
try is a set of concentric, circular grooves
around the central aperture, forming a
corrugation that is periodic in the radial
direction, with a depth of h = 75 nm, a few
times the skin depth of the metal, in this
case silver.

In the best cases, the transmission nor-
malized to the area of the hole is enhanced
to an astonishing value of T/f = 3, that is,
three times more light is transmitted
through the hole than is incident on the
aperture area. Moreover, the relative
transmission enhancement becomes larg-
er for a smaller hole diameter, so this phe-
nomenon is most effective deep in the
subwavelength regime.

The transmission enhancement has the
potential to have a considerable effect on
applications that require high throughput

combined with high resolution. For exam-
ple, enhanced devices used in near-field
scanning optical microscopes make low-
efficiency or nonlinear processes accessi-
ble. In addition they are promising for use
in ultrahigh density optical data storage
applications. The tunability of the reso-
nance wavelength, which is determined by
the pitch of the surface corrugation, the
dielectric constant of the dielectric medi-
um adjacent to the metal, and the angle of
incidence, gives these devices the flexibility
required for system integration.
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Figure 1. Enhanced optical transmission of sub-
wavelength apertures.Transmission (normalized to
the aperture area) at 800 nm of a single aperture
in metal film with and without circular surface cor-
rugation. Inset: electron micrograph of surface
corrugation with a radial pitch of P = 750 nm and
a depth of h = 150 nm. The relative enhancement
is largest for small d.
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NONLINEAR
OPTICS 
One-Photon Resonant 
Interferometric Four-Wave 
Mixing with Broadband 
Noisy Light
L. de S. Menezes,V. Kozich, and Cid B. de Araújo

Various schemes of incoherent spec-
troscopy (IS) are used to investigate

dynamic processes in condensed matter
based on the manipulation of broad-
band light that is not transform limited
(TL) with femtosecond autocorrelation
times.1-4 The light sources are usually dye
lasers that oscillate over almost the entire
fluorescence bandwidth. Their spectra are
close to that of TL femtosecond lasers but
the phase is random over the spectrum.
One important feature of IS is that the
material nonlinear responses are disper-
sion free 2 and, therefore, IS does not re-
quire the same attention to optics as do TL

lasers. This feature has
motivated studies con-
cerning the statistical
properties of noisy light
because nonlinear pro-
cesses are sensitive to
higher-order correlations
in the fields.3

One factor that limits
the use of IS is a back-
ground signal that exists
even when the delay time
between the exciting
broadband beams (BBs) is
larger than their coher-
ence time. However, inter-
ferometric four-wave mix-
ing (IFWM) techniques
have been developed to al-
low measurements inde-
pendent of the back-
ground.1 These techniques
were used to study molec-
ular vibrational frequen-
cies, dampened molecular
rotations, and dephasing
times rather precisely.

Recently, we exploited
a new IFWM scheme to
study population relax-
ation rates of levels reso-
nantly excited by broad-
band fields.4 In the experi-
ment two BB from the

same dye laser (central frequency, �2; wave
vectors, �k2 and �k¢2) and a narrow-band
field (�1, �k1) are crossed in a nonlinear
sample. A signal beam with central fre-
quency 2�2 – �1 is generated along 
�k2 + �k¢2 – �k1 being filtered by a monochro-
mator before detection. We acquired the
time-domain information by monitoring
the signal as one broadband field is de-
layed by � relative to the other. The nonlin-
ear polarization that generates the signal
field is calculated as a function of transi-
tion dephasing time, the population re-
covery time (�-1), and the difference be-
tween the material's transition frequency
and the narrow-band laser frequency. The
broadband fields, assumed to be station-
ary zero-mean Gaussian processes, were
centered at 579 nm (coherence time of
≈120 fs) and the narrow-band laser was
operated at 579 nm. Both were in reso-
nance with the sample, a 4 � 10-5-M solu-
tion of DQOCI in ethanol in a 1-mm-
thick cell.

Figure 1(a) shows the IFWM signal as a
function of time delay between the two
BBs, where the solid line represents the
theoretical predictions. The exponential
decay allowed us to determine �, and the
oscillation with a 1-ps period was deter-
mined by the monochromator frequency
that we chose. Figure 1(b) illustrates, for
the first time to our knowledge, the behav-
ior of the population relaxation time in
the presence of pump fields. Note that �-1

varies from 20 ps (free decay) to 3 ps,
showing that stimulated emission should
be accounted for whenever a resonant
one-photon transition occurs, although it
was not considered for a large number of
previous experiments.

The technique described herein can be
applied to condensed matter in general
and is useful for the measurement of �-1 in
nonfluorescent states with subpicosecond
resolution. Moreover, it could easily be ex-
tended to other spectral ranges.
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Figure 1. (a) IFWM signal for a BB intensity of 49
MW/cm2. The narrow-band laser intensity was 13
MW/cm2. (b) Population recovery rate versus the
sum of average pulse intensity of the three inci-
dent beams.



This reduces the EFISH
contribution. The laser
power effectively modulates
the near-interface probe
depth of the SHG response.
This phenomenon should
be present for all charged
semiconductor interfaces
because it provides a means
to monitor charge transfer
and accumulation at buried
semiconductor interfaces,

processes that can lead to device perform-
ance degradation and ultimately to failure.
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the surface and those that move away from
the surface. The combination of EWs and
volume waves facilitates the spectral dis-
tinction between the contributions of
atoms just before they collide with the sur-
face (dashed curve in the figure shows
atoms that have been scattered in front of
the surface, solid curve represents the
atoms from the source) and just after they
leave the surface (dotted curve in the fig-
ure). The Doppler-broadened two-pho-
ton line shape contains comprehensive in-
formation about the dynamics of the
atoms that interact with the surface and
the velocity distribution functions of dif-
ferent groups of atoms normal and paral-
lel to the surface.

A quantitative exploration of this re-
mote and all-optical technique for the
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Nonquadratic 
Second-Harmonic 
Generation at Interfaces
Vasiliy Fomenko, Jean-Fréderic Lami, Eric Borguet

Optical second-harmonic generation
(SHG) is, among other things, a ver-

satile probe of interfaces. It has been a
guiding principle that SHG should depend
quadratically on fundamental laser power,
i.e., doubling the input power should
quadruple the SHG response.1 We recent-
ly reported that SHG from Si1-xGex inter-
faces shows unusual non-monotonic,
nonquadratic behavior.2 This behavior
depends strongly on laser wavelength and
surface termination. It exists for oxide-
covered samples at second-harmonic
wavelengths of 373 nm (3.32 eV) but not
at 415 nm (2.99 eV). It is absent from
both wavelengths for H-terminated sam-
ples. This behavior is consistent with pho-

model system of sodium atoms near a di-
electric surface was performed recently,3

but application to more general gas-solid
collision processes or surface chemistry
even at high gas pressures is easily envi-
sioned.
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Evanescent Volume Wave 
Spectroscopy of the Gas-Solid
Boundary Layer
V. G. Bordo and H.-G. Rubahn

The boundary layer of a gas-solid in-
terface is of key importance for the

physical and chemical dynamics of gas-
solid interactions that range from ex-
tremely low pressures in an ultrahigh-vac-
uum environment up to atmospheric
pressures. To control adsorption/desorp-
tion processes one must distinguish, under
equilibrium conditions, between the gas
fluxes that arrive and depart from the sur-
face. This is possible only with optical
techniques that are especially sensitive to
the immediate surface region.

We have developed a novel type of laser
spectroscopy for the investigation of colli-
sional dynamics of atoms in the close
vicinity of a surface that exploits evanes-
cent wave (EW) excitation.1 The penetra-
tion depth of the EW into the gas is of the
order of the wavelength of the exciting
wave and thus can easily be made smaller
than the mean free path of the atoms in
the gas even for high gas pressures. With
the new technique2 we utilize two-photon
excitation of vapor atoms in two crossed
laser fields, one of which is directed nor-
mal to the surface, and the other excites an
EW that propagates along the surface. The
volume wave allows for a spectral distinc-
tion between gas atoms that move toward

tomodulation of an interfacial electric-
field-induced second-harmonic (EFISH)
contribution to the nonlinear optical re-
sponse of the system. Absorption of laser
photons creates electron-hole pairs. These
carriers screen the interfacial electric field
and reduce the EFISH contribution to the
SHG response. Increasing the laser power
creates more carriers. As the number of
carriers increases, the screening increases.

Figure 1. Typical two-photon spectrum with de-
convoluted theoretical curves.



Asymmetric Induced Cubic
Nonlinearities in Homogeneous
And Quasi-Phase-Matched 
Quadratic Materials:
Signature and Importance
Ole Bang and Joel F. Corney 

Since the observation
of nonlinear phase-

shifts larger than �, quad-
ratic nonlinear or �(2)

materials have been of
significant interest in
photonics. With the ma-
turing of the quasi-phase-
matching (QPM) tech-
nique, in particular by
electric-field poling of
ferroelectrics, such as
LiNbO3, the number of
applications of �(2) mate-
rials has increased even
more. It is, therefore,
more important than ever
to have precise models of
QPM samples.

In addition to provid-
ing effective phase match-
ing, QPM gratings gener-
ate asymmetric cubic
nonlinearities (ACNs) in
equations for the average
field.1,2 This cubic nonlin-
earity is either focusing or
defocusing, depending on
the sign of the phase mis-
match,2 and its strength
can be increased (e.g., ex-
ceeding that of the Kerr
nonlinearity) by modula-

tion of the grating.
In continuous-wave operation ACNs

induce an intensity-dependent phase mis-
match that implies a nonzero so-called
separatrix intensity, the crossing of which
changes the one-period phase shift of the
fundamental by �, with obvious use in
switching applications.3 We derived a for-
mula for this QPM-induced separatrix in-
tensity that corrects earlier estimates by a
factor of 5.3, and we found the optimum
crystal lengths for a flat phase-versus-in-
tensity response on each side of the sepa-
ratrix.3

Clearly, when one operates close to or
on both sides of this separatrix, the ACNs
become important: a simple average mod-
el with merely an effective mismatch and
thus no separatrix, is inadequate.

(a)

(b)

The most startling example appears
when the competition between a linear
and a nonlinear QPM grating eliminates
the effective quadratic nonlinearity. With-
out nonlinearity, solitons should not exist
but, as shown in Fig.1, both bright and
dark solitons do exist and they are stable
under propagation.2 This paradox is ele-
gantly explained by including ACNs in the
model, which then correctly support sim-
ple bright and dark nonlinear Schrödinger
solitons. When describing modulational
instability (MI), ACNs become important
if the nonlinear QPM grating has a dc val-
ue and/or if the QPM grating has both a
nonlinear part and a linear part. Examples
are quantum-well disordering in semicon-
ductors and alternating linear and nonlin-
ear domains in polymers. We have shown
that ACNs are necessary to describe MI
gain spectrum correctly in such samples
and, in particular, to predict the novel
QPM-induced regimes in which long-
wave instabilities disappear and plane
waves become modulationally stable over
hundreds of diffraction lengths.4

All these effects are confirmed numeri-
cally and thus abundant theoretical evi-
dence supports the presence of ACNs. Fur-
thermore, ACNs are a general effect of
nonphase-matched interaction between
waves and as such appear also in homoge-
neous �(2) materials (no QPM grating) in a
cascading limit.4 In fact, in this case the
asymmetric signature of ACNs could be
measured as the difference between the
properties in upconversion (second-
haromonic generation) and downconver-
sion, since there is no effective quadratic
nonlinearity. Such an experiment was re-
ported5 recently and thus ACNs have now
been confirmed experimentally.
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Figure 1. (a) Bright and (b) dark solitons that
propagate in a �(2) sample in which the linear and
nonlinear parts of a QPM grating compete and
eliminate the effective �(2) nonlinearity. The soli-
tons are supported by ACNs and have the form of
sech- and tanh-shaped bright and dark nonlinear
Schrödinger solitons, respectively. The intensity of
the fundamental at effective phase-matching and
positive and negative self-phase modulation coeffi-
cient of the ACNs, respectively (see Fig. 6 in Ref. 2),
are shown.The second harmonic is zero.
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Coherently Coupled Optical
Stark Shifts Provide Evidence
For Intervalence Band 
Coherences in Semiconductor
Quantum Wells
M. E. Donovan, A. Schülzgen, J. Lee, P.-A. Blanche,
N. Peyghambarian, G. Khitrova, H. M. Gibbs,
I. Rumyantsev, N. H. Kwong, R.Takayama,
Z. S.Yang, and R. Binder

The optical Stark shift in semiconduc-
tors is an important transient nonlin-

earity that helps researchers to understand
fundamental ultrafast microscopic
processes. Studies of similarities and dif-
ferences between optical Stark shifts in
atomic two-level systems and those ob-
served in semiconductors led to the un-
derstanding of semiconductor-specific
many-body effects. We recently investigat-
ed the semiconductor counterparts of co-
herent atomic three-level effects utilizing
the coherent coupling between heavy-hole
(hh) and light-hole (lh) excitons. By ana-
lyzing the coherently coupled optical Stark
effect on hh and lh exciton resonances we
showed1 that our data provide evidence
for the existence of hh-lh Raman coher-
ences in semiconductor quantum wells. In
atomic three-level systems, Raman coher-
ences are the foundation of important
nonlinear optical effects such as electro-
magnetically induced transparency and
lasing without inversion.

Figures 1(a) and 1(b) show the tran-
sient absorption changes measured at
both hh and lh exciton resonances in an
InGaAs quantum-well structure. The two
degenerate three-band systems are effec-
tively reduced to a single three-band sys-
tem by driving a single hh transition with
a circularly polarized pump and probing
with either co- or counter-circular polar-
ization. For co-circular polarization we
observed the well-known transient
blueshift of the hh exciton resonance. We
did not observe any nonlinear response at
the lh exciton resonance indicating negli-
gible direct coupling between the pump
field and the lh exciton. With a counter-
circularly polarized probe pulse a definite
blueshift appears at the coherently cou-
pled lh exciton resonance.

Our theoretical analysis is based on a
full many-body approach within the
third-order nonlinear optical regime.2 We
considered a semiconductor quantum-
well analog for the atomic three-level sys-
tem, that is, the three-band system that

consists of a conduction band as
well as hh and lh valence bands.
While in the band picture the anal-
ogy holds for each in-plane mo-
mentum state, the Coulomb inter-
action prevents the analogy from
being completely accurate. Exciton
scattering and biexcitonic effects
have no counterparts in three-level
systems. Nevertheless, as long as
those processes do not dominate the
Stark shift, an approximate three-
level versus semiconductor Stark
shift analogy is possible, and the def-
inition of an excitonic Raman co-
herence (excitonic intervalence
band coherence) is appropriate.

Figure 1(c) shows theoretical re-
sults for the ratio of hh-lh Stark
shifts with and without intervalence
band coherences. When these co-
herences are included, the lh shift is
much larger than without coher-
ences and the hh-lh shift ratio is ap-
proximately two. Deviations by a
factor of 2 come from the hh and lh
mass differences, especially at small
detunings, from correlation contri-
butions. At large detunings the ratio be-
haves essentially like a three-level system:
it is two (infinity) for the case with (with-
out) Raman coherences. Clearly, the ex-
perimental observations (squares) provide
direct evidence for the presence of an in-
tervalence band Raman coherence, be-
cause the observed hh-lh shift ratio is close
to the ideal value of two at large detunings.
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Figure 1. (a) Differential absorption spectrum of
InGaAs quantum wells (T = 4 K) measured at max-
imum temporal pump-probe overlap with co-cir-
cularly polarized pump and probe pulses.The 1.2-
ps pump pulse had an intensity of 21 MW/cm2 and
was detuned at 8.8 meV below the linear hh exci-
ton resonance.The weak, broadband probe pulses
were approximately 100 fs long. (b) Same as (a)
counter-circular polarization of pump and probe
pulse. (c) Ratio of the hh exciton Stark shift over
the coherently coupled lh exciton Stark shift ver-
sus detuning between pump pulse and hh exciton
energy. Solid and dotted lines show the theoretical
results with and without intervalence band coher-
ences, respectively.The squares correspond to the
experimental values for 3.7-W/cm2 (solid) and 21-
MW/cm2 (open) pump pulses.
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Nanowire Nanolasers: Surface
Emission, UV Wavelength,
And Room-Temperature 
Operation
Samuel Mao, Richard Russo, and Peidong Yang

Since the discovery of carbon nan-
otubes1 in 1991, tremendous effort

has been dedicated to
the development of
practical nanoscale de-
vices based on one-di-
mensional nanostruc-
tures.2 The best exam-
ples of such devices are
clearly associated with
the electronics indus-
try. A semiconducting
nanotube transistor3

built in 1998 was
among the first elec-
tronic devices arising
from one-dimensional
nanotechnology.

We recently report-
ed an example of the
first miniature optical
devices using a one-di-
mensional nanostruc-
ture as a building
block. We developed a

nanoscale solid-state laser, a nanowire
nanolaser,4 that  is about a thousand times
thinner than a human hair. Under optical
excitation at room temperature, surface-
emitting lasing action was demonstrated
in crystalline zinc oxide (ZnO) nanowires.
The nanowires could emit ultraviolet
(UV) radiation at 385 nm with a linewidth
less than 0.3 nm.

The scheme of patterned nanowire
growth allowed us to fabricate nanolasers
on certain substrates in a controllable
fashion. Arrays of crystalline ZnO nano-
wires were vertically grown on sapphire
with a vapor-phase transport process in-
volving catalyzed epitaxial growth. Selec-
tive nanowire growth was achieved by pat-
terning the catalyst—a thin film of gold
clusters—before the growth was started.
The lengths of the nanowires were con-
trolled up to 10 micrometers by simply
varying the crystal growth time. As seen
under electron microscopes, each individ-
ual ZnO nanowire, typically 20 to 150 nm
in diameter, has a perfect hexagonal cross
section.

We have examined the power-depend-
ent light emission by optically pumping
the ZnO nanowires with the fourth har-
monic output of a Nd:YAG laser (266 nm,
3-ns pulsewidth) at room temperature. In
fact, the crystalline nanowires are essen-
tially natural resonance cavities. Two natu-
rally faceted hexagonal end faces act as re-
flecting mirrors of the laser cavity. Light
emission was recorded in the direction
normal to the end surface plane (along the
symmetric axis) of the nanowires. Surface-
emitting UV lasing from the nanowires
was observed when the excitation intensity
exceeded a certain threshold (approxi-
mately 40 kW/cm2).

The one-dimensionality as well as the
chemical flexibility of the crystalline
nanowires makes them ideal miniaturized
laser light sources. ZnO is a wide bandgap
(3.37 eV) compound semiconductor espe-
cially suitable for UV and blue photonic
applications. We believe that the ability to
produce high-density arrays of nanowire
nanolasers would open up many potential
applications. For optical information stor-
age, a short emission wavelength as well as
small dimensions could mean a much
higher storage capacity for individual
compact disks. For massively parallel com-
puters, densely packed surface-emitting
laser arrays could provide ultradense opti-
cal interconnects that might eliminate
communication bottlenecks among pro-
cessors. For chemical analysis or biomed-
ical diagnosis, nanolasers could become
ideal radiation sources to be integrated
with the ever shrinking “labs-on-a-chip.”
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Figure 1. A scanning electron microscopy image
of ZnO nanowire arrays grown on a sapphire sub-
strate.
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Sonoluminescence:
Nature’s Tiniest Blackbody
C.Camara, S. Putterman. G.Vazquez,
and K.Weninger

The scattering of a sound wave by a gas
bubble in a fluid can lead to pulsa-

tions so strong that they concentrate
sound energy by twelve orders of magni-
tude and generate broadband ultraviolet
flashes of light. This light emission is
called sonoluminescence (SL).1 The clock-
like repetition at acoustic frequencies, as
well as the brevity of these spherically
symmetric light bursts originating from
the submicrometer-sized bubbles, makes
SL useful for a variety of tasks, including
synchronization of the vast array of detec-
tors at the Solar Neutrino Observatory.2

Calibrated spectra reveal that SL is a
thermal source of light emitted from bub-
bles whose radius can be as small as
10.nanometers.3 For these smallest bub-
bles, which are driven by a 10 MHz sound
field, the spectrum follows the theoretical
curve for thermal Bremsstrahlung from a
transparent plasma4 (see Fig. 1). If the
acoustic frequency is lowered, the radius
Re of the light-emitting region increases
and the spectrum shifts to resemble a
blackbody.4

In recent work4 combining measure-
ments of the calibrated spectrum and the
duration of the light flash with Mie scat-
tering observations of the bubble size, we
found that a self-consistent description of
SL as a blackbody is remarkably accurate.
The temperature of the spectrum depends
upon the gas content of the bubble. When
driven at 35 KHz, hydrogen, helium,
and xenon gases display temperatures of
6,000 K, 20,000 K, and 8,000 K, respective-
ly (see Fig. 1). To reproduce the measured
power and duration of the emission with a
blackbody model requires that these three
gasses have emitting volumes with radii
(Re) of .25 �m, .1 �m, .4 �m. These sizes
are consistent with the bubble sizes meas-
ured with light scattering.

The interpretation of SL as blackbody
emission is not as satisfying as it might ini-
tially appear. For blackbody emission one
general criterion is that light and matter
must be in equilibrium. Thus, the mean
free path for the interaction of light with
matter within these tiny bubbles must be
smaller than Re . According to standard
plasma theories modeling the bubble inte-
rior, this scattering length at 6,000 K is 

10 m, seven orders of magnitude larger
than Re . Perhaps the blackbody spectrum
reports the surface temperature and masks
an interior that is much hotter. In this
event the challenge is to experimentally
probe the interior state. An independent
verification of the small values for Re

awaits application of methods such as in-
tensity interferometry.

The duration of the flashes emitted by
the blackbody bubbles are about 100 ps,
whereas the duration of the flashes from
the nanometer bubbles remains unmea-
sured. Will nanoluminescence be another
route to ultrafast flashes of light? By going
to higher acoustic frequency can SL be ob-
served from systems so small that they are
fundamentally quantum mechanical?
From a practical perspective the pinpoint
location of extreme energy focusing
achievable with SL raises the possibility of
its use in medicine, in particular in sur-
gery.1,3,5
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Figure 1. Observed spectra of sonoluminescence
from xenon, argon and hydrogen bubbles as com-
pared to theories of  Bremsstrahlung and black-
body radiation.
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Tunable Narrowband 
Terahertz Generation 
From Periodically Poled 
Lithium Niobate 
Yun-Shik Lee,Timothy Meade,
and Theodore B. Norris

The terahertz (THz) regime lying be-
tween the microwave and the far-in-

frared is in a relatively unexplored fre-
quency range of the electromagnetic 
spectrum. Nevertheless, there are abun-

dant phy-sical phe-
nomena at THz fre-
quencies, the study of
which would benefit
from new, spectrally
bright THz sources.
Since the inverse pulse
duration of femtosec-
ond lasers corresponds
to the THz frequency
range, the development
of femtosecond lasers
has naturally brought
about various tech-
niques to generate THz
waves. Although many
ways of generating sin-
gle-cycle THz waves
with broad bandwidth
have been developed,
narrowband sources
have remained a sig-
nificant technological
challenge. Narrowband
sources should be use-
ful for a wide range of
applications in spec-
troscopy, sensing, com-
munication, and imag-
ing; for such applica-
tions frequency tun-
ability is essential. A
powerful new tech-
nique has recently been
developed to generate
tunable narrowband
THz radiation using

optical rectification in a periodic nonlin-
ear crystal.

The fundamental idea is to exploit the
velocity mismatch between the optical and
THz pulses in a poled nonlinear crystal;
the effect is essentially to generate a THz
waveform which corresponds to the do-
main structure of the poled nonlinear
crystal. The basic scheme, first demon-
strated at the University of Michigan,1,2 is

shown in Fig. 1 (a). Femtosecond optical
pulses propagate through a periodically
poled lithium niobate (PPLN) crystal,
where the domain width (d) is matched to
the walk-off length between the optical
and THz pulses. A nonlinear polarization
is generated via optical rectification in the
PPLN, and each domain in the PPLN con-
tributes a half cycle to the radiated THz
field. The PPLN structure thus emits N/2-
cycle waves where N is the number of do-
mains in the PPLN. In the absence of ab-
sorption and domain-width fluctuations,
the relative bandwidth of the THz field is
given simply by 2/N. The frequency of the
THz wave is inversely proportional to the
domain width and the velocity mismatch
between the optical and THz waves.1 Fre-
quency tuning can thus be accomplished
by adjusting the domain width of the
PPLN. This has been achieved either
through the use of PPLN crystals with a
lateral spatial chirp,3 or by rotation of a
disk-shaped PPLN crystal.4 Some repre-
sentative THz waveforms and spectra
from Ref. [3] are shown in Figs. 1 (b) and
(c). The THz waveforms were generated
using 800-nm, 200-fs pulses from a 250
kHz Ti:sapphire regenerative amplifier,
and a 6-mm-length z-cut PPLN crystal
with various domain widths. The inset of
Fig. 1 (c) shows the measured (solid
square) and the calculated (solid line) fre-
quency of the THz waveforms as a func-
tion of the domain width,3 demonstrating
frequency tunability over the range from
0.5 to 2.5 THz. The bandwidth is about
0.02 THz, which is roughly 100 times nar-
rower than the bandwidth of single-cycle
THz generation from velocity-matched
optical rectification in ZnTe. The total
power emitted from PPLN is of the same
order as from ZnTe; thus, the spectral den-
sity of the narrowband THz source is sub-
stantially stronger than in a single-cycle
THz wave.
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Figure 1. Femtosecond optical pulses propagate
through a periodically poled lithium niobate
(PPLN) crystal, where the domain width (d) is
matched to the walk-off length between the opti-
cal and THz pulses.
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COMMUNICATION
Synchronized Multiplication 
Of Repetition Rates in 
Multiwavelength Optical 
Pulse Trains 
José Azaña and Miguel A. Muriel

Multiwavelength optical signal sources
capable of generating highly syn-

chronized trains of short optical pulses at
ultrahigh repetition rates are of great in-
terest for novel photonic networks based
on combined wavelength-division-multi-
plexed (WDM) and optical-time-division-
multiplexed (OTDM) data formats.

We have reported a new technique for
multiplying the repetition rate of a given
single-wavelength periodic pulse sequence
without distorting the individual pulse
characteristics (shape and temporal
width) and without loss of energy. Our
technique, which uses a linearly chirped
fiber grating (LCFG)1-3 as dispersive medi-
um, is based on a temporal counterpart of
the spatial Talbot (self-imaging) effect,
and only requires linear propagation of
the original signal through a dispersive
medium providing an appropriate group-
velocity dispersion. The technique has
been experimentally confirmed.4

We have also extended the Talbot-
based repetition-rate-multiplication tech-
nique to the case of multiwavelength opti-
cal pulse trains, achieving multiplication
of the repetition rate separately and simul-
taneously in the different wavelength
bands.5 The repetition-rate-multiplication
process is achieved by simple linear reflec-
tion of the original signal in a single struc-
ture of superimposed chirped in-fiber
Bragg gratings, which are specifically de-
signed to provide a suitable group-delay
dispersion within each wavelength chan-
nel. This proposed multiplication process
does not affect the individual pulse char-
acteristics (shape and temporal width).
Our proposal results in very compact
structures capable of processing simulta-
neously a large number of wavelength
channels using a single structure of super-
imposed LCFGs (SLCFGs). Figure 1 is a
diagram of the proposed technique. In
principle, a single SLCFG would be capa-
ble of processing simultaneously tens of
wavelength channels. Typical value of
channel spacing is 100 GHz, centered at

the ITU standard frequencies, and in the
figure we show results for three superim-
posed LCFG perturbations, each one cov-
ering a different WDM channel (channels
�1, �2, and �3, respectively). In the exam-
ple, the output rate is 20 GHz (repetition
period Tout =50 ps) considering as input
signal within each wavelength channel a
train of Gaussian pulses, each pulse hav-
ing a rms timewidth of 10 ps (bandwidth
narrower than the WDM channel spacing
of 100 GHz) with a repetition rate of 5
GHz (Tin= 200 ps), i.e. the dispersion coef-
ficient of each LCFG has been fixed to in-
crease the original repetition rate by a fac-
tor of 4.

The proposed method results in very
compact structures capable of processing
simultaneously a large number of wave-
length channels and promises to have im-
portant application in synchronized
WDM/OTDM networks and ultrahigh-
speed digital optical logic circuits.
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Chirp Reduction in 
Semiconductor Lasers through
Injection Current Modulation
N. Dokhane and G.L. Lippi

The optical frequency variation that
accompanies intensity changes in

semiconductor lasers, the so-called fre-
quency chirp, is the feature that imposes
the strongest limitations on the maximum
distance at which bit levels can be clearly
discriminated (even when laser wave-
lengths near the dispersion minimum for
glass are selected). Numerous techniques
have been devised to circumvent this
problem, but all of them increase the cost
and complexity of the system.

We have devised a technique that ex-
tends the direct current modulation
(DCM) capabilities of a laser's injection
current, allowing for a substantial reduc-
tion of frequency chirp in common diode
lasers.1 The technique consists of a simple
modification of the shape of the current
front applied to the change of state (be-
tween the 0 and 1 logical levels).

The laser's optical emission frequency
is related to the instantaneous value of the
carrier density in the junction.2 Relax-

dard semiconductor laser model2 and for
realistic device parameters,1 using a suc-
cession of flat injection current levels for
the composite signal, predicts a fourfold
increase in the spectral content of the opti-
cal signal at the center laser frequency at a
1-Gbit/s-transmission rate, with a corre-
sponding reduction of the power con-
tained in the wings. This strong modifica-
tion of the spectrum is highly beneficial to
the optical quality of the transmitted bits
and substantially increases the range of
distances over which the signal can propa-
gate without appreciable deformation.

The technique can be implemented
simply by integrating in the chip appropri-
ate delay lines which form the composite
fronts, starting from the standard square
wave pulse used for DCM encoding. This
way, the laser's performance can be greatly
increased without the need for changes in
the driving systems and protocols.
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ation oscillations (ROs) in the output in-
tensity, which always accompany a change
in laser’s intensity in DCM, are closely
linked to oscillations in the carrier density,
and are therefore an indicator of the pres-
ence of a frequency chirp. For this reason,
to reduce the frequency chirp one must
suppress the ROs as much as possible.

ROs are caused by excess accumulation
of carriers during switch-up or by excess
carrier depletion at switch-down. The goal
is therefore to operate the laser so as to aim
for just the right amount of carriers dur-
ing the transition. We achieve this goal by
replacing the simple switch-up front with
a composite, “bipolar” current which first
overshoots the value corresponding to the
logical 1 level, then drops sharply to a lev-
el approaching zero, and finally reaches the
desired intensity. Adjustment of the levels,
durations, and shapes used for the current
can even completely eliminate ROs. In re-
versed order, the same scheme works for
the switch-down front: we first interpose
an undershoot, then an overshoot, between
the upper and lower level of the injection
current, in this case as well obtaining sup-
pression or removal of the ROs.

Application of this scheme to a stan-
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A Method for Calculating 
Outage Probabilities Due to
Polarization-Mode Dispersion
Using Importance Sampling
Gino Biondini,William L. Kath,
and Curtis R. Menyuk

W ith the rapid increase of transmis-
sion rates, polarization-mode dis-

persion (PMD)1,2 has become one of the
major impediments to upgrading current
per-channel data rates. PMD effects
change randomly over distance and time.1

Typically, however, outage probabilities—
i.e., the probability that PMD-induced
transmission penalties will exceed a maxi-
mum  allowed value—are required to be
very small. As a result, the extremely large
number of system configurations neces-
sary to obtain a reliable estimate has made
it impossible to use Monte Carlo simula-
tions and laboratory experiments to di-
rectly determine a system’s outage proba-
bility.

A measure of PMD is the polarization
dispersion vector,1,2 the magnitude of
which is the differential group delay
(DGD). In fibers, the DGD is a random
variable with a Maxwellian probability
distribution function (pdf).1 The tails of
the pdf are particularly important, since
the rare occurrences in which the DGD is
significantly larger than its mean are the
ones most likely to result in system out-
ages. As mentioned above, however, cal-
culating probabilities in the tails of the
pdf with standard Monte Carlo techniques
is not feasible. Recently, we have applied a
technique called importance sampling3 to
Monte Carlo simulations of PMD.4 This
method provides a tool that can be used in
numerical simulations—and, in principle,
experiments—to accurately estimate
PMD-induced outage probabilities.5

Many numerical and experimental
PMD-generation techniques employ a
concatenation of birefringent elements,
e.g., high-birefringence fibers connected
by polarization controllers. In such cases,
the polarization dispersion vector can be
obtained using the PMD concatenation
equation2 �n+1 = ��n+1 + Rn+1�n. Here,
�n is the vector after n sections and ��n+1

is the contribution of the (n+1)-st section.
The Müller matrix Rn+1 combines a rota-
tion about ��n+1 with the action of the
polarization controllers, which scatter the
polarization state on the Poincaré sphere.

Configurations that lead to large DGD

values are the ones in
which the individual
contributions from each
section tend to be
aligned with each other.
These configurations
normally occur very in-
frequently. Importance
sampling biases the sim-
ulations so that these
large DGD events are re-
alized much more fre-
quently. The simulations
are adjusted for the bias
using the importance
sampling likelihood ra-
tios,3 so that all of the
different realizations
contribute properly  to the final result. We
have found4 that the appropriate variables
to control are the angles between �n and
�n+1. More precisely, we bias the simula-
tions by making the scramblers preferen-
tially rotate �n toward the direction of
��n+1.

As an example, Fig. 1 shows the pdf of
the DGD for a PMD emulator comprised
of 15 sections, each with 1 ps of DGD. The
figure was obtained with only 100,000
Monte Carlo  realizations, showing that
even a modest number of trials  is suffi-
cient to produce very good estimates for
the  probability of extremely rare events.4

The technique has also been used to quan-
tify and optimize  the performance of
PMD compensators.5 These successes
show that importance-sampled Monte
Carlo  techniques provide a natural and ef-
fective means to assess PMD-induced im-
pairments in optical transmission systems
at realistic bit-error rates.
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In-Line Polarimeter Using
Blazed Fiber Gratings
P. S.Westbrook,T.A. Strasser, and T. Erdogan

The demand for increased information
capacity of lightwave systems prom-

ises to make polarization-dependent ef-
fects significant design factors. An impor-
tant example is optical polarization mode
dispersion (PMD) monitoring and com-
pensation. It has been shown that the de-
gree of polarization (DOP) of an optical
data stream is related to the level of PMD
degradation. Researchers have also pro-
posed various schemes to increase data ca-
pacity by exploiting the polarization de-
gree of freedom. These include launching
closely spaced channels or adjacent pulses
with orthogonal polarizations.

In order to fully control and utilize
fiber polarization properties, an attractive
polarization monitor is essential. Such a
polarimeter should be compact, broad-
band, low cost, and capable of performing
an in-line measurement with minimal in-
sertion loss and polarization dependent
loss (PDL). These requirements are most
easily met using an all-fiber approach.
Fiber polarimeters have previously  been
demonstrated using fused fiber couplers,1

and side-polished fibers.2 A recent paper,3

summarized here, describes the realization
of a novel, highly manufacturable po-
larimeter design with great promise for
meeting stringent telecom requirements
for size, cost, and stability.

The polarimeter employs blazed, UV-
written, intra-core fiber gratings as highly
polarization sensitive taps4 to couple light

out of the core mode directly onto a detec-
tor at the fiber surface. The polarization
sensitivity is achieved by coupling core-
guided light at 1550 nm into perpendicu-
larly scattered radiation modes. To in-
crease scattering efficiency and band-
width, the gratings were blazed at 45°. Po-
larization extinction ratios in excess of 100
were achieved. Figure 1 shows a schemat-
ic of the polarimeter. Four weak (~0.15 dB
tap) gratings scatter light at azimuthal an-
gles of 0°, 45°, 90°, and -45°, and a UV-
written waveplate at 0° is included be-
tween the last two gratings to ensure accu-
rate measurement of degree of polariza-
tion and helicity. A simple calibration pro-
cedure,5 in which known states of polar-
ization are sent through the polarimeter
and the detector values recorded, allows
determination of the 4-by-4 matrix link-
ing the four detector values and the four
stokes parameters. Comparison with a
commercial polarimeter (HP8509B)
showed agreement to within the accuracy
of the commercial device. Moreover, since
the grating taps were ~0.2 dB, the total
PDL of the device was less than 0.15 dB
measured from 1520-70 nm.

A more practical test of the fiber po-
larimeter involved using the polarimeter
output as a feedback signal to drive a com-
mercial polarization controller (via a com-
puter feedback algorithm) to provide ac-
tive stabilization of a randomly varying in-
put polarization. The control loop output
maintained a null at one port of a polariz-
ing beam splitter (PBS) while the control
loop input polarization varied. By chang-
ing the feedback stokes setpoint to the or-
thogonal polarization, power could be
switched between ports. The stabilized
power level at the nulled PBS port re-
mained at less than -25 dB as wavelength
was varied from 1520-1590 nm, showing
that a single calibration of the all-fiber po-
larimeter provides stable, accurate polar-
ization measurements over a bandwidth in
excess of 70 nm.
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Figure 1. Diagram of the all-fiber polarimeter.
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OPTICAL
ENGINEERING
Aplanatic Curved Diffractive 
Element for Imaging and Light
Concentration
Nándor Bokor and Nir Davidson 

Since no chromatic aberrations exist
for monochromatic illumination such

as laser light, diffractive optical elements
(DOEs) can be used, with advantages in
terms of light weight, compactness, and
the ability to record complicated phases
on a single element. Unfortunately, simple
DOEs—recorded on flat surfaces using
two spherical or plane waves—suffer from
very large aberrations when reconstructed
with off-axis object points. Even DOEs
that are more complex, with aspheric
phases designed to minimize aberrations,
are not aplanatic; hence, they still have
large aberrations at high numerical aper-
tures (NA) and large off-axis angles. They
also require more complicated recording
techniques than do simple DOEs.

As a simple alternative to these meth-
ods, we have recently demonstrated, both
experimentally and numerically, a DOE
that exactly fulfills the Abbe sine condition
and thus suppresses all first-order (mono-
chromatic) aberrations.1,2 It is formed by
recording the interference pattern of two
ordinary spherical or plane waves on a
spherical (or, in one dimension, a cylindri-
cal) surface with the proper radius, rather
than a flat one.

Since no complicated wave fronts are
needed, fabrication is extremely simple. In
our experiments, we used this type of set-
up in reflection hologram geometry [Fig.1
(a)], and the focusing performance of the
aplanatic DOE was compared with that of
a DOE recorded on a flat surface. Signifi-
cant improvement was achieved by use of
the curved DOE instead of the flat one, in
particular for high NA values [Fig. 1 (b)].
For example, a ~33-fold reduction in spot
size can be achieved for NA=0.7 and 20

off-axis plane wave illumination.1

At NA approaching unity, aplanatic
DOEs have an advantage over flat DOEs
even for on-axis recontruction, i.e. when
no geometrical aberrations exist. This is
because of vectorial diffraction effects that
yield much larger spot sizes for flat DOEs
than those predicted by scalar diffraction
theory.3 Aplanatic DOEs, even with NA

approaching unity,
suppress this vectorial
broadening and thus
yield much smaller
spot sizes.3

Besides being used
to obtain aberration-
free imaging, aplanatic
DOEs were also used
for concentration of
diffuse (monochro-
matic) light near the
theoretical thermody-
namic limit.2 The
widely used non-im-
aging concentrators
tend to be extremely
long for input beams
with small diffusive
angles. High NA im-
aging concentrators,
such as parabolic mir-
rors, are simpler and
more compact, but
their large off-axis
aberrations reduce the
concentration ratio to
a factor of 4 below the
thermodynamic limit. Our aplanatic
curved DOE, though much more compact
than non-imaging concentrators, achieved
concentration approaching the thermody-
namic limit [Fig. 1 (c)].
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Figure 1 (a): Recording setup for an aplanatic
DOE. The interference of a plane wave and a
spherical wave was recorded on a 20-mm-thick
photopolymer film coated on a 1-mm-thick cylin-
drical glass surface with radius RS=35 mm. The
spherical wave was produced by a x 60 micro-
scope objective (MO), yielding a DOE with
NA>0.86; (b): Spot sizes (s.s.) for flat and curved
DOEs, represented by squares and circles, respec-
tively, as a function of off-axis reconstruction angle.
The entrance aperture of the imaging system was
60 mm, the focal length was 35 mm for both cases;
(c): Normalized concentration ratio (NCR) as a
function of NA for the aplanatic curved DOE (the-
oretical: solid line, experimental: circles) and a flat
DOE (theoretical: dashed line, experimental:
squares).The normalization is with respect to the
theoretical thermodynamic limit.
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Radiometry and Wide-Angle
Wave Fields
Miguel A.Alonso

R adiometry is amongst the simplest
formalisms for the description of op-

tical radiation. It assumes that in free
space, optical power is carried along
straight rays. The fundamental quantity in

this description is the radiance, or specific
intensity, expressed as a function of a spa-
tial coordinate and a direction. Its value
can be thought of as the amount of light
carried by the ray that travels in the speci-
fied direction and goes through the speci-
fied point. The radiance satisfies several
properties:

1) It must be non-negative, as it 
represents a power density.

2) For all points along the same ray in 
the specified direction, it must 
be constant.

3) It must be independent of the 
coordinate system.

One of the great advantages of the ra-
diometric model is its simplicity. For ex-
ample, because of the second property, it is
essentially sufficient to know the radiance
at a given plane to know it everywhere.
Further, other radiometric quantities fol-
low from the radiance. For example, the ir-
radiance, i.e., the amount of light at a giv-
en point, is calculated simply by integrat-
ing the radiance over all the rays that go

through that point. Likewise, the net pow-
er flux (a vectorial quantity) at a point is
given by the average direction weighted by
the local radiance. Despite these advan-
tages, the radiance ignores the undulatory
nature of light, and hence fails to describe
diffraction and interference effects. It is
therefore expected to be meaningful only
in the short wavelength and/or incoher-
ence limits.

In the past forty years, several functions
have been defined based on the theory of
partially coherent wave fields to reproduce
the properties of radiance. The main rea-
son for such efforts has been to give a the-
oretical foundation to the radiometric
model and to establish its domain of va-
lidity. There are more practical motiva-
tions, however. A generalized radiance (as
these wave-based analogs of the radiance
are called) that presented the properties of
the radiance could considerably simplify
some wave-propagation problems. Never-
theless, most generalized radiances pro-
posed so far fail to satisfy rigorously (ex-
cept in specific conditions) all of the prop-
erties outlined earlir. Further, they apply
only to fields that traverse a plane in a giv-
en direction.

In the series of papers cited below, for
any wavelength and state of coherence, a
family of generalized radiances is defined
that exactly satisfies properties (2) and (3).
In particular, the satisfaction of property
(2) is achieved by obviating the redundant
parameter of position along a given ray.
Further, these definitions are applicable to
fields with components traveling in all di-
rections, and naturally connect the irradi-
ance and net power flux mentioned earlier
to the wave-based power spectrum, energy
density, and flux density. While property
(1) is satisfied only in situations in which
classical radiometry is expected to be
meaningful, properties (2) and (3) are the
ones that are essential in practical applica-
tions like wave-propagation problems.
The theory presented in these papers can
therefore lay the foundation for several
useful methods of wave propagation for
partially coherent fields.
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Figure 1. Flux density (magnitude and direction)
for a partially coherent Gaussian field. This plot
was generated by using one of the proposed gen-
eralized radiances.
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Lightpipe Design
Anurag Gupta, Junwon Lee, and R. John Koshel

L ightpipes are used to transfer light
from the source to the target. Applica-

tions include displays and indicator lights,
and in some cases even lighting. Light-
pipes are typically made of plastic and use
total internal reflection to propagate light
down the length of the pipe. They are
analogous to fibers, but are used for illu-
mination-transfer purposes and employ
air as the cladding.

Rules of thumb and designer experi-
ence have governed lightpipe design, but
our work establishes criteria based on
analysis for the efficient transfer of light
down a given lightpipe geometry.1 We
have found that principal sections alone
determine light-transfer efficiency. Prin-
cipal sections divide a given lightpipe
geometry into mirror symmetric sections.
Most complicated lightpipe geometries
can be broken down along their length
into discrete pieces having uniform cross
sections and identificable principal sec-
tions. Principal-section analysis of each
piece leads to determination of the nu-
merical aperture of the entire lightpipe, lo-
cation of the regions in which leakage first
occurs, and understanding of how leakage
regions grow and spread. This knowledge
enables the designer to do a first-order de-
sign based on the given constraints and
performance requirements.

Some commonly used lightpipe con-
figurations, e.g., straight and single circu-
lar bend with different cross sections, have
been analyzed using this method. In the
case of a circular bend, we found that the
refractive index and the bend ratio (ratio
of bend radii) scale the lightpipe and are
the sole determinants of the numerical
aperture, the throughput, the transfer effi-
ciency, and the output uniformity distri-
bution. A high refractive index and a small
bend ratio allow for a greater acceptance
angle. We studied output uniformity in
both the spatial and angular domains. We
found that circular cross-section light-
pipes provide better angular uniformity
while square cross-section lightpipes pro-
vide better spatial uniformity. In the pres-
ence of leakage, square cross-section light-
pipes also provide greater throughput
than circular cross-section ones with the
same geometry. Figure 1 shows an exam-
ple of a bent, circular cross-section light-
pipe with control planes indicating the

amount of flux passing through a given
area. Note that there is leakage in this pipe
indicated by the flux propagating through
the outer portion of the bend. The spatial
distribution of light at the output aperture
is also provided.

Most lightpipes become complex due
to the illumination requirements for sev-
eral targets with one source since the
shape and size of the lightpipe are chosen
by the designer to provide the required il-
lumination while fitting in the given vol-
ume.2 The theory developed in Ref. 1 pro-
vides the building blocks for designing
these more complicated lightpipes.
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Figure 1. Bent, circular cross-section lightpipe
showing the propagation of light from an LED to
the output plane. Control planes indicate the
amount of flux passing through a given area, with
dark blue indicating a minimum and red a maxi-
mum.The principal and output control planes are
shown.
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Using Rays Better
Greg W. Forbes and Miguel A.Alonso

A lthough ray-based models lie at the
heart of most optical design soft-

ware, their accuracy is uncertain. For ex-
ample, rays are regularly traced through
systems with refracting and diffractive sur-
faces, apertures, waveguides, and various
other structured media, but the justifica-
tion is often largely intuitive or empirical.
Difficulties with caustics are also typically
ignored. Because many applications occu-
py the outer reaches of a ray model’s plau-
sible domain of validity, these are pressing
issues. We have therefore sought a solid
foundation for these models based solely
on the wave equation. The result is a
framework for constructing robust asymp-
totic (i.e., ray-based) solutions that come
with a measure of their own error as well as
options for higher-order correction.

Rays are often thought of in apparently
inconsistent ways. When either tracing
rays or using spot diagrams, rays can effec-
tively be regarded as particle tracks or, less
simplistically, as demarcation lines for in-
finitesimal conduits of power. Hence, away
from caustics, differential ray spacing gives
the field amplitude. Alternatively, rays may
be taken to represent partially localized
plane waves. This makes sense of the
process of locally determining diffracted
orders at a curved grating, and of the use
of Fresnel coefficients to find the local par-
tial reflection at a lens surface. In fact,
when asymptotics are used in the Fourier
domain, rays then represent infinitely delo-
calized plane waves. Thus, rays have a re-
markably ambiguous character: they can
be both wavelike and particlelike. Such
eerie duality is evidently not reserved for
the quantum world.

The first step in this project was to em-
brace a proposition of indeterminacy:
there is no unique answer to the question
“How localized is the field element associ-

ated with each ray?” Instead, there is an es-
sential flexibility. What is more, a single
ray determines neither a field’s amplitude
nor its phase: as shown in Fig. 1, phase
shifts occur at caustics and, as with ray
spacing, one ray alone can say nothing
about such matters. The second insight is
thus that rays must come in families. It fol-
lows that the inspiration for our method is
that an intuitively satisfying framework
for wave asymptotics should associate a
flexible component with each of the rays
in a family; it is only the result of super-
posing these field components that must
be stable. While this embodies duality, it is
no longer eerie at all. These ideas lead to a
distinctive feature: compared to their sum,
the individual elements are only poor so-
lutions of the wave equation. The collec-
tive strength of these relatively uncon-
strained elements reveals that this is not a
simple variant of the standard process of de-
composing a wave into elemental solutions
of the field equation.

The resulting method, called SAFE for
“stable aggregate of flexible elements,”
gives robust solutions that are constructed
by using rays. As described in our series of
papers,1-5 SAFE is able to deliver unprece-
dented accuracy (regardless of caustics)
that can be assessed with the error esti-
mates that are also offered by the new
framework. As a result, geometrical optics
now spans a far larger domain.
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Figure 1. (a) Gray levels represent the amplitude
of a wave in free space while black curves repre-
sent wave fronts. The red lines are an associated
ray family, and blue dots mark out geometric
length. Near the caustic, rays are not normal to
wave fronts and the amplitude cannot be coupled
simply to ray spacing. Further, the wave fronts drift
from the dots and end up advanced by lambda/4.
Apart from this phase shift, the rays remarkably
appear to regain their simple connection to the
wave field after leaving the caustic zone. These
well known phenomena lead to fundamental ques-
tions. For example, suppose a refracting surface
were encountered near this caustic, as in (b).
Dashed lines are reflected rays, and the partially
reflected wave field creates an interference effect.
Questions spring to mind: Do the refracted and
reflected rays “reconnect” with their wave fields
and, if so, what are their phase shifts?  Can the
Fresnel coefficients be used on a ray-by-ray basis?
How large are the errors caused by the interface's
curvature?  How accurately can the wave be esti-
mated from the rays — even near the caustic?
Such questions arise in almost every application of
ray theory.

(a) (b)
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Improving the Beam Quality
Of High-Order Laser Modes
A. Ishaaya, R. Oron, N. Davidson, E. Hasman,
and A.A. Friesem 

In recent years new methods for operat-
ing a laser with a single high-order

transverse mode have been reported.1

These methods, which have included the
insertion of binary and spiral phase ele-
ments within various laser resonators,
have resulted in higher output power due
to the larger mode volume of high-order
modes. But since the beam propagation
factor (M2) of high-order modes is larger
then that of the fundamental mode, the
beam quality of high-order modes is con-
sidered degraded compared to that of the
fundamental mode.

Analysis of beam quality by means of
entropy shows that the entropy of a single
high-order mode is equal to that of a sin-
gle Gaussian mode.1 Thus it is allowed
thermodynamically to transform without
losses a high-order mode beam into a
Gaussian beam. Recently we demonstrat-
ed a practical and efficient method of
transforming a single high-order La-
guerre-Gaussian helical mode into a near-
ly Gaussian mode, leading to a significant
improvement of the M 2 parameter.2 In
our experiments, a high-order TEM01* hel-
ical mode beam was generated by using a
spiral phase element and a cylindrical lens
within the laser resonator 3 (Fig. 1). The
external spiral phase element changes the
phase of the beam so as to produce a uni-
form phase front yielding a high central
lobe surrounded by a ring-shaped side
lobe in the far field. The new M2 is equal
to the square root of the original M2, thus
allowing for considerable improvement in
the beam quality. The spatial filter elimi-
nates the ring-shaped side lobe, resulting
in further improvement of the M 2

(M2<1.1) with an insignificant decrease in
power.

Using a more generalized approach, we
have shown that in the case of a laser oper-
ating with several high-order modes, an
improvement of the M2 is also possible.4

This can be achieved by examining the
Wigner distribution function (WDF) of
the laser beam. For lasers operating with
the fundamental Gaussian mode or multi-
modes, the actual and envelope volumes of

the WDF coincide, whereby the envelope
is completely full. However, for lasers op-
erating with either a single or a few high-
order modes, the envelope volume of the
WDF is significantly larger than the actual
volume. Thus, according to the Wigner al-
gebra, it may be possible to reduce the
WDF envelope volume towards that of the
actual volume, thereby obtaining a beam
with lower M2. We have demonstrated this
using a laser operating with only two mu-
tually incoherent transverse modes
TEM1,±1 , whose M 2 value is 4. Using an
annular binary phase plate and a spatial
filter, we reduced the envelope volume of
the WDF, obtaining improved beam qual-
ity (M 2~2) with an efficiency of 76%. A
further improvement in the beam quality
was obtained by combining modes of or-
thogonal polarization.5

In conclusion, the optimal beam qual-
ity depends on the initial number of
modes, not necessarily on the highest order
mode, as would be expected on the basis
of the M2 criterion.
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Figure 1. Basic laser resonator configuration for
generating a high-order helical beam and an optical
mode converter that yields a nearly Gaussian
mode. The reflective SPE and the cylindrical lens
inside the laser resonator generate the TEM01* ,
which is externally collimated by the additional
cylindrical lens.The transmissive SPE and the spa-
tial filter transform the beam into a nearly Gauss-
ian beam.
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Critical Foliations and 
Berry’s Paradox
Isaac Freund

Turn on a HeNe laser and you’ll see the
familiar bright red beam streaming

across the laboratory. Now ask what is the
three dimensional (3D) path of the beam
center? Well, surely it’s the line of maxi-
mum intensity which seems so clearly vis-
ible to the eye.That’s so obvious it’s scarce-
ly worth thinking about. But Sir Michael
Berry (Bristol) did think about it,1 and
concluded that there is no such a thing as a
3D line of maximum intensity in this or any

other optical beam! How is this possible?
After all, if you place a white card in the
beam path you can see the central bright
maximum, and it seems perfectly obvious
that you can trace out the 3D path of this
maximum simply by translating the card.
But Berry recognized that where the max-
imum appears on your card depends on
how you orient the card, and therefore so
does the apparent 3D line of maximum
intensity.

Sampling a 3D optical beam on a series
of parallel planes (cards) is technically
called a “foliation” of the beam, with the
sampling planes being the “leaves” of the
foliation. Berry realized that what one sees
in any given foliation depends on the ori-
entation of its leaves. This can sometimes
give rise to strange results, and as shown
in Fig. 1 (a), for a Gaussian laser beam the
3D path of the observed maxima is curved
in almost all foliations.2 Although it takes
rather extreme parameters such as those in
Fig. 1 (a) to make this curvature easily vis-
ible, the fundamental principle remains
that the observed structure of an optical
beam will change with changes in folia-
tion.1

Although the foliation dependence of

many optical experiments is slight, there
do exist situations in which an infinitesi-
mally small change in foliation can pro-
duce large differences. This can give rise to
the paradoxical situation in which two dif-
ferent observers who study the exact same
laser beam using the exact same apparatus
in the exact same way, at least as far as they
can tell, nonetheless end up with two com-
pletely different, indeed contradictory sets
of results, both of which, however, are per-
fectly correct!  This bizarre situation is an
extreme example of what has been called
“Berry’s paradox,”2 while foliations with
this strange property have been called
“critical” foliations.3 In optical beams con-
taining vortices,4-6 critical foliations are ac-
tually the rule rather than the exception.3

They have escaped notice until recently
because in most cases the leaves of these
foliations make some odd angle relative to
the nominal beam axis, while most exper-
iments use foliations whose leaves are per-
pendicular to this axis. But sometimes the
leaves of a critical foliation are perpendi-
cular to the beam axis, and Figs. 1 (b) and
(c) show the strange things that can hap-
pen in a vortex beam in which the path of
the vortex (dislocation line) is S-shaped.3

In (b) a zero amplitude intensity mini-
mum corresponding to a single vortex is
seen at the beam waist in a plane normal
to the nominal beam axis, while in (c)
three vortices together with two saddle
points are seen when the plane of observa-
tion is tilted by ~1/2o relative to the
axis.The angle of tilt can be arbitrarily
small, although the smaller it is, the higher
the spatial resolution needed to resolve the
different structures.3

Vortices show up in a wide range of op-
tical wave fields that run the gamut from
random and chaotic to vortex crystals or
dark solitons, which are highly organ-
ized.5,6 But in all cases, Berry’s paradox1

with its counterintuitive critical foliations3

lurks in the background. Let the experi-
menter beware!

References
1. M. Berry, Proc. SPIE 3487, 1-5 (1998).
2. I. Freund and D.A. Kessler, Opt. Commun. 187, 71-

90 (2001).
3. I. Freund, Opt. Lett. 26, 545-7 (2001).
4. J. F. Nye and M.V. Berry, Proc. Roy. Soc. London Ser.

A 336, 165-90 (1974).
5. M. Soskin and M.Vasnetsov, Photonics Sci. News 4

(4), 22-42 (1999).
6. Y. S. Kivshar and E.A. Ostrovkaya, Opt. Photon.

News 12 (4), 24-9 (2001).

Isaac Freund, Bar-Ilan University, Ramat-Gan, Israel.

Figure 1. (a) A fundamental TEM00 Gaussian laser
beam with Rayleigh range equal to the waist pa-
rameter w0 propagates in the xz-plane at 45° to
the z-axis. The position of the intensity maxima of
this beam in a foliation whose planes are perpen-
dicular to z is shown by the green line. Note that
the path of these maxima (which changes with
changes in foliation) is not only curved, but also
deviates markedly from the expected beam path
(red line). (b) and (c) Critical foliation of a vortex
beam containing an S-shaped dislocation line.
(“Hotter” colors correspond to larger intensities).
(b) Intensity at the beam waist in a plane normal to
the beam axis. A single vortex (dark blue) is ob-
served. (c) The plane of observation is rotated by
~1/2° from that in (b). Three vortices and two
saddle points (X-shaped yellow regions) are now
seen.

(a) (b) (c)



PROPAGATING FIELDS

December 2001 ■ Optics & Photonics News 57

Navigating Discrete Solitons 
In Two-Dimensional Nonlinear
Waveguide Array Networks
Eugenia D. Eugenieva, Nikos K. Efremidis,
and Demetrios N. Christodoulides

One of the most important functions
of a photonic network is to route in-

formation from a point of origin, A, to a
final destination, port Z. In such optical
systems, it is often highly desirable that
routing be accomplished all-optically so as
to avoid unnecessary electro-optic conver-
sion. If for example data is redirected by a
space-switching matrix, it is also crucial
that this process occur with minimum dif-
fraction induced cross talk or losses
among nodes. Nonlinearity can offer a
promising solution to this problem since,
under appropriate conditions, it is known
to balance diffraction effects. In fact, in
nonlinear waveguide arrays (which can
serve as the network nodes) a self-trapped
entity—better known as a discrete soliton
(DS)—can exist.1 By their very nature, dis-
crete solitons represent collective excita-
tions of the periodic lattice as a whole.
They are the outcome of the balance be-
tween nonlinearity and linear coupling, or
discrete diffraction effects. Recently, opti-
cal DS have been successfully observed in
nonlinear AlGaAs waveguide arrays.2 As
noted in several studies, the discrete char-
acter of these self-trapped states can lead
to a host of new effects that have no coun-
terpart whatsoever in the continuous
(bulk) regime.3,4

Quite recently, we have shown that DS
in two-dimensional nonlinear waveguide
array networks can provide a rich environ-
ment for all-optical data processing appli-
cations.5 More specifically, we have
demonstrated that this family of solitons
can be employed to realize intelligent func-
tional operations such as routing, blocking,
logic functions, and time-gating. These DS
can be navigated anywhere in the network
along preassigned array pathways which
act as “soliton wires.” Even more impor-
tantly, DS can be routed at array intersec-
tions using vector-incoherent interactions
with other discrete solitons.5 In essence,
these intersections behave as DS switching
junctions.

Figure 1 (a) depicts a nonlinear array
network involving consecutive bends.
Light in this array propagates along the 
z-axis and is confined in the transverse x-y
plane. The waveguide cross sections are

shown in green. A discrete soliton S, the
field profile of which is shown in red, is set
in motion in this system. This is done by
appropriately chirping (spatially) or tilting
the soliton beam with respect to the z-axis.
In order to investigate the effects of bends
on the behavior of DS, we have numerical-
ly simulated the process. Interestingly
enough, we have found that DS can suc-
cessfully negotiate a sequence of bends
with very little radiation or reflection loss-
es.5 The DS follows the pre-assigned path
[as shown in Fig. 1 (a)] and remains essen-
tially invariant during propagation. These
losses can be accurately predicted from
coupled-mode theory and can be effec-
tively minimized by engineering the corner
of the bend. In this case, the bending loss-
es were found to be below 0.5% after a  90°
bend.

Such systems can also be used to realize
logic operations. Figure 1 (b) illustrates an
X-switching junction. This junction em-
ploys two different DS families,
the so-called “signals” and
“blockers” denoted by S and B,
respectively. Signals are moder-
ately confined DS, whereas
blockers (depicted in blue) are
strongly confined, occupying ef-
fectively one site. Unlike sig-
nals—which are highly mo-
bile—blockers, states deeply lo-
cated in the spatial photonic
bandgap of the waveguide lat-
tice, tend to retain their position
after a collision. In the junction
shown, the blockers B1 and B2

interact “incoherently” with S.
This is made possible through
use of different colors or polar-
izations in a nonlinear material.
As shown in Fig. 1 (b), the signal
soliton S is routed towards the
lower branch, due to the pres-
ence of the two blockers at the
entries of the respective path-
ways. Again, this occurs with
very little loss (below 4% per
junction). It is important to note
that had one of the two blockers
not been present at the junction,
the signal DS would have totally disinte-
grated into transmitted and reflected
waves. Thus, in essence, the junction op-
erates as an AND gate.6 In the same way
other operations, such as time-gating and
memory functions, can also be imple-
mented in these systems.

Acknowledgments
This work was supported by a Multi-Uni-
versity Research Initiative from the U.S.
Army Research Office and by the National
Science Foundation.

References
1. D. N. Christodoulides and R. I. Joseph, Opt. Lett. 13,

794 (1988).
2. H. S. Eisenberg,Y. Silberberg, R. Morandotti,A. R.

Boyd, and J. S.Aitchison, Phys. Rev. Lett. 81, 3383
(1998).

3. Y. S. Kivshar,W. Krolikowski, and O.A. Chubykalo,
Phys. Rev. E 50, 5020 (1994).

4. A. B.Aceves, C. De Angelis,T. Peschel, R. Muschall, F.
Lederer, S.Trillo, and S.Wabnitz, Phys. Rev. E 53,
1172 (1996).

5. D. N. Christodoulides and E. D. Eugenieva,“Blocking
and routing discrete solitons in two-dimensional
networks of nonlinear waveguide arrays,” Phys. Rev.
Lett. (accepted for publication).

6. E. D. Eugenieva, N. K. Efremidis, and D. N.
Christodoulides, Opt. Lett. 26, 1978 (2001).

Eugenia D. Eugenieva, Nikos K. Efremidis, and
Demetrios N.Christodoulides,Department of Electri-
cal and Computer Engineering, Lehigh University,
Bethlehem, Pennsylvania.

Figure 1. (a) Discrete soliton S propagating in a
two-dimensional network of nonlinear waveguides
with bends; (b) Re-routing a signal discrete soliton
S using two blockers at the entries of the path-
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QUANTUM OPTICS
Observation of Polarization 
Instabilities and Chaos in a 
Two-Photon Laser
Daniel J. Gauthier, Olivier Pfister,William J. Brown,
and Michael D. Stenner

The high degree of temporal coherence
of laser light arises from a complex

interplay between the fundamental light-
matter interactions of absorption, sponta-
neous emission, and stimulated emission.
The coherence properties of the generated
light can be altered significantly, and often
in a surprising manner, by modifying the
type of light-matter interaction on which
the laser is based. As an example, the two-
photon laser1-3 is based on the higher-or-
der two-photon stimulated emission
process, whereby two incident photons
stimulate an excited atom to a lower ener-

gy state and four photons are scattered.
While replacing the standard one-photon
stimulated emission process by a high-or-
der one might be expected to give rise to
subtle differences observable only at the
quantum level, it has been predicted that
there will be dramatic changes in both the
microscopic and macroscopic laser behav-
ior even when many atoms participate in
the lasing process. The reason for these
differences is that the two-photon stimu-
lated emission rate depends quadratically
on the incident photon flux, resulting in
an inherently nonlinear light-matter inter-
action.

We have recently achieved degenerate
two-photon optical lasing4 using laser-
driven potassium atoms contained in a
very high finesse optical resonator. A pho-

to of the resonator is shown in Fig. 1 (a).
This new type of quantum oscillator dis-
plays the expected turn-on behavior
whereby it can only turn on when an in-
jected coherent field brings the intercavity
light above a critical value. Once the laser
is above threshold, we observe polariza-
tion instabilities and chaos even though
the total intensity remains nearly constant.
This observation is not encompassed
within the framework of current theoreti-
cal models of two-photon lasers and re-
sults from the atomic Zeeman degeneracy
of the states participating in the two-pho-
ton stimulated emission process. We sug-
gest that such a two-photon laser could
emit polarization-entangled twin beams
of light if this degeneracy were lifted, with
applications in the area of quantum infor-
mation.

Conclusive evidence that we have
achieved two-photon lasing is indicated by
the threshold behavior of the laser. To ob-
serve the threshold behavior, we measure
the power of the beam emitted from the
two-photon laser resonator and inject
pulses of light into the cavity to trigger the
laser to the “on” state. We observe that the
light emitted from the cavity goes from es-
sentially zero to approximately 0.2 �W
and remains at this value, corresponding
to an average cavity photon number of
2.2 � 106. This behavior is expected for a
two-photon laser and is very different
from everyday one-photon lasers.

While the total emitted power is seen to
remain nearly constant, we find to our
surprise that the two-photon laser displays
polarization instabilities and chaos. By
placing a linear polarization before the de-
tector, as can be seen in Fig. 1 (b) the state
of polarization undergoes complex oscil-
lations, possibly a manifestation of deter-
ministic chaos. We believe that it may be
possible to suppress the instabilities using
a strong magnetic field to lift the degener-
acy of the different quantum pathways or
by using techniques for controlling chaos.
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Figure 1. (a) Close-up photo of the two-photon
laser resonator. (b) Temporal evolution of the
power in one linearly polarized component of the
beam emitted by the two-photon laser when the
atoms are immersed in a two Gauss uniform mag-
netic field.The duration of the injected pulse that
triggers the laser to the “on” state is indicated by
the dashed vertical lines.
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Cavity-Accelerated
Superradiance and 
Pulse Area Quantization
C. Greiner, B. Boggs,T.Wang,T. Loftus 
and T.W. Mossberg

The radiative behavior of an ensemble
of correlated atoms can dramatically

differ from that of an isolated atom. In a
landmark 1954 paper,1 R. H. Dicke pre-
dicted that atomic correlation can lead to
radiative energy damping faster or slower
than ordinary spontaneous decay, phe-
nomena he called super- and subradiance.
Experimental studies of these fascinating
correlative effects have been severely con-
strained by difficulties in creating suitably
correlated media and by propagation ef-
fects that perturb correlation during emis-
sion.2, 3

Recently, we demonstrated a novel ex-
perimental approach to the observation of
correlated emission, termed cavity-accel-
erated superradiance,4 which avoids many
of the complications affecting previous
work and constitutes an essentially ideal
realization of the superradiance scenario
envisioned by Dicke. Here, an optically
thin atomic sample is coupled to a rapidly
decaying mode of an optical resonator to
produce strong superradiant emission un-
perturbed by field propagation effects. The
cavity acts to accelerate superradiant emis-
sion and allows cooperative radiation to
dominate the energy damping. The rapid
cavity decay ensures that atomic dynamics
are self-driven and use the cavity only for
mediation of the superradiant field. Under
these circumstances, the cavity field is en-
tirely determined by the sample polariza-
tion and the cavity output provides a di-
rect measure of the material polarization
and its time evolution. Our recent experi-
mental demonstration of cavity-accelerat-
ed superradiance4 constituted the first
time an initially correlated atomic ensem-
ble was observed to self-evolve through a
state of maximum correlation accompa-
nied by strong superradiant release of its
energy.

Further work on the cavity-accelerated
superradiant system revealed a remarkable
property. The cavity+absorber-system is
found to transform input optical pulses of
arbitrary area to output pulses having
quantized areas.5 Here, “area” is the time-
integrated product of signed optical field
and atomic transition matrix element and

measures the state of ex-
citation an optical pulse
creates in a resonant
atomic system. Figure 1,
solid line, shows the
output pulse area �out

emitted by an atom-cav-
ity system in response to
input pulses of area �in.
The simulation assumes
homogeneous atomic
broadening. Note how
continuous ranges of �in

are mapped to quan-
tized values of �out .
Transitions between dif-
ferent values of �out oc-
cur whenever �in passes
through an odd multi-
ple of �. The area quan-
tization phenomenon
depicted here should persist to the level of
single atoms and photons as long as the
superradiant ringdown occurs fast com-
pared to atomic decoherence. We have re-
cently observed the area quantization ef-
fect as it occurs in an inhomogeneously
broadened system.5

The area quantization effect provides a
powerful means to lock the cavity’s output
to specific areas despite fluctuations in in-
put pulse area. The accelerated superradi-
ant atom-cavity system thus comprises the
only known optical source that is intrinsi-
cally stabilized to distinct area values. Such
a device is important in quantum state
preparation, quantum computing, and co-
herent control, fields which rely critically
on precise excitation control. Further-
more, the extreme nonlinearity in the in-
put-output area mapping of Fig. 1 pro-
vides the basis of a “pulse-area transistor,”
wherein tiny variations in the input area
can switch very large area variations on the
cavity’s output.
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Figure 1. Pulse area quantization. �out versus �in.
The solid and dashed lines denote the cases of a
cavity with and without atoms, respectively. Insets:
solid (dashed) lines, intracavity Rabi frequency �C

versus time with (without) atoms; dotted-dashed
lines, atomic inversion W versus time. 0 < t < 2 �s,
input field on.
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Collective Light-Matter 
Interaction in the Presence 
Of Atomic Recoil
Mathias Perrin, Zongxiong Ye, Julien Javaloyes,
Gian Luca Lippi, Antonio Politi,
and Lorenzo M. Narducci

R ecoil plays a dominant role in the
cooling and trapping of neutral

atoms, but it is also responsible, for exam-
ple, for the appearance of recoil-induced
resonances.1 Similarly, recoil may account
for the emergence of collective effects
when atoms are driven by intense optical
fields: in particular, the spontaneous cre-
ation of a density grating in a gas, and the
accompanying backscattering of the inci-
dent driving field, as is the case with the
Collective Atomic Recoil Laser (CARL).2

Here, we highlight recent advances in
the formulation of more realistic models
of interacting atoms and radiation in the
presence of recoil, including propagation
effects and collisions between the optically

nism for dissipating the kinetic energy
gained by the atoms through the recoil
process. Thus, one needs to account for in-
teractions with the external environment
as well. Atomic collisions with a buffer gas,
the most relevant of such types of interac-
tion, are included in the CARL model in a
way that is reminiscent of molecular dy-
namics simulations. When a randomly se-
lected atom undergoes a collision, its mo-
mentum and the phase of its polarization
are randomized.6 In the absence of a driv-
ing field, this mechanism ensures the as-
ymptotic convergence towards thermal
equilibrium.

When the pump is switched on, the
density grating (the CARL leading signa-
ture) is erased; yet, our numerical simula-
tions show backward amplification. Fur-
thermore, we observe that the atomic mo-
menta acquire a strong non-Gaussian pro-
file. A macroscopic signature of this re-
verse gain is the emergence of a finite cor-
relation between the atomic polarization
and a spatial phase factor associated with
the center of mass position. Under appro-
priate conditions, this correlation yields
growth of the backward field.

By combining the ring cavity model of
Ref. 5 with the description of the collision-
al processes of Ref. 6, we have developed a
model of CARL that closely matches the
essential elements of the existing experi-
ments. This model, which includes pho-
ton-atom momentum exchange, atomic
motion, velocity changing collisions
(hence, Doppler broadening), and beam
propagation through the sample, predicts
the simultaneous oscillation of forward
and backward fields in the resonator, with
slightly different frequencies, even in the
absence of a density grating.
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active atoms and a buffer gas, features
which have played a prominent role in the
CARL experiments thus far.3, 4

A self-consistent treatment of propaga-
tion is best obtained by placing the sample
in a bidirectional ring cavity.5 Upon inves-
tigating this model without including re-
coil, one already finds that a field propa-
gating opposite to the external pump can
grow from noise even if the resonator con-
tains a purely passive two-level medium.
This field can coexist in steady state with
the forward component of the cavity field
but, surprisingly, the forward and back-
ward fields oscillate at different frequen-
cies, and their frequency difference de-
pends, in part, on the details of the res-
onator.

The inclusion of recoil, as required by
the CARL theory, immediately raises a
fundamental difficulty: the CARL equa-
tions, as formulated in Ref. 2, cannot de-
scribe the long-term evolution of the sys-
tem because of the absence of a mecha-
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SOLITONS
Rotating Propeller Solitons
Tal Carmon, Raam Uzdin, Claude Pigier,
Ziad H. Musslimani, Mordechai Segev,
and  A. Nepomnyashchy

Self-trapping of an optical beam occurs
when the beam induces, through non-

linearity, a waveguide structure and, at the
same time, is guided by this self-induced
waveguide. Such beams are commonly re-
ferred to as spatial solitons. The simplest
(scalar) soliton occurs when the soliton
consists of a single field component, thus
populating the lowest mode of its induced
waveguide. But solitons can also consist of
multiple components, in which case they
are called vector solitons. The most in-
triguing are composite (or multimode)
solitons, which consist of multiple compo-
nents that populate different modes of their
jointly induced waveguide. Composite
solitons were first demonstrated with only
one dimension of self-trapping.1 However,
such configuration can facilitate soliton
interactions (collisions) only in a single
plane, and cannot support solitons carry-
ing angular momentum. The first predic-
tion of multimode solitons in a full three-
dimensional (3D) configuration suggested
a vortex-type composite soliton, for which
the first component is bell-shaped, and the
second is shaped like a vortex.2 The equal-
phase planes of this second component are
shaped like a spiral staircase, which means
that its Poynting vector is rotating while
propagating. Later, the dipole-type multi-
mode soliton, a more stable form of a
composite soliton, was suggested3 and ex-
perimentally demonstrated.4 For this soli-
ton, the first component has a bell-shaped
yet elliptic intensity structure, and the sec-
ond component has a double-hump in-
tensity distribution with the two humps
being � out of phase, i.e., it is shaped like a
2D dipole.

Very recently we presented, theoretical-
ly and experimentally, a new kind of com-
posite soliton: a soliton for which the sec-
ond, double-humped, component is rotat-
ing throughout propagation, forming a
double helix structure in space.5 The rota-
tion is in unison with the first, elliptic,
field component. Since the equal-phase
planes of the rotating-dipole component
are shaped like propeller blades, we call
this soliton a “rotating propeller soliton.”
We have found the wavefunctions and the

 
            
  

      
      

                

 

 
 

     

   
           

 
        

      

  

  
 

 

 

 

 

 

     

  
 

 

 

       

   

    

    

    

   

    

 

  

      
   
        
   

Figure 1. (Top) Typical results of a numerical simu-
lation (using a two-component beam propagation
code); the initial conditions and the parameters
are obtained through relaxation methods. (Middle,
a-d) Experimental results depicting photographs of
the dipole component of the soliton, taken at the
input (a) and the output faces (b-d) of  a series of
samples of the nonlinear crystal having different
propagation length  (1, 6, and 13 mm respectively).
The plot shows the rotation rate of the dipole
component vs. propagation distance as measured
from these experiments. (Bottom, e) Photograph
(taken at the output face of a 6-mm crystal) of the
self-trapped dipole component when launched
alone (with the first component off); the “poles” of
the dipole self-trap individually but they repel and
break loose from each other, constantly increasing
the distance between them. (Bottom, f) photograph
of the diffracting dipole component with the non-
linearity off, after 6-mm propagation.Note that the
photographs a-f are all of the same scale.

parameters of the constituents of the pro-
peller-type composite soliton using relax-
ation methods, and simulated its propaga-
tion dynamics by launching these solu-
tions and observing their propagation
with a beam propagation code. The simu-
lation verified that the propagation dy-
namics of this soliton are indeed station-
ary, i.e., self-trapped, and that the two soli-
ton constituents rotate in unison at a con-
stant velocity. Furthermore, the simula-
tion also revealed that the composite pro-
peller soliton is stable and robust.

The top part of Fig. 1 shows typical
simulation results, displaying a stationary
and stable propagation of the second (di-
pole-type) mode of the rotating compos-
ite soliton. But a numerical simulation
cannot replace a real experiment. We used
the photorefractive screening nonlinearity
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to carry out the experiments demonstrat-
ing the propeller solitons. To view the ro-
tation of the dipole, we cut a crystal into
samples of different lengths, launched a
propeller-type composite soliton into each
sample, and imaged the intensity at the
output of each sample onto a camera. As
shown in Fig. 1 [(a)-(d), and the plot], the
second, dipole-type component does in-
deed rotate during propagation (the first
component, not shown here, rotates in
unison with the dipole5). We have carried
out numerous control experiments with
this propeller soliton. For example, when
we turn the nonlinearity off, both con-
stituents diffract and broaden: the dipole
mode specifically broadens some ten-fold,
as shown in Fig. 1 (f). Then, when we
launch the soliton with opposite angular
momentum (with the nonlinearity “on”),
the soliton rotates in the opposite direc-
tion.5 The most interesting experiment of
all is to observe what happens when we
launch the dipole mode alone, block the
first component, and set the nonlinearity
to the level giving rise to self-trapping. In
this experiment the “poles” of the dipole

various areas of science, following in the
footsteps of soliton experiments in optics.
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indeed self-trap individually, but because
they are � out of phase with one another,
they repel and break loose from each oth-
er, constantly increasing the distance that
separates them (compared to the station-
ary propagation observed when both field
components are launched simultaneously)
as shown in Fig. 1 (e).

The observation of propeller-type
composite solitons opens the door for
studying collisions between multimode
solitons carrying angular momentum,5

and can be extended in various new and
exciting directions, e.g., collisions between
multihelix solitons. Solitons are found in
many different fields of science, and the
existence of rotating-propeller solitons, or
in other words composite solitons carry-
ing angular momentum, has direct rele-
vance to other branches of physics. More
specifically, the underlying equations sup-
porting such solitons are almost identical
to those giving rise to two-component
Bose-Einstein condensates. We therefore
expect that composite soliton phenomena,
especially those exhibiting angular mo-
mentum, will be demonstrated shortly in
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Controllable Patterns of 
Parametric Solitons
S. Minardi, G. Molina-Terriza, A. Bramati,
P. Di Trapani, L.Torner, J. P.Torres, D.V. Petrov,
and J. M. Soto-Crespo

Optical vortices are dark holes nested
in light beams that feature a helical

phase-ramp around a core where the light
intensity vanishes.1 The phase of the field
changes by 2�m (m being an integer called
the topological charge of the vortex) along
any closed loop around the vortex core.
Vortices abound in nature and thus appear
spontaneously in many optical settings.
They can be also generated, e.g., by appro-
priate phase masks. Because of their heli-
cal phase front, light beams with nested
vortices can be used in specialized optical
tools with far-reaching applications, such
as optical tweezers and spanners. Similarly,
in soliton systems, such a helical phase-
front opens the door to unique possi-
bilities.

Multicolor solitons,2 which are formed
by the mutual trapping of multifrequency
light beams, provide the ideal laboratory
for exploring such possibilities. In the
process of second-harmonic (SH) genera-
tion, intense light beams with nested vor-
tices self-split into sets of spatial solitons.
The question was whether the number of
output solitons could be controlled, e.g.,
by the value of the topological charges m�,
m2� of the input fundamental frequency
(FF) and of the SH input signals. When
only the FF light beam is input in the crys-
tal, the SH beam is generated with the
topological charge m2� = 2m� and the
beams were observed to self-split into a
certain number of solitons because of a
spontaneous modulational instability.3 In
a different scenario, however, one in which
a coherent second-harmonic seed is pres-
ent at the input together with the funda-
mental beams, and in which the topologi-
cal charges of the input light signals are
chosen to verify m2� ≠ 2m�, the number of
output solitons was predicted to be
n=|2m�- m2�|. This rule is dictated by the
different dynamics experienced by the dif-
ferent azimuthal portions of the beams.4

We have recently observed experimen-
tally in a lithium triborate crystal that the
possibility of generating the above men-
tioned patterns of solitons in a control-
lable way actually holds.5 The experiment
consisted in focusing 1.1-psec pulses from
a mode-locked Nd:glass laser onto a spot
of approximately 50 �m in a 3-cm-long

crystal cut for type I non-critical phase-
matching, under conditions of seeded sec-
ond-harmonic generation pumped at
1055 nm. We prepared FF pump and SH
seed signals separately by splitting the laser
pulses over two different beam-shaping
lines. A vortex of different topological
charge in each line was nested into the
beams by using high-diffraction-efficien-
cy computer-generated holograms. The
two beams were joined, aligned collinearly
and coaxially, phase-delayed, and focused
at the crystal. Figure 1 shows the salient
point of the experimental observations. At
low input intensities [see Fig. 1 (a)], the
vortices experience diffraction and spread.
Nevertheless, when the input power is in-
creased above a threshold, a controllable
number of solitons is observed [see Figs. 1
(c)-(d)]. In the images shown, three, four,
and five clean solitons were respectively
harvested, depending on the input condi-
tions and always consistent with theoreti-
cal expectations.

Such observations represent what we
believe is the first demonstration of the
principle of operation of a new class of
potential optical devices that process in-
formation by mixing topological wave-
front charges and producing controllable
numbers of solitons. The scheme holds for
different parametric wave-mixing process-
es, in up- and down-conversion schemes.
The central result is that the information
coded in the input array of topological
charges is transformed into a predefined
set of stable, robust, and neat bright soli-
ton spots. We also notice that our results
pave the way for generating controllable
necklace beams6 with multicolor solitons.
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Figure 1. Experimental demonstration of "soliton
algebra".The number of observed solitons n is dic-
tated by the topological charges of the pump and
seed signals according to the rule n=|2m�- m2�|.
Top: Pattern obtained with a low power input.
Otherwise, from top to bottom: [m�, m2�]=[1,-1],
[1,-2], [1,-3].
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SPECTROSCOPY
Relating Localized Electronic
States to Host Band Structure 
In Rare-Earth-Activated 
Optical Materials
Charles W. Thiel, Herve Cruguel, Huasheng Wu,
Yongchen Sun, Gerald J. Lapeyre, Rufus L. Cone,
Randy W. Equall, and Roger M. Macfarlane

R are-earth ions have a multitude of
technological applications as optical-

ly active impurities in insulators and semi-
conductors. Understanding the properties
and performance of these optical materi-

als often requires knowledge
of the energies of the host
crystal’s electronic band
states relative to the 4f N or
4f N-15d1 states responsible
for the ion’s optical transi-
tions. This knowledge is im-
portant because energy and
electron transfer between
these states can influence the
optical material’s efficiency
and stability.1 Although little
is known about the relation-
ships between these states,
the motivation to explore
these properties is growing.
Better understanding of
these properties could accel-
erate the development of ul-
traviolet laser materials,

phosphors for applications such as plasma
displays and mercury-free lamps, scintilla-
tor materials for medical imaging, and op-
tical data processing and storage technolo-
gies based on photorefractivity or photon-
gated photoionization holeburning. In
order to fully understand the properties of
current optical materials and logically de-
velop new materials, knowledge of the sys-
tematic trends and behavior of rare-earth
energies will be required.

We have recently initiated a systematic
study of the energies of the rare-earth
ions’ electronic states relative to the host
band states in optical materials using reso-
nant electron photoemission spectroscopy
(REPS).2,3 REPS directly determines the
energies of all occupied electronic states
relative to a common energy reference and
can unambiguously separate and assign
spectral features to a particular electronic
state.4 Figure 1 presents results for yttrium
aluminum garnet (YAG), the most impor-
tant host crystal for solid-state lasers. Cir-

cles represent measured binding energies
of the rare-earth 4f N ground state relative
to the valence band maximum (the host’s
highest energy occupied state).

These results have led to an empirical
model that successfully describes the rare-
earth binding energies in optical materials
with two parameters: one describes a con-
stant shift experienced by all rare-earth
ions, and the second describes a smaller
dependence on the ionic radius of the
rare-earth ion. These empirical parame-
ters may be determined from measure-
ments on just two different rare-earth
ions, or in certain cases, simply from
measurements on the host crystal itself.
With parameters determined from our
measured data, the model predicts the en-
ergies of the remaining ions, as shown in
Fig. 1.

This information is directly relevant to
understanding and predicting properties
critical for many technological applica-
tions. These properties include excited-
state absorption energies to the conduc-
tion band and relaxation pathways involv-
ing ionization. For example, the results for
YAG predict that the ionization of Nd3+

occurs at energy larger than the band gap
and that ionization from 1.064 �m laser
photons requires a very low probability
five-photon absorption from the upper
laser level. In contrast, the results for Ce3+

predict that excited-state absorption to the
conduction band would overlap emission
wavelengths from the 5d1 to 4f 1 transition,
resulting in parasitic absorption that pre-
vents its use as a tunable blue laser. All of
these results suggest that systematic stud-
ies of additional host compounds will rap-
idly lead to a clearer picture of the host’s
effect on the rare-earth ion’s 4f electron
binding energies that will motivate funda-
mental theoretical analysis and accelerate
the development of new optical materials.

References
1. See, for example, G. Blasse and B. C. Grabmeier, Lu-

minescent Materials (Springer, Berlin, 1994).
2. C.W.Thiel, et al., Phys. Rev. B 64, 085107-1-13

(2001).
3. C.W.Thiel, et al., J. Lumin. 94-95, in press (2001).
4. J.W.Allen,“Resonant Photoemission of Solids with

Strongly Correlated Electrons,” in Synchrotron Ra-
diation Research:Advances in Surface and Interface
Science, edited by R. Z. Bachrach (Plenum Press,
New York, 1992),Vol. 1, 253-323.

Charles W. Thiel, Herve Cruguel, Huasheng Wu,
Yongchen Sun, Gerald J. Lapeyre, and Rufus L. Cone,
Department of Physics, Montana State University,
Bozeman, MT, Randy W. Equall, Scientific Materials
Corporation, Bozeman, MT, Roger M. Macfarlane, IBM
Almaden Research Center, San Jose, California.

Figure 1. Relating localized electronic states to
host band structure.Circles represent measured 4f
electron binding energies relative to the valence
band maximum (VBM). Negative binding energies
are within the bandgap of the host, and positive en-
ergies are below the VBM.The solid line is the mod-
el’s fit to our measured values.The error bars on
the model are due to uncertainty in the input pa-
rameters and can be improved with further meas-
urements on more materials. Note that the bot-
tom of the conduction band lies at about 
–6.5 eV.
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Ultrafast Conductivity Dynamics
Of Novel Electronic Materials
Richard D.Averitt,Verner K.Thorsmølle,
Ahmed I. Lobad, Stuart A.Trugman,
and Antoinette J.Taylor

One of the primary goals of contem-
porary materials physics is to under-

stand and control phenomena in which
the dynamics of electrons are locally influ-
enced by other electrons. This local influ-
ence includes Coulomb repulsion and ex-
change effects (i.e., the spin of the electron
must be taken into account). When these
effects become comparable in magnitude
to the electron kinetic energy, the results
are dramatic and varied. Examples include
superconductivity, and negative magne-
toresistance. While a fundamental under-
standing of such phenomena is desirable,
the stakes are also high from a technologi-
cal perspective. Many “correlated electron”
materials have potential applications in-
cluding magnetic recording and, more
generally, in the emerging field of spin
electronics.1

Ultrafast optical experiments can help
elucidate the properties of correlated elec-
tron materials by resolving the dynamics
in the time domain with ~100-fs resolu-
tion. All-optical pump-probe experiments
have displayed sensitivity to the low ener-
gy excitations in solids.2 However, follow-
ing optical excitation, it would be advanta-
geous to directly probe such low energy
excitations. This has been made possible
by combining terahertz time domain
spectroscopy with synchronous optical ex-
citation. Terahertz pulses are generated via
optical rectification in ZnTe providing a
coherent far-infrared source (containing
Fourier components from 100 GHz to 2.5
THz). Measuring the optically induced
changes in transmission of the THz pulses
determines the conductivity dynamics
with picosecond resolution. We have used
this technique to study high-Tc supercon-
ductors and “colossal” magnetoresistance
manganites.3,4

We confine our attention to the man-
ganite La0.7Ca0.3MnO3 (LCMO) which is a
paramagnetic semiconductor above the
Curie temperature Tc = 260 K, and a ferro-
magnetic metal below Tc [Ref. 5]. Some-
what below Tc , the spins are fully aligned,
making this a candidate spin injector in

spin electronic de-
vices.1 The conductivi-
ty of LCMO increases
with increasing spin
alignment, but lattice
vibrations are also im-
portant. Upon optical
excitation, the THz
conductivity of LCMO
shows a two-compo-
nent decrease. A fast
<2-ps decrease occurs
as the photoexcited
electrons equilibrate
with the lattice fol-
lowed by a slower
(10–80 ps) decrease as
the lattice and spins
equilibrate. Summa-
rized in Fig. 1 are the
results, showing the value of the ln(�) in
the spin-phonon temperature plane. The
white diagonal line is the equilibrium line
along which typical transport measure-
ments are made. Importantly, our meas-
urement provides access to the portion of
the plane below the white diagonal line. As
Fig. 1 shows, at low initial temperatures
(labeled 1), a change in the phonon tem-
perature results in a large change in the
conductivity since the lines of constant
conductivity are nearly parallel to the spin
temperature axis. Correspondingly, there
is a small change in the conductivity due
to changes in the spin temperature. The
converse is true at higher temperatures4

where the lines of constant conductivity
are nearly parallel to the phonon tempera-
ture axis, meaning that changes in the con-
ductivity are dominated by spin disorder.
Our results demonstrate that at low tem-
perature (T<< Tc), the conductivity is pri-
marily determined by phonons while clos-
er to Tc, spin-disorder dominates.4 We ex-
pect this technique will find application in
the study of other technologically relevant
correlated electron materials.
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Figure 1. Contours of constant conductivity are
plotted in the phonon-spin temperature (i.e.,
Tp-Ts) plane (the color bar is ln(�) where � is the
real conductivity at 0.7 THz). The curved white
lines highlight the contours of constant conductiv-
ity. The solid black arrows show the change in
phonon temperature following electron-phonon
equilibration, and the dashed arrows show the
subsequent spin-lattice equilibration. How these
arrows cross the lines of constant conductivity de-
termines whether spins or lattice vibrations are
dominant in determining the conductivity.
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Control of Coherent 
Acoustic Phonons
Ümit Özgür,Chang-Won Lee, and Henry O.Everitt

T he techniques of ultrafast optical
spectroscopy have provided un-

precedented capabilities to generate and
control coherent quantum mechanical
processes and to examine fundamental
physical phenomena such as relaxation,
dephasing, and squeezing. The ability to
control coherent behavior is well estab-
lished in atomic and molecular systems.
Control of coherent behavior in con-
densed matter systems has been more
problematical because of the much faster
dephasing times and the difficulty of ma-
nipulating coherent states on time scales
much shorter than this one. Acoustic
phonons in semiconductor multiple
quantum wells (MQWs) are expected to
have very long coherence times. Moreover,
semiconductor MQWs produce zone fold-
ing of the acoustic phonon branch, allow-
ing direct Raman excitation. Particularly
strong coherent zone-folded longitudinal
acoustic phonon (ZFLAP) oscillations
have been generated and observed in In-
GaN MQW structures.1-3 The optical
mechanism for generating these coherent
ZFLAP oscillations is impulsive, like the
striking of a bell. Recently, demonstration
of coherent ZFLAP control was also re-
ported, including the first complete can-
cellation of generated acoustic phonons in
InGaN or any other material system.4

The MQW sample used was grown by
metalorganic chemical vapor deposition
(MOCVD) at the University of California
at Santa Barbara using a modified two-
flow horizontal reactor on double pol-
ished c-plane sapphire. It consists of a 10
period, 12 nm per period MQW with 3.5
nm wide In0.15Ga0.85N quantum wells and
8.5 nm wide In0.05Ga0.95N:Si barriers.
Wavelength-degenerate, sub-picosecond,
pump-probe differential transmission
(DT) was used to measure the electron
capture time.3 A strongly wavelength-de-
pendent bi-exponential decay of the creat-
ed carriers indicated that electrons were
captured in less than 1 ps. Strong damped
oscillations in the DT signal were also ob-
served. These oscillations are the manifes-
tation of coherent ZFLAPs propagating
along the c-axis of the wurtzitic InGaN.
The oscillation period P increases linearly
with increasing MQW period d as P=d/vs,
where vs is the sound velocity.1,2 The oscil-

lations observed in the d=12 nm MQW
sample occurred with a period P=1.44 ps
and were strongest near the wavelength of
most efficient carrier capture.

Coherent amplification and suppres-
sion of ZFLAPs were demonstrated by the
use of two-pump, one-probe DT.4 The rel-
ative timing of the two pump pulses deter-
mines whether the coherent ZFLAP oscil-
lations add constructively “in-phase” (e.g.,
delay ∆t = P) or destructively “out-of-
phase” (e.g., ∆t = P/2). All three pulses
were derived from the same frequency
doubled Ti:Sapphire laser pulse and were
independently delayed with respect to
each other through the use of various
beam splitters and delay stages. Figure1
demonstrates the coherent in-phase am-
plification and out-of-phase cancellation
of room temperature ZFLAP oscillations.
The simple, damped oscillation following
the second pump suggests that the decay
time of the second ZFLAP oscillation is
the same as the first (�1 = �2 = �) and that
phase coherence is maintained between
the two oscillations for at least 12 ps. Even
though the amplitude of the first ZFLAP
oscillations had decayed somewhat by the
time of the second pump pulse, carrier
screening effects required that the intensity
of the second pump pulse be increased rel-
ative to the first for exact amplitude dou-
bling or cancellation. Roughly the same
pump intensity is required to double the
oscillations as to cancel them (I2/I1 ≈1.3).

This ability to generate and control
spectrally pure, very high frequency coher-

ent ZFLAPs represents a new experimental
regime for the phonon scientist. The out-
of-phase data in Fig.1 represents the first
experimental demonstration of complete
coherent acoustic phonon cancellation in
any material system. A single acoustic
phonon mode may now be generated and
controlled, and it is possible to cancel co-
herent ZFLAP oscillations one half period
after their creation. The resulting single
mode acoustic phonon impulse can prop-
agate through the sample and may be
traced temporally or mapped spatially.
Conversely, repeated excitation with mul-
tiple in-phase pulses can continue to am-
plify the ZFLAP oscillations parametrical-
ly, permitting an investigation of phonon
“gain,” acoustic nonlinearity, and the role
of the internal fields. These coherent tech-
niques will enable unprecedented investi-
gations of poorly understood acoustic
phonon reflection and transmission at in-
terfaces, with substrates, or in other mate-
rials to which the MQW is bonded.

The samples were grown by the Den-
Baars group at UCSB. We thank R. Merlin
for valuable discussions. This work was
supported by the U.S. Army Research 
Office.
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Polarization Dynamics 
Characterization of 
Ultrashort Laser Pulses
Raúl de la Fuente, Juan José Ferreiro,
and Elena López Lago

T he complete description of ultra-
short laser pulses is fundamental in a

number of applications including new
materials characterization techniques, the
physics of lasers, and studies of molecular
vibration. In recent years, numerous char-
acterization techniques have been pro-
posed.1 Among these the FROG, SPIDER,
and ENSTA techniques are well-estab-
lished, powerful methods to resolve linear-
ly polarized pulses.2-4 Walecky et al. and
later Haase tackled the problem with arbi-
trarily polarized pulses.5,6 The only draw-
back associated with  these promising
methods is the requirement of a well-
known reference pulse. To overcome this
limitation, Ferreiro and co-workers pro-
posed implementation of a simple, fast,
self-referencing method of characterizing
arbitrarily polarized optical pulses.7 This
method, which can be seen as a vectorial
extension of the ENSTA method, consists
of a spectral polarimetric analysis of the
pulse before and after propagation
through an isotropic and transparent Kerr
medium short enough to neglect disper-
sive effects.

To describe the pulse propagation in
Kerr media, it is usual to express the opti-
cal field as a superposition of eigenstates
of a circular polarization basis. Under
these particular circumstances, each circu-
lar component of the pulse acquires a
nonlinear phase shift due to the simulta-
neous effects of self-phase modulation
and cross-phase modulation, which can
induce a variation in the polarization state
of the pulse and significant spectral
changes. These spectral and polarization
changes provide information about the
characteristics of the pulse.

Experimentally, the spectral intensity
distribution of each circular component
and the phase difference between them
can be measured directly at the input and
at the output of the medium, so that only
the averaged phase between the two spec-
tral components remains unknown. A nu-
meric algorithm can relate the experimen-
tal data, by means of the nonlinear propa-
gation equation in Kerr media, to retrieve
the averaged phase. We opted to use a ge-
netic algorithm hybridized with the vecto-

rial Gerchberg-Saxton type algorithm.4

This method was applied to character-
ize femtosecond pulses emitted by a
Ti:Sapphire oscillator whose initially lin-
ear polarization state was modified by op-
tical components. The laser pulses were
injected in a 1-cm piece of single-mode
silica fiber. The light exiting the fiber
crosses a standard analyzer system (quar-
ter wave plate+ half wave plate+ linear po-
larizer) which allows one to select both
components separately as well as to meas-
ure the phase difference between them. A
pinhole allowed selection of only the cen-
tral part of the beam, which belongs to the
mode guided by the fiber. Finally, the
beam was directed to a spectrometer to
record the required spectra. The input
power can be decreased until the linear
propagation regime is reached. In this case
the output and input spectra are exactly
the same.

In Fig. 1, we plot the spectral intensity
and phase of each circular component of
the input pulse. In the insert the phase dif-
ference at the input of the medium is dis-
played. The circles represent the experi-
mental data; their respective reconstruc-
tions are plotted in a continuous line.

The results of the experiment demon-
strated that this technique constitutes a
powerful tool for dealing with arbitrarily
polarized pulses.
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Figure 1. Amplitudes and phases of the input
pulse.The experimental magnitudes are plotted in
open circles and the reconstructed ones in contin-
uous line. (a) Right-handed circular component in
the spectral domain; (b) left-handed circular com-
ponent in the spectral domain. In the inset of (b),
we plot the input phase difference.



Watching Really Hot 
Electrons Relax
Chunlei Guo, George Rodriguez, Mark Hoffbauer,
and Antoinette J.Taylor

Creation of a nonequilibrium state is
often inevitable when materials are

exposed to a transient external distur-
bance. Understanding the evolution of this
nonequilibrium system is fundamentally
important but extremely challenging. The
formation of a nonequilibrium distribu-
tion in materials usually begins with the
electron system; in a nearly free electron
metal, an induced nonequilibrium elec-
tron distribution, once released, will al-
ways relax towards an equilibrium distri-
bution to minimize the free energy mainly
through electron-electron collisions. Since
the relaxation process is extremely fast
(within 1 picosecond), it can only be stud-
ied using ultrafast optical measurements.
Recent advances in ultrashort pulse laser
techniques allow time-resolved measure-
ments of nonequilibrium processes into a
regime with femtosecond time resolution.

The thermalization dynamics of a
laser-induced nonequilibrium electron
distribution have been studied in the low
pump fluence regime with femtosecond
photoemission techniques.1,2 These exper-
iments have opened up an avenue of
studying the very first step of material re-
sponse during exposure to relatively weak
external perturbations. Unfortunately, due
to the severe space charge effects when a
larger amount of photoelectrons are cre-
ated, the photoemission measurements
fall short when materials are more strong-
ly excited.3 Nevertheless, it is of funda-
mental importance to extend the nonequi-

librium studies to the high fluence regime
to gain further information on high tem-
perature phenomena, such as structural
phase transitions, laser-induced desorp-
tion, micromachining, ablation, and pho-
tochemistry. Therefore, new techniques
are required to reveal the thermalization
dynamics in the high temperature regime.

In this work, we introduce a new
pump-probe optical measurement that re-
veals the details of electron thermalization
dynamics in metals in the high pump flu-
ence regime (just below the melting
threshold).3 The experiment uses an am-
plified femtosecond Ti:Sapphire laser sys-
tem with pulse energy over 800 �J. An in-
tense pump pulse first excites electrons in
gold (Au) into a highly nonequilibrium
distribution that involves the excitation of
a certain number of electrons distributed
within the energy range of the laser pho-
ton energy from below the Fermi level to
above the Fermi level2 as shown in inset
(a) of Fig. 1. These nonequilibrium elec-
trons will thermalize to a hot Fermi-Dirac
distribution through electron-electron
scattering [inset (b) of Fig. 1]. By monitor-
ing the time evolution of both the funda-
mental probe reflectivity at 1.55 eV and
the surface second harmonic generation
(SHG) at 3.1 eV, we have found that the
transient nonlinear susceptibility for SHG,
�(2), varies significantly with time within
the first few hundred femtoseconds fol-
lowing pump excitation (Fig. 1).3,4 Analy-
sis of these data indicates that this tran-
sient change of �(2) directly reveals the dy-
namics of electron thermalization
processes from a nonequilibrium distribu-
tion, as well as the subsequent electron-
phonon coupling, as shown in Fig. 1.
These resolved dynamics of highly ener-
getic electrons in the high temperature
regime will fundamentally improve our
understanding of electronic effects in high
temperature phenomena in metals such as
laser-induced structural phase transitions
and chemical reactions.
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Figure 1. The change of nonlinear susceptibility
��(2) versus pump-probe time delay at a pump flu-
ence that eventually will elevate electrons to a
temperature of 1.03 eV when the final equilibrium
distribution is formed.
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Ultrashort Electrical Pulses 
On Transmission Lines
Ajay Nahata

In recent years, a number of techniques
have been developed to generate and de-

tect ultrashort electrical pulses. These de-
velopments have enabled advances in ar-
eas that include device physics and materi-
als characterization.1 Further advances are
expected to be useful for understanding
the propagation properties of transmis-
sion lines beyond the quasistatic limit, as
well as for characterizing thin dielectric
media at THz frequencies. The generation
and detection of fast electrical transients
typically rely on the use of semiconductor-
based optoelectronic devices.1 However,
the carrier lifetime of the medium poses a
fundamental limitation on the response
time. It is therefore reasonable to expect
that the use of materials with a nearly in-
stantaneous nonlinear optical response for
both generation and detection may be ex-
pected to yield shorter electrical pulse du-
rations.

We have recently fabricated a multilay-
er polymer-based device capable of sup-
porting electrical pulses with temporal
durations of <200 fs [Ref. 2]. To accom-
plish this, two important criteria must be
met. First, as stated above, the generation
and detection medium must exhibit a
nearly instantaneous nonlinear optical re-
sponse. Furthermore, the device geometry
must be such that propagation losses are
minimized. Grischkowsky and co-workers
have shown that radiative losses typically
dominate at high frequencies.3 This latter
effect may be minimized by index match-
ing the substrate and superstrate of the de-
vice. The device uses a coplanar stripline
transmission line fabricated on a poled
polymer. This polymer is used for genera-
tion and detection of the electrical tran-
sients. The electro-optic material and
stripline are sandwiched between cen-
trosymmetric acrylate layers that are
chemically similar to the poled polymer.
Since all of the polymer layers are based on
the same acrylate material, the index mis-
match at THz frequencies is small.

Generation of the electrical transient
relies on the creation of an optical pump-
induced time-varying nonlinear polariza-
tion between the two stripline electrodes.
For optimal conversion, the pump beam is
polarized perpendicular to the transmis-
sion line axis. This nonlinear polarization

couples to the transmission line, causing a
current transient that varies as the first de-
rivative of the polarization. For detection,
we use standard electro-optic sampling
within the same poled polymer. In this
technique, the electric field of an ultrafast
electrical pulse is sampled through the ro-
tation of the polarization of the optical
probe pulse due to the Pockels effect.

Using a mode-locked Ti:Sapphire laser
as the optical source, we have measured
electrical pulses for propagation distances
varying from 125 µm to 625 µm. In the
case of the shortest propagation distance,
the measured waveform exhibited a
FWHM duration of the positive lobe of
the temporal waveform of ~180 fs and
corresponding risetime (minimum to
maximum) of 210 fs. The resulting ampli-
tude spectrum contained frequency con-
tent out to nearly 4 THz. Using these tem-
poral waveforms, we can estimate the
propagation loss due to the separate loss
components. With this device, the radia-
tive loss is nearly 40 times smaller than
that associated with a conventional sili-
con-based coplanar stripline device.
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Figure 1.Temporal waveform observed with the
excitation beam (a) 125 µm from the detection
point, (b) 375 µm from the detection point,
(c) 625 �m from the detection point, and 
(d) 25 �m outside of the transmission line struc-
ture.The waveforms are offset from the origin for
clarity.Additionally, the relative time delay between
the waveforms is arbitrary.
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Coherent Control 
Of Femtosecond Pulse 
Propagation in Optical Fibers 
Fiorenzo G. Omenetto, Mark D. Moores, David H.
Reitze, and Antoinette J.Taylor

In the past decade,
the use of optical

fiber for the transmis-
sion of information
has become universal,
prompting the de-
mand for higher speed
and increased per-
formance for digitized
information in the op-
tical domain. Nonlin-
ear effects are among
the dominant factors
in determining the
limits of information
carrying capacity of
fiber transmission sys-
tems.1 However, pres-
ent and future appli-
cations call for the ac-
tive use of nonlinear
optics in the imple-
mentation of switch-
ing devices, couplers,
amplifiers, and in the
delivery of ever short-
er pulses.2 A critical
challenge is to move

from the more traditional picosecond (10-
20 ps) pulse regime and enable the propa-
gation of ultrashort (femtosecond) pulses
in optical fibers. Such an optimized fiber-
based pulse delivery system would have an
effect on various other fields in which de-
livery of an energetic short pulse is essen-
tial (for instance, in nonlinear imaging
techniques such as multiphoton mi-
croscopy, in material processing, and in
medical diagnostics). We have recently
demonstrated3 the possibility of defeating
higher order nonlinear effects through the
use of an adaptive control feedback loop
that acts on the spectral phase of the fem-
tosecond optical pulses launched in the
fiber. The adaptive approach was first pro-
posed by Rabitz4 and has fundamental im-
plications in the basic and applied sci-
ences. With this method, through feed-
back control light fields are designed with
femtosecond temporal features, guided by
a parameter of interest generated by the
experiment at hand. In our case, the con-
trol loop finds an optimized ultrashort

pulse shape which, once launched, will
compensate for the nonlinear distortion
that takes place as the pulses propagate
through the optical fiber. In our experi-
ment, ultrashort pulses (~200 fs) at a
wavelength of 1.55 �m are shaped by a
computer controlled spatial-light modula-
tor (SLM) and then coupled into an opti-
cal fiber link. The output pulse after prop-
agation in the fiber is evaluated and vari-
ous iterations through different initial
pulse shapes are performed until the con-
trol loop finds an optimal solution, i.e., an
optimal initial pulse shape.

The results are illustrated in Fig. 1,
which shows a comparison of the propa-
gation of the pulse in the optimized and
the unoptimized cases. The output pulse
resulting from the launch of the unopti-
mized (i.e., unshaped) input pulse is con-
siderably distorted, broadened to 352-fs
FWHM with wing structure extending
well into the 1-ps range. In contrast, the
output pulse resulting from the propaga-
tion of the optimally shaped input pulse
has a time duration of 213 fs and the non-
linear pulse distortion has been defeated,
particularly in the wings with a pulse
shape approaching that of the original un-
shaped input pulse, especially on the lead-
ing edge. The peak intensity of the opti-
mized output exceeds that of the unopti-
mized output pulse by a factor of two.

Extensions of the method to various
fiber types and lengths in conjunction
with different pulses and wavelengths can
be foreseen as an important development
for the delivery of ultrashort pulses for
various applications in the sciences where
remote delivery of reasonably powerful ul-
trashort pulses is needed. The choice of
more refined decision criteria that are not
focused on the delivery of the shortest
pulse possible can provide the delivery of
shaped ultrafast pulses, further extending
the ability to control physical processes on
the ultrafast time scale in optical fibers.
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Figure 1. Results from the propagation of a 200 fs
pulse through 10 meters of conventional SMF-28
single mode fiber.The top portion of the picture il-
lustrates the FROG traces and deconvolution of
the output from the fiber for the unshaped (unop-
timized) input pulse and for the optimally shaped
input pulse.The pulse distortion is greatly reduced
in the optimized case and a pulse close to the orig-
inal input (indicated by the dashed line) is recov-
ered.The temporal phase of the optimized pulse is
also considerably flattened and smoothed. The
comparison between the original pulse and the un-
optimized and optimized output pulses is shown
on a logarithmic scale in the bottom portion of
the picture for clarity.
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X-RAY OPTICS
Improved Multilayer 
Monochromator for the 
Soft-X-Ray Domain
Rabah Benbalagh, Robert Barchewitz, Jean-Michel
André, Marie-Françoise Ravet, Frank Delmotte,
Françoise Bridou, Gwénäelle Julié, Alain Bosse-
boeuf, René Laval, Gérard Soullié, Christian Re-
mond, and Michel Fialin

During the past two decades, multilay-
er interference mirrors (MIMs)

working as Bragg reflectors have been im-
plemented as long wavelength monochro-
mators for soft-x-ray spectrometry. MIMs
present numerous advantages: they offer
high reflectivity and good stability; they
allow a choice of the nature of the con-
stituents, and thus the opportunity to op-
timize peak reflectivity; with a judicious
choice of the division parameter, they al-
low the rejection of Bragg reflection or-
ders, which can prevent overlapping. But
the classic MIM monochromators suffer
from two main drawbacks: poor resolu-
tion, the resolving power being on the or-
der of 20  at around 100 eV; the existence
of significant background due to specular
reflection. These two drawbacks constitute
an important impediment to quantitative
analysis by soft-x-ray spectrometry, espe-
cially for trace elements.

In 1993, a multilayer x-ray monochro-
mator with improved resolution was re-
ported.1 This monochromator was based
on the use of a lamellar multilayer ampli-
tude grating (LMAG). The possibility of
simultaneously reducing the specular
background through the use of such a
LMAG was reported shortly thereafter.2 To
sum up the principle of this new mono-
chromator, it should be noted that:

• The bandwidth of a MIM is determined
by the number of Neff bilayers which ef-
fectively participate in the diffraction
process. The larger the number of Neff
bilayers, the narrower the bandwidth. In
practice, the effective number of Neff bi-
layers is limited by the depopulation of
the incident wave through the photoab-
sorption process and the reflections at
the interfaces;

• in the x-ray domain, the real part of the
refractive index is generally less than
unity and is written 1-�; consequently, a

quasi-total reflection phenomenon oc-
curs for glancing angles �c smaller than
the critical angle  approximately equal
to √2�. For glancing angles larger than
�c , the reflectivity R drops according to
the fourth power of �c.

Since the photoattenuation coefficient
and the unit decrement � are proportional
to the average density of the diffractive
medium �, it  is clear that a method which
makes it possible to decrease � leads both
to a decrease of the bandwidth and to a re-
duction of the specular background.
Diminution of the density of � is achieved
by creating empty spaces in the multilayer
structure obtained by etching the multi-
layer mirror according to the profile of a
lamellar grating.

The behavior of this kind of mono-
chromator has been observed at various
energies3,4 by means of a Mo-Si mirror
with 50 bilayers etched with a 15-�m peri-
od. The figure depicts  the absolute effi-
ciency of the LMAG monochromator ver-
sus the glancing angle at 1500eV in com-
parison with the reflectivity of the corre-
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Figure 1. Absolute efficiency of the LMAG  monochromator versus the glancing angle at 1500eV in com-
parison with the reflectivity of the corresponding MIM.

sponding MIM. As expected, one observes
a large reduction of the bandpass and a
considerable decrease of the specular
background when passing from the MIM
to the LMAG monochromator. In the near
future, this kind of monochromator
should considerably enhance the perform-
ance of soft-x-ray spectrometry.
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Soft-X-Ray Laser 
Approaching Full Spatial 
Coherence
Yanwei Liu, Jorge J. Rocca, and David T.Attwood

The development of new soft-x-ray
sources is driven by applications in

areas such as material science, high-reso-
lution micro-scopy, interferometry, and
next-generation micro-lithography. 1 The
degree of spatial coherence of the radia-
tion plays a critical role in many of these

applications. It limits
the minimum spot
size and maximum
intensity to which a
beam can be focused,
and determines the
fringe visibility ob-
tained in interference
based experiments.
Current approaches
for the generation of
coherent radiation in
this spectral region
include undulators at
modern synchrotron
radiation (SR) faci-
lities,1 high order
harmonic generation
(HHG) of optical
lasers,2 and soft-x-
ray lasers.3

Compared with
SR and HHG sources
soft-x-ray lasers have
substantially higher
pulse energy and
narrower linewidth.
However, they are
usually limited to
single-pass or dou-
ble-pass amplifica-
tion of spontaneous
emission through
dense high-tempera-
ture plasmas pro-
duced by intense op-
tical lasers or fast dis-
charges. The lack of
resonators greatly
limits the spatial co-
herence and for a
long time has kept
soft-x-ray lasers be-
low generally accept-
ed standards for co-
herent sources.

A recently reported experiment using a
tabletop discharge-pumped 46.9-nm laser
demonstrated for the first time an extraor-
dinarily high degree of coherence in a soft-
x-ray laser beam.4 In the experiment, fast
capillary discharge excitation was used to
produce plasma columns with both very
high axial uniformity and length-to-diam-
eter ratio exceeding 1000:1. In such elon-
gated plasma columns, rapid coherence
buildup occurred as a result of gain-guid-
ing and strong refractive anti-guiding.
This intrinsic mode selection mechanism
makes it possible to achieve essentially full
spatial coherence with the available plas-
ma column length. A series of Young’s in-
terference experiments verified the rapid
coherence buildup and showed evidence
of approaching full spatial coherence with
a plasma column length of 36 cm.

The result is the generation of spatially
coherent, milliwatt-level average power
soft-x-ray radiation from a tabletop de-
vice. Moreover, since this high coherent
power is generated in only 4 pulses per
second, with pulse-width of about 1.5 ns
each, the laser's peak coherent power is es-
timated to reach 6 � 104 W, within a spec-
tral bandwidth ��/� ≤ 1 � 10-4. Simulta-
neous generation of such high average co-
herent power and peak spectral brightness
in the soft-x-ray region would open up
new opportunities in science and technol-
ogy. For example, very high intensity
(>1013 W/cm2) could be achieved by fo-
cusing the laser with a f/10 optics, thus
opening the door to experiments in areas
including nonlinear optics and strong
field-matter interaction.
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Figure 1. Interferograms and their lineouts show-
ing the rapid coherence buildup of the laser beam
with increasing capillary length.The interferograms
are obtained by performing Young’s experiments,
using the same pinhole pair at the same distance
from the capillary exits (setup shown on top).The
capillary lengths are (a) 18, (b) 27, and (c) 36 cm.
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