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LFW on the Web Visit www.laserfocusworld.com for breaking news and Web-exclusive articles

41 COVER STORY
Noninvasive contrast-gen-
erating microscopy meth-
ods are moving clinical
pathology toward real-time
disease diagnosis. A quan-
titative phase image of a
prostate biopsy is stitched
together from many small-
er fi eld-of-view images.
Gradient-fi eld microscopy
(GFM) images zoomed in
black-and-white show the
same biopsy tissue. (Cour-
tesy of University of Illinois
at Urbana-Champaign)

 41 Photonics Applied: Biophotonics

Gradient field microscopy
allows label-free disease
diagnosis
Intrinsic contrast methods that rely

on the passage of light through

a transparent sample promise to

change clinical pathology as we know

it. Without requiring labels such as

fluorescent dyes, these are valuable

techniques due to their noninvasive

nature, allowing for unperturbed study

of biological specimens and diagnosing

diseases such as cancer. Taewoo Kim,

Shamira Sridharan, and Gabriel Popescu

 47 Optical Fiber Fabrication

Holmium-doped silica
fiber designs extend fiber
lasers beyond 2 μm
A 140 W, 2.13 μm mid-infrared (mid-IR)

fiber laser operating with 60% slope

efficiency is possible using holmium-

doped silica fibers operating at the

long-wavelength limit of silica optical

fi ber transmission. Bryce Samson,

George Oulundsen, Adrian Carter,

and Steven R. Bowman

 53 Photonic Frontiers: 

Quantum-Cascade Lasers

New designs expand
capabilities of quantum-
cascade lasers
Advances include watts of power and

wall-plug efficiency above 20% at room

temperature, shorter wavelengths,

narrowband output, and new competition

from interband cascade lasers. Jeff Hecht

 58 Wideband IR Optics

Plasmonic perfect light
absorber has a wide
IR spectral band
By multiplexing two or more plasmon-

resonance perfect-absorber structures

together, wideband performance in the

infrared is achieved. Joshua Hendrickson

and Junpeng Guo

 61 Focal Plane Arrays

SWIR InGaAs FPA enables
photon emission failure
analysis
Cooled, very sensitive detectors

are critical for low-light-level

measurements in spectroscopy,

fluorescence imaging, and photon

emission measurements, including

semiconductor failure analysis.

Raf Vandersmissen and Patrick Merken

 67 Fiber Lasers

Swept fi ber laser uses
dispersion tuning to
target OCT imaging
A fast and wide-wavelength swept

fiber laser based on dispersion tuning

sweeps the wavelength without using

wavelength-tunable filters. This enables

a 200 kHz sweep rate over a 140 nm

range and offers tremendous potential

for optical coherence tomography

(OCT) imaging. Yuya Takubo and

Shinji Yamashita

Coming in 
September
Celebrating 50 
years of laser 
diodes: Direct 
diode pumping 
of Ti:sapphire 
lasers
Christopher Wood of 
KMLabs details a new 
approach to pumping 
modelocked Ti:sapphire 
ultrafast lasers: using blue 
laser diodes for direct 
pumping. Replacing 
yttrium vanadate 
(Nd:YVO4) pump lasers 
with blue diodes greatly 
reduces the overall 
ultrafast-laser size and 
makes it more reliable, 
more rugged, and less 
expensive—and is a 
symbol of how far laser 
diodes have come in their 
50 years of development.
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Excelitas Technologies is introducing the intelligent, innovative, and 

visionary sensor designs that your unique platforms demand.

But don’t just take our word for it. Experience first-hand the performance 

benefits of designing with Excelitas’ innovative sensors like our tiny, new  

high-performance Surface-mount Pyroelectric Infrared Detectors, 

Thermopiles, and Avalanche Photodiodes. Our SMDs will truly enable 

automated, high-volume production for your cutting-edge applications 

including Motion and Presence Detection, Non-Contact Temperature 

Sensing, Gesture Recognition, and other 3D Time-of-Flight sensing 

applications.

As the inventor and pioneering innovator in advanced silicon photodetectors 

and infrared sensors, we are putting decades of innovation into our focus  

on enabling our customers’ success.

Contact us to learn more about our latest sensor innovations. 

SMDs. Enabling Automated,  

High-Volume Production for

E X P E R I E N C E  T H E  E X C E L I T A S  A D V A N T A G E

Your Cutting-edge Applications.

Europe 

(+49) 611 492 430 

detection.europe@excelitas.com

Asia 

(+65) 6775 2022 

detection.asia@excelitas.com

North America 

(+1) 877 734 6786           

detection.na@excelitas.com

Latin America 

(+55) 11 4152 2791 

detection.la@excelitas.com

in a tiny  

SMD Package.

So Much 

Intelligence  

and Innovation

________________www.excelitas.com
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t r e n d i n g  n o wc o o l  c o n t e n t

Video: Weekly Newscast

Fix your focus on our ‘fast fi ve’
Our photonics correspondent Lee Mather brings you the
quick takes on top stories from Laser Focus
World, BioOptics World, and Industrial Laser
Solutions for express delivery every week.
From leading-edge research and commercial
developments to late-breaking company news

and market reports, you’ll find all
the news you need in five
minutes or less.
http://bit.ly/NQQtoC

Blog: Photonics Education Corner

Filling Your Workforce Pipeline —Part 2
—Actions You Can Take
One of the commenters on part 1 of this post suggests that the
shortage isn’t in technicians, it’s in higher-level
engineers. He points out that engineering is
competing (and losing out) against medicine
and law. True, and whether it’s technicians,

engineers, or both in your city, we
need to keep more kids interested
in STEM (science, technology,
engineering and math).
http://bit.ly/Oxw4UI

Blog: Spectral Bytes – NEW!

Chew on this
Laser Focus World contributing editor and
industry expert Jeff Hecht serves up his
thoughts on everything in the spectrum of
photonics and optoelectronics, starting with an

interest in optics that stems from
an early fascination with astronomy.
Snack on Spectral Bytes during
your next break!
http://bit.ly/R3G7oV

‘Digest’ optical principles
of microscopy
Our technical digest “Medical Imaging:

Innovations in Microscopy”
highlights both enhancements
and a redesign approach to the
optical microscope.
http://bit.ly/LYTe8O

See the latest Video Interview
Chief editor Conard Holton talks optics

shop with ASE Optics’ Chris
Cotton, who notes areas of
growth for optics, such as
biomedical and industrial
imaging.
http://bit.ly/Ncbiwm

UPDATED! Get ‘LFW to go’
Now you can access the latest Laser
Focus World content on iPads, iPhones,

and Android phones. Visit our
homepage and click on the
mobile apps icons (shown here)
to get news at the speed of light!
http://bit.ly/JGy75m

Panoramic Optics
Two freeform reflectors control
ray bundles exactly
The use of two reflectors in freeform
optics results in exact solutions for
manipulating rays to form panoramic

and other types of images.
Christopher Croke and R.

Andrew Hicks

http://bit.ly/SXIjfT

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page SubscribeLaser WorldFocus

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page SubscribeLaser WorldFocus

http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16862&adid=P5E9
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16862&adid=P5E8
http://www.qmags.com/clickthrough.asp?url=http://bit.ly/SXIjfT&id=16862&adid=P5E7
http://www.qmags.com/clickthrough.asp?url=http://bit.ly/NQQtoC&id=16862&adid=P5E6
http://www.qmags.com/clickthrough.asp?url=http://bit.ly/Oxw4UI&id=16862&adid=P5E5
http://www.qmags.com/clickthrough.asp?url=http://bit.ly/JGy75m&id=16862&adid=P5E4
http://www.qmags.com/clickthrough.asp?url=http://bit.ly/Ncbiwm&id=16862&adid=P5E3
http://www.qmags.com/clickthrough.asp?url=http://bit.ly/R3G7oV&id=16862&adid=P5E2
http://www.qmags.com/clickthrough.asp?url=http://bit.ly/LYTe8O&id=16862&adid=P5E1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16862&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16862&adid=logo


New Era of Lab Buddy
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High Level Modulation  
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LIDAR

Modulation Spectroscopy
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Multimode
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OIP3 Measurement

Optical Clocks

Optical Oscillators

Phase Noise Measurement

Phased Array Radars

Photonic ADC’s

Quantum Communication

RIN measurement

Radio over Fiber

Servo APD Gain

...What is your App?

...in one of these...

World’s Most Multi-Functional & Versatile O/E Converter Platform! 

���119 Silvia Street Ewing, NJ 08628 USA www.discoverysemi.com Tel    +1 609.434.1311 Fax +1 609.434.1317
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 Antidote to
short-term thinking
Uncertainty and turmoil in global markets is raising economic concerns, but for investors in and members
of the photonics community the long-term value of photonics remains clear. The forthcoming “Harness-
ing Light” report, to be introduced at the SPIE Optics+Photonics Conference in San Diego (August 12–16),
will be an opportunity to describe to the public and policy makers the critical roles that we know optics and
photonics play in our economy, security, and personal lives.

The report is published by the US-based National Academies and written by photonics researchers
and business leaders. If the companies, research groups, and professional societies in the photonics
community work to advance its findings, then real progress could be made in priorities such as ensuring
competitive strength, meeting workforce needs, and continuing to build a sound research and manufac-
turing infrastructure.

For our part, the staff of Laser Focus World will continue to bring our worldwide audience articles on the
most recent technology developments, market trends, and products. Our cover article reports on work
by researchers at the University of Illinois at Urbana-Champaign that uses gradient field microscopy to
help change clinical pathology (page 41). Other reports show advances in green laser diodes for highly
efficient displays (page 20) and the growing use of optical fibers for sensing in harsh environments, such
as oil and gas wells (page 27). And contributing editor Jeff Hecht summarizes many of the recent devel-
opments in quantum-cascade lasers, which are enabling exciting applications that range from sensitive
measurement devices to military countermeasures (page 53).

As photonics entrepreneur and investor Jan Melles writes in this issue’s Market Insights column (page
37), the investment of sufficient funds for R&D is critical to ensur-
ing the success of individual companies. We urge a similar way of
thinking when it comes to photonics and the future.
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You Are Not a Box

Your application is unique. Your laser needs are specific.

Why adapt to a standard off the shelf product?

We believe our customers are special. You deserve more than the contents of a

pre-determined box.

Over 90% of all our laser modules shipped are custom. Not just the high volume

orders.

Our custom laser modules create more quality and value for your applications. We

can help you build a custom laser module that is unique to your needs.

So. You want to be special instead of a box?

We can help with that.

www.PowerTechnology.com/Custom

sales@powertechnology.com

501-407-0712
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newsbreaks

Software simulates laser-based measurements for flow cytometry
Researchers at Simphotek Inc. (Newark, 
NJ) have developed a simulation tool that 
uncovers hidden mechanisms of potential 
false readings in fl ow cytometry. Flow cy-
tometry is used extensively in biology 
and medicine, where a group of cells 
labeled with a fl uorescent probe mole-
cule or dye is focused into a single cell 
stream passing through a laser light 
source. The fl uorescent light is fi ltered 
and sampled by an array of detec-
tors. Traditionally, one light source and 
one type of probe molecule/dye have 
been used, but additional information 
can be obtained if multiple lasers and 
multiple probes fl uorescing at differ-
ent wavelengths are used. By using its 
SimphoSOFT software, Simphotek’s R&D 
team recently discovered that signifi cant 
false signals may occur in multiwavelength 
and multiprobe experiments not only due 
to fl uorescence overlap, but also the often 

unanticipated phosphorescence overlap. 
Phosphorescence emission generally has 

not been considered problematic in fl ow 
cytometry. However, numerical simulations 

performed by the group show that prob-
lematic or false signals from phosphores-
cence can range from 40% to greater than 
500% of the correct (fl uorescence) sig-
nal, leading to possible misinterpretations 

of biological results—for example, cancer 
cells not present when, in fact, many are. In 
some cases, measuring the signals in wave-
length or detector channels before and af-

ter each probe is used may mitigate or 
reduce spectral overlap; however, false 
results may be unaccounted for due 
to limited detector sensitivity. Simpho-
SOFT can select a particular combina-
tion of probe molecules ahead of mea-
surements by determining if the probe 
molecules may be problematic, and can 
correct and/or check post-experiment 
measurements by calculating and re-
moving any undetected false signals. 
In addition to emission intensity, the 
group’s software also calculates photo-

bleaching, singlet oxygen formation, energy 
transfer, and upconversion in multiple fl uo-
rescent probes used in biology and medi-
cine. Contact Mary Potasek at mpotasek@
simphotek.com.

Strain controls spontaneous emission in silicon nanowires
The direct bandgap due to quantum confi ne-
ment, adjustable bandgap, sensitivity to 
surface ligands and mechanical excitation, 
and compatibility with mainstream silicon 
technology of silicon nanowires makes 

them excellent candidates for optoelectronic 
devices. Now, researchers at the University of 
Waterloo (Waterloo, ON, Canada), in collabo-
ration with Texas A&M University–Kingsville 
and University of Washington–Seattle, have 

discovered that uniaxial 
strain can modulate the 
spontaneous emission 
of photons in silicon 
nanowires—a fi nding 
that improves the poten-
tial for these devices to 
function effi ciently in a 
variety of optoelectronic 
applications, including a 
mechanism for lasing.

Using silicon nano-
wires ranging in diameter 

from 1.7 to 3.1 nm that have a direct bandgap 
at 0% strain, the researchers showed that 
compressive strain increased spontaneous 
emission time by one to two orders of magni-
tude. This occurs due to either the change of 
wave-function symmetry or direct-to-indirect 
bandgap conversion. To create a population 
inversion in silicon nanowires, current can be 
injected in a compressively strained nano wire 
with an indirect bandgap in which the light 
emission is a slow second-order process (me-
diated by phonons). During strain release or 
by applying tensile strain, the initial population 
can scatter into the direct sub-band via fast 
electron-phonon scattering processes. This 
initiates lasing if the nanowire is embedded 
in a suitable mode-enhancing cavity. Contact 
Daryoush Shiri at dshiri@uwaterloo.ca.
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with Fluid Jet Polishing

LightMachinery www.lightmachinery.com

Made Possible

Adhesive free assemblies
Exotic complex optical assemblies

Solid, air spaced and piezo tunable etalons with a total thickness variation of < 3nm

LCPC

CPC

Solar cell
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newsbreaks

Luminescent solar concentrator gets 
more effi cient with addition of CPC
Luminescent solar concentrators (LSCs) are
slabs of transparent material containing a dye
or other material that absorbs light at one wave-
length and emits at another; the light collects
via total internal reflection at the edges and is
concentrated. Compound parabolic concentra-
tors (CPCs) are nonimaging optics that maximally

concentrate angularly spread incoming light.
These two devices have been independently
used to concentrate solar radiation; now, re-
searchers at Pennsylvania State University

(University Park, PA) are combining the two to
boost the concentration ratio of LSCs.

At the moment existing only as a simulation,
the design modeled by the researchers boosts
the concentration ratio of the combined device
(see figure, bottom) by 23% over that for the
LSC alone (see figure, top), while maintaining
greater than 90% of the original LSC’s optical
efficiency. This is when applied to only a single
edge of the LSC. If applied to all four edges of
the LSC, the intensity is boosted by 35%, still
maintaining greater than 90% of the original op-
tical efficiency. The addition of the CPCs would
allow smaller photovoltaic cells (the most expen-
sive component of a luminescent solar concen-
trating system) to be used, while contributing
only a small amount to manufacturing costs.

The researchers say that LSCs with highly di-
rectional luminescence in particular will benefit
highly from the addition of CPCs. Contact Noel
Chris Giebink at ncg2@psu.edu.
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Ultrashort laser pulses mimic 
natural wave patterns
Researchers at the University of California–
Los Angeles (UCLA) and the University
of Göttingen (Göttingen, Germany) have
used a unique high-speed measurement
technique to demonstrate that patterns
that develop in ultrafast laser pulses mimic
wave patterns found in nature. Not other-
wise discernible with conventional ensem-
ble measurement methods, the patterns
were seen by analyzing single-shot spectra
of “modulation instability”—a nonlinear
interaction that leads to pattern forma-
tions in nature such as sand ripples, water
waves, and heart rhythms—produced by
ultrashort laser pulses in optical fibers.

In the experiment, 1550 nm, 25 MHz
repetition-rate, 3 ps pulse-duration laser
pulses are injected into a nonlinear opti-
cal fiber to create spontaneously growing
oscillations (frequency modes) that are
then captured by stretching the output in
a spool of dispersive fiber to record the
subnanometer optical spectrum of each
pulse. Statistical analysis of the thousands
of individual pulses allows the researchers
to identify an interactive effect between
the frequency modes: within a pulse,
overlapping modes at similar frequen-

cies either unite or suppress each other,
leaving only one to dominate in the end.
Conventional time-averaged measure-
ment records spectrally broad modula-
tion-instability sidebands (well-known
in nonlinear optics), hiding the interac-
tive effect between the underlying dis-
crete modes. Their observations suggest
that similar interactions may be at work
in other physical contexts (for example,
sand undulations) in which single tempo-
ral or spatial patterns become dominant.
Contact Daniel Solli at solli@ucla.edu.

1D beam steerer operates at MHz speeds, will go much higher
A h igh-speed laser-beam steering tech-
nique developed at Lincoln Laboratory
(Lexington, MA) currently can steer at
a 40 MHz speed and has the potential
to reach gigahertz steering speeds. The
one-dimensional steerer is based on a six-
element optical phased array and subse-
quent coherent beam combining. The to-
tal optical output power of the device is
now 396 mW and can be scaled to mul-
tiwatt output. A stochastic-parallel-gradi-
ent-descent (SPGD) algorithm is used to
maintain the phaselocking, keeping the
on-axis intensity high.

The output from a narrow-linewidth
Nd:YAG laser is split and sent to six com-
mercial lithium niobate phase modula-
tors (with phase adjusted by varying the

current) and then amplified by an array
of diffraction-limited slab-coupled-wave-
guide semiconductor amplifiers. The SPGD
algorithm, which is controlled by real-time
Linux software, dithers the phase of the
modulators at 1 kHz to obtain the phase
corrections needed to maximize the on-
axis intensity. A movable fiber-coupled
(6.25-μm-diameter fiber tip) high-speed
indium gallium arsenide detector is used
to sample and measure the beam-steer-
ing performance at high speeds. The ex-
perimental full-width at half-maximum
(FWHM) central lobe width was measured
to be 565 μrad (only 5% above the ideal);
the steering range was 0.24°, limited by
the array diffraction-lobe spacing. Contact
W. Ronny Huang at we1748@mit.edu.
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Few-cycle pulses create 
intense attosecond bursts 
A pan-European team of researchers has succeeded in creating iso-
lated attosecond pulses with unprecedented intensity. The tech-
nique opens the way for material-physics investigations using both 
attosecond-scale pump beams and probe beams. The approach 
behind the advance makes use of few-cycle, femtosecond-scale 
pulses to ablate the surface of a mirror, creating a plasma. Two sep-
arate but related conversion processes then come into play, with 
their relative contributions dependent on the input intensity.  

One of them, coherent wake emission (CWE), is a recently dis-
covered effect, fi rst put forth by Fabien Quéré of the Depart-
ment of Research in Condensed Matter, Atoms, and Molecules 
at CEN Saclay (Gif-sur-Yvette, France) in 2007.1 Coherent wake 
emission is a kind of “push-pull” effect on the plasma electrons: 
As the plasma oscillations fl ow into and out of phase with the in-
put laser’s electric fi eld, they are periodically excited by attosec-
ond electron bunches, resulting in the emission of sub-femto-
second harmonics up to the plasma 
frequency. 

Since that time, such short pulses 
have been created by exploiting CWE, 
notably by a collaboration led by re-
searchers at the Max Planck Institute 
for Quantum Optics (MPQ; Garch-
ing, Germany), who recently used 
extreme-UV (XUV) autocorrelation to 
get a full temporal characterization of 
their sub-femtosecond pulses.2

Relativistic 
oscillating mirror 
However, at a threshold intensity, 
another effect becomes dominant: The 
relativistic oscillating mirror, or ROM. 
The ROM effect occurs when the 
intense input fi eld drives the surface 
of the plasma, causing electrons to 
oscillate at relativistic speeds. The 
periodic phase modulation in the 
refl ected beam gives rise to harmonics 

of the laser frequency, and the conversion process can lead to 
higher output photon energies than CWE. 

Now the MPQ researchers, in collaboration with research-
ers at the Foundation for Research and Technology Hellas (Crete, 
Greece) and Queens University Belfast (Belfast, Ireland) are push-
ing ROM to its limit, demonstrating the fi rst relativistic harmonic 
generation triggered by few-cycle pulses. The team used a laser 
source based on noncollinear optical parametric chirped-pulse 
amplifi cation to create input pulses of 8 fs duration—just three 
cycles of the fi eld—and 16 TW of peak power, incident on a 
fused-silica blank as the solid-target source of the plasma.

The researchers found that the output neatly matched their par-
ticle-in-cell simulations of the ROM process: For 17% of the input 
pulses, a single XUV attosecond-scale pulse was created, with a 
wavelength as small as 17 nm. About a third of the time, a pair of 
pulses was produced, and half the time, a triplet.3 The team es-

timates that future improvements to their 
laser, bringing it down to a 5 fs pulsewidth, 
will result in a greater than 50% chance of 
single pulses. 

Moving target
Patrick Heissler, lead author of the study, 
believes the method holds more prom-
ise for future attosecond pulse sources 
than more established methods. “The 
approach to isolated attosecond pulse 
production we demonstrate promises un-
precedented attosecond pulse intensities,” 
he says. “Compared to state-of-the-art 
attosecond pulse sources based on gas 
harmonics, higher conversion effi ciencies 
into the XUV are predicted. Due to the 
direct use of the plasma medium, no limi-
tations on the laser pulse intensities are 
implied and hence a high-intensity driving 
laser can be effi ciently exploited.” 

However, the creation of the plasma 
that drives the whole technique is 

Patrick Heissler, lead author of the study, holds a 
silica blank; plasma formation destroys small regions 
on the rotating blank. (Courtesy of T. Naeser)
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inherently a destructive process (see
figure). “A very clean interaction surface
is necessary but the target surface is
destroyed with every laser shot. Hence, a
fresh piece of target needs to be provided
for every new laser pulse,” says Heissler.

“In current systems, the used glass target is
rotated and/or shifted to provide a clean
surface, allowing repetition rates on the
order of kilohertz. For future experiments,
new target systems like tape drives or
liquid jets need to be developed.”

Once target issues are addressed,
though, the only limiting factor in the
XUV photon energy and attosecond
pulsewidth at the output is the intensity
and pulsewidth of the input laser.

—Jason Palmer

REFERENCES
1. C. Thaury et al., Nat. Phys., doi:10.1038/

nphys595 (2007).
2. R Hörlein et al., New J. Phys., 12, 043020 (2010).
3. P. Heissler et al., Phys. Rev. Lett., 108, 235003

(2012).

Stack-and-draw produces 
nanostructured lenses
A stack-and-draw process for fabricating
nanostructured micro-optics developed
by engineers at Heriot-Watt University
(Edinburgh, Scotland) and the Institute of
Electronic Materials Technology (Warsaw,
Poland) is pointing the way to low-cost
manufacture of microlenses and other
small optical elements.1 In addition, it al-
lows the making of novel broadband bi-
refringent micro-optics.

In the process, many glass rods of a cer-
tain diameter between 0.25 and 1 mm
are assembled by hand into a fiber pre-
form that may contain between 2000 and
10,000 individual rods (see figure). The
preform, on the order of 50 mm in diam-
eter, contains rods of one type of glass in
a matrix of a second type of glass. The
preform is then drawn down to a 1 mm

diameter; these intermediate preforms are
then arrayed together to an approximately
50 mm diameter and drawn down again
to a 1 mm final diameter or smaller.

The result is a nanostructured glass
with a refractive index intermediate be-
tween the two starting glasses. By vary-
ing the ratio of the rods in the preform,
the index can be custom-tailored. And,
by assembling intermediate preforms to-
gether that have different refractive indi-
ces, the result is a microlens with areas of
differing index—for example, a Fresnel-
type microlens with rings that each have
their own distinct indices.

The two glasses must have matching
mechanical and thermal properties
so that there are not discontinuities
when the preforms are drawn. The

M I C R O - O P T I C S
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experimenters used F2, an off-the-shelf
glass by Schott (Mainz, Germany), and a
custom glass termed NC21A developed
at the Institute of Electronic Materials.

The final nanostructure is far enough
below a wavelength in period that no dif-
fraction occurs in the rod lattice; instead,
an effective refractive index is the result,
with the index being a spatial average of
the refractive indices of the component
nanorods. To confirm this theoretically,
the researchers compared their effective-
refractive-index calculations with a fully
vectorial solution to Maxwell’s curl equa-
tions and found the difference was small.

An example fabricated microlens con-
tains seven different kinds of “metarod”
(the structures corresponding to the inter-
mediate preforms); each metarod is 1.2
μm in diameter and contains 2500 rods

within it of 20 nm diameter. About 10,000
of these metarods are hexagonally packed
in a Fresnel-zone pattern to form the lens.
Fabricating the lenses is easy: Just take a
lateral slice from the final drawn fiber and
polish the faces flat. Diffraction-limited per-
formance was achieved at 633 nm (0.6 μm
spot size) and 850 nm (0.9 μm spot size).

Form birefringence
A different type of nanostructure can
be created that has form birefringence—
which could be taken advantage of in
some situations. If the initial structure to
be drawn down consists of glass slabs with
alternating refractive indices, after draw-

ing the result is a nanostructured birefrin-
gent material. The glass slabs were created
by patterning the initial 1-mm-diameter
glass rods in alternating linear arrays before
drawing down. In this case, the structure
did not have to be reduced in size as much;
the quarter- to half-wavelength period
meant an easier draw-down procedure.

The researchers calculated the birefrin-
gence over a wavelength range from 500
to 2000 nm (the birefringence varies with
wavelength as a result of dispersion) as a
function of the nanostructure period; this
allowed them to choose the best experi-
mental period for a fabricated nanostruc-
ture. The birefringence of the fabricated
structure was characterized, showing that
the 10.77-mm-thick sample had a retar-
dation (the phase difference at exit be-
tween the two orthogonal polarizations)

between 5.3 and 5.7 radians.
The researchers note that the flexibil-

ity in positioning rods of different glass
types, and arranging the metarods, could
allow the fabrication of very interesting
optics that include nonspheric index pro-
files and general diffractive optical struc-
tures. —John Wallace

ACKNOWLEDGMENT
Laser Focus World has a partnership with
Advanced Optical Technologies to bring readers
coverage of the journal’s content.

REFERENCE
1. M.R. Taghizadeh et al., Adv. Opt. Technol., 1,

3 (2012).

In the stack-and-draw process, an array of glass rods with differing indices (a) is placed in
a glass cladding (b) and drawn down to produce a metarod (c). Many metarods (d) are then
placed together and drawn down again to provide the final structure, which can be sliced
up into microlenses (e).
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Dual-wavelength method brings zoom capability to microendoscopy
Most optical endoscopes for light deliv-
ery and in vivo imaging of biological tis-
sues have a fixed field of view (FOV) and
resolution, primarily because they use
a graded-index (GRIN) or other lensing
method that typically prohibits the use
of optomechanics to enable zoom capa-
bility, due to the overwhelming need for
miniaturization. But researchers at Cornell
University (Ithaca, NY) have developed
a clever dual-modality 9X zoom optical
endoscope with no moving parts that will
significantly expand the usefulness of mi-
croendoscopy.1

By simply switching the wavelength of
the excitation light, the user can switch
between a high-magnification, high-res-
olution, small-FOV multiphoton fluores-
cence modality and a low-magnification,
low-resolution, large-FOV one-photon
reflectance modality. The device should
prove extremely useful in a clinical set-
ting where large-FOV imaging could be
used to identify a tissue area for study,
followed by immediate small-FOV and
high-resolution imaging to reveal cellular
details at sites of interest on the tissue,
for example.

Zoom optics
The dual-modality microendoscope con-
sists of a three-element optical system
(see figure). The first element simply fo-
cuses the light slightly from the deliv-
ery/scanning optical fiber. The light then
passes through the second element onto
a multilayered, patterned dichroic coat-
ing at the center of the third element.
Depending on the wavelength, the (800
nm) light is either reflected to the di-
chroic coating on the upper and lower
portion of the second element and then
focused to the sample with high nu-
merical aperture, or the light (406 nm)
is transmitted and focused through the
third element to the sample with low
numerical aperture.

This 3-mm-diameter “zoom” objec-
tive is then paired with a miniaturized

resonant/nonresonant fiber raster scan-
ner. The scanner is basically two scanning
optical fibers glued together: 1) a hollow-
core photonic-bandgap fiber that trans-
mits light at 800 nm for high-resolution
multiphoton imaging and 2) a standard

singlemode fiber that transmits 400 nm
light for large-FOV, one-photon imaging.

Imaging studies were performed by
coupling 800 nm femtosecond pulses into
the hollow-core fiber and continuous-
wave 406 nm light from a laser diode into

E N D O S C O P Y
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the standard fiber. Using US Air Force
test targets, the full-width half-maximum
(FWHM) lateral resolution of the high-
magnification mode was approximately
0.8 μm with a 150 μm FOV, while the
FWHM lateral resolution of the low-
magnification mode was approximately
4.5 μm with a very large 1.3 mm
FOV. The dual-modality capability of

this system has been experimentally
demonstrated using unstained ex vivo
mouse lung tissue, with excellent imaging
results. —Gail Overton

REFERENCE
1. D.G. Ouzounov et al., “Dual Modality Microen-

doscope with Optical Zoom Capability,” CLEO
2012 conference, postdeadline paper ATh5A.2,
San Jose, CA (May 2012).

A three-element, dual-modality microendoscope (a) operates with effective 9X zoom
capability simply by switching the excitation wavelength used. The zoom element is
attached to two fibers for imaging (b).

Green laser diode 
emits at 536 nm
Indium gallium nitride (InGaN) laser di-
odes have reached a new frontier in per-
formance: continuous-wave (CW) emis-
sion at green wavelengths shorter than 
the 532 nm output of frequency-doubled 
Nd:YAG lasers. The previous long-wave-
length record had been set by a 527 nm 
diode from Sumitomo Electric (Osaka, Ja-
pan). Now, a team from Sumitomo and 
the Advanced Materials Laboratory of 
Sony (Atsugi, Japan) reports diodes emit-
ting more than 100 mW CW at wave-
lengths beyond 532 nm, and CW emis-
sion of unspecifi ed power at 536.6 nm.

The success of these researchers could 
be a milestone in laser display and pro-
jector development. Doubled neodymi-
um lasers can be used, but they require 
external modulation. Green laser diodes 
are more attractive, especially for mo-
bile devices, because they can be directly 
modulated, are smaller, and can be more 
effi cient. Laser-projector developers have 
been seeking 50 mW in the green with a 
wall-plug effi ciency of 4.5%, according 
to Shimpei Takagi of the Sumitomo Semi-
conductor Technologies R&D Laborato-
ries and colleagues.1

They also want diode wavelengths 
emitting in the 530–535 nm range, rather 
than the 515–520 nm of today’s commer-
cial green laser diodes. For most applica-
tions, a 10 nm shift in wavelength would 
be of little importance, but laser projection 
is an exception because of the importance 
of green light in human vision.

One reason for this is that color-sens-
ing cones in the eye have their peak re-
sponse at 555 nm in the green, matching 
the peak in the solar spectrum at Earth’s 
surface. A second is that color perception 
depends on the relative response of the 
eye’s color receptors, and the green and 
red receptors are closely spaced, peaking 
at 540 and 570 nm, respectively. That re-
sponse makes the green wavelength used 

S E M I C O N D U C T O R 
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in a laser projector particularly important in determining the 
gamut, or range of colors, that can be displayed. As shown in 
the International Commission on Illumination (CIE) diagram (see 
fi gure), the color gamut is largest for wavelengths of about 523 
nm, but the optimum wavelength for displays is offset to 530–
535 nm by the eye’s higher sensitivity to longer wavelengths.

Semipolar planes
The challenge has been growing good-quality diodes contain-
ing the roughly 30% indium needed to reach the 520–530 nm
band. Commercial InGaN laser diodes are grown on the sub-
strate’s hexagonal C plane, which is strongly polar, so elec-
tric fields separate electrons and holes. That increases emission
wavelength without adding more indium but at the cost of re-
ducing recombination rate and emission efficiency.

One alternative is growth on the nonpolar M planes orthog-
onal to the C plane, but diode fabrication has proven difficult.
Sumitomo and other developers, including Corning (Corning,

NY), Soraa (Freemont, CA), and the University of California at
Santa Barbara, have taken a compromise approach. They grow
diodes on semipolar planes at a 45° angle to both the C plane
and the crystal axis, where growth is easier and efficiency is
higher, although more indium is needed.

Now Takagi and colleagues report reaching CW 100 mW
InGaN diodes at record long wavelengths grown on semipo-
lar GaN substrates. They fabricated a series of ridge waveguide
lasers, 2 μm wide and 500 μm long, emitting at different wave-
lengths. They measured output of 167 mW at 525.1 nm, 107
mW at 532.1 nm, and 75 mW at 535.7 nm. They also observed
CW operation at 536.6 nm but did not report the power, pre-
sumably because it was below the 50 mW they consider neces-
sary for laser projectors.

High wall-plug effi ciencies
The researchers report wall-plug efficiencies of 7.0% to 8.9%
at 525 to 532 nm, well above the minimum goal for projectors,
and improvement over their earlier semipolar lasers. “Improve-
ment of the slope efficiency was the key factor for obtaining
higher output powers,” says Takagi. Reducing threshold volt-
ages from 6.4 V in earlier laser diodes to 4.7 V also contributed
to higher wall-plug efficiency. They also measured powers to 90
mW from a 528.1 nm laser operated at 80°C, indicating their la-
sers could be used in portable devices with limited heat-sinking
and high internal temperatures.

Takagi and colleagues report reaching 

continuous-wave 100 mW InGaN diodes 

at record long wavelengths grown on 

semipolar GaN substrates.
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Katsunori Yanashima of Sony’s advanced
materials laboratories and colleagues re-
ported more good news: long lifetimes for
similar semipolar InGaN laser diodes emit-
ting at 527 to 530 nm.2 Extrapolating from
tests lasting about 1000 hr, they estimate
that lasers emitting 50 mW should have
lifetimes longer than 5000 hr, and lasers
emitting 70 mW should have lifetimes of at
least 2000 hr.

Those results “look pretty impressive,
especially the reliability data,” says Peter
Zory, a veteran laser-diode developer at
the University of Florida (Gainesville, FL).
Soraa and Corning also are actively de-
veloping semipolar InGaN, although they
have yet to report results matching Sumi-
tomo’s. The next challenge will be com-
mercial production.  —Jeff Hecht

REFERENCES
1. S. Takagi et al., Appl. Phys. Expr., 5, 082102

(2012).
2. K. Yanashima et al., Appl. Phys. Expr., 5,

082103 (2012).

A CIE chromaticity plot shows that the range of colors produced by a three-color laser
display is largest when the green laser emits at 523 nm, but efficiency is higher with a green
laser emitting at the 550 nm peak of eye sensitivity. (Modified from original image:
Wikipedia; User: PAR)
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Improved sapphire
fi bers raise prospects for
harsh-environment-sensing
The thermal, mechanical, and structural stability of single-
crystal sapphire makes it an excellent candidate for optical
sensing applications in harsh environments, such as downhole
temperature/pressure sensing for the petroleum industry or for
use in combustion applications in gas turbines with tempera-
tures greater than 800ºC.

But for sapphire-based optical fibers to be used in harsh-
environment temperature, pressure, or dynamics sensing ap-
plications, thin-film coatings or external cladding structures
must be applied to the sapphire-fiber core to mitigate light
transmission losses. Unfortunately, these cladding structures
typically cannot withstand high-temperature thermal cycles

without losing integrity. Furthermore, it is difficult to find
cladding materials or any artificial structures that meet the
low-refractive-index requirement and have a low thermal ex-
pansion to prevent thermal-stress-induced delamination of
the cladding structure from the sapphire fiber surface under
high-temperature conditions.

But a new method that uses ion implantation and annealing
developed by researchers at the College of Nanoscale Science
and Engineering (CNSE) at the University at Albany–SUNY (Al-
bany, NY) is dramatically raising the prospects for using sapphire
fibers as photonic sensing devices in harsh environments.

O P T I C A L  F I B E R  S E N S I N G

Visible and infrared images of light transmission are shown in
sapphire fibers with cladding made by proton-ion implantation
and annealing at 1700°C. An unimplanted fiber shows a uniform
distribution of light. Fiber with a single ion-implanted barrier shows
light confined to the core region 20 μm from the fiber surface, which
was the target depth of the implant. When a second ion-modified
barrier is added, light is confined to two separate regions in the fiber.
(Courtesy of CNSE, University at Albany–SUNY )
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Inducing nanometer-scale voids
To avoid the need for applying a separate
cladding material to the sapphire fiber,
the ion-implantation and annealing pro-
cess intrinsically alters the refractive-index
profile of the sapphire through structural
modifications in the form of nanometer-
scale voids (typically 10–20 nm in diam-
eter) that cause a decrease in material
density and a subsequent decrease in re-
fractive index of several percent.

The proton-implantation step is per-
formed on either sapphire wafers or sap-
phire optical fibers. The location and width
of the optical-barrier (low-refractive-index)
layer formed below the sapphire surface
can be controlled by the proton energy. For
example, implantation of 1 MeV protons
in sapphire results in an optical barrier ap-
proximately 10 μm below the surface.

Prism-coupling measurements on a
single-crystal sapphire plate processed
by proton implantation and thermal
annealing at greater than 1000ºC show

dips in the reflection curves, indicative
of waveguide modes existing in the
sapphire plate due to light confinement
and propagation in the layer between
the sapphire surface and the proton-
implanted layer.

For fibers, a proton beam of an ap-
propriate energy is rastered over the fiber
surface while the sapphire fiber is con-
tinuously rotated about its axis, allowing
a continuous, radially symmetric cladding
layer to be created in the single-crystal
sapphire fiber. Subsequent annealing at
temperatures from 600° to 1800ºC can
induce refractive-index reductions ranging
from 0.5% to nearly 4.0%, respectively.

When light is launched into sapphire
fibers with cladding made by proton ion
implantation and annealing at 1700°C,
the resultant cladding structures strongly
confine light to the core region of the sap-
phire fiber in similar fashion to conven-
tional multimode-clad silica fibers (see
figure). The research team has also used

the method to fabricate a dual-core (or
double-cladding) structure in single-crys-
tal sapphire fibers whereby the light prop-
agates in the thin core layer between two
proton-implanted layers. This method is
promising for production of single-crys-
tal sapphire fibers with only a single or a
small number of propagation modes—a
crucial requirement for fiber-Bragg-grating
(FBG)-based sensing applications.

“The lack of thermally robust cladding
and the unavailability of singlemode or
even few-mode light propagation due
to the difficulty in growing small-sized
single-crystal sapphire fiber have been
the major hurdles to deploying such opti-
cal fibers for sensing applications in harsh
environments,” says Mengbing Huang,
an associate professor at CNSE, Univer-
sity at Albany–SUNY. “The proton im-
plantation method will provide a viable
solution to these problems and help open
up new opportunities for harsh-condition
fiber-optic sensing.” —Gail Overton
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Testing advanced space optics (which vir-
tually all receive collimated light) before
launch often requires cryogenic vacuum
testing to simulate the space environment.
Because apertures for some of these sys-
tems can be quite large (like the 6.5 m
aperture of the James Webb Space Tele-
scope’s primary mirror), any reduction in

complexity of the test setup helps cut costs.
Such a test setup needs to provide colli-

mated light; the conventional way to do this
in noncryogenic test is to include a collima-
tor in the vacuum chamber. However, this
is not ideal for cryogenic testing, as thermal
radiation from the collimator is a problem
unless the collimator is kept at the same low

temperature as the test optics. Custom col-
limators designed to work at a precise cryo-
genic temperature are costly.

A collimator must have a diameter at
least as large as the clear aperture of the
optics under test. So how can a collimator
be “hidden” in a cryogenic vacuum cham-
ber so the optics under test don’t thermal-
ly “see” it?

Stacked sieves
A group of researchers at the University of
Arizona (Tucson, AZ) has come up with an
approach: a series of spaced plates, each
with an identical square array of round
holes, called a thermal sieve (see figure).1

The setup, which is placed inside the cham-
ber between the collimator and the optics
under test, passes collimated light from the
collimator but blocks most thermal radia-
tion emitted by the collimator, since the
thermal radiation usually takes paths an-
gularly different from the path of the colli-
mated light. The result is that the collima-
tor itself can be kept at or near the ambient
temperature outside the chamber.

Unavoidably, because the array of holes
is in essence a 2D diffraction grating, the
collimated beam received by the optics
under test has multiple diffraction orders.
However, all but the zero-order point-
spread function produced by the test optics
can be ignored.

By careful design and analysis, the ther-
mal sieve can be optimized to reduce the
remaining thermal load to the test optics:
Parameters to be optimized include the
thermal plates’ temperatures and emissivity
values, the hole size and spacing, and the
number and spacing of plates. For example,
the lateral spacing between holes must be
small enough that the diffraction orders are
separated at the image plane by a distance
much greater than the Airy disk size.

An example modeled thermal sieve setup
had an outside ambient temperature of 300
K, a cooled temperature of 35 K, a 6.5-m-
diameter clear aperture, a 1 μm test-beam
wavelength, three plates, 2-mm-diameter

Thermal sieve isolates collimator from cooled test optics
S P A C E  O P T I C S

Three plates, each with an array of holes (left), form a “thermal sieve” that prevents most of
the thermal radiation emitted by a collimator in a vacuum chamber at ambient temperature
from reaching cryogenically cooled test optics (right) in the chamber.
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world news

sieve holes, and 20 mm lateral hole spacings (for an obscuration ra-
tio of 0.99). The plate nearest the collimator was held at 300 K, the
plate nearest the test optics was at 35 K, and the temperature of
the middle plate was varied from 150 K to 300 K.

In thermal-load calculations, the higher the emissivities of the
two outer plates, the lower the thermal loads were. In contrast, the
lower the emissivity of the middle plate, the lower the thermal load
[for example, decreasing the middle plate’s emissivity from 0.15
to 0.05 reduced the thermal load (with the middle plate at 280 K)
from about 0.6 W/m2 to about 0.2 W/m2].

The relation of thermal load to the plate temperatures was com-
plicated, but the researchers learned that if the middle plate’s tem-
perature was fixed, tweaking the temperatures of the other two
plates could optimize the performance of the thermal sieve. Con-
versely, letting the middle plate’s temperature float showed a best
performance point; in both cases, this was when the middle plate
reached a temperature of about 252 K.

Analysis showed that the hole-alignment tolerance was more im-
portant than the hole-size tolerance for achieving lowest test-beam
phase errors. For the assumed tolerances, the rms phase error due to
the thermal sieve was under 0.006 waves. —John Wallace

REFERENCE
1. D.W. Kim et al., Opt. Exp., 20, 11, 12378 (May 21, 2012).
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MILTON CHANG of Incubic Management was president of Newport 
and New Focus. He is currently director of Precision Photonics, mBio, 
and Aurrion; a trustee of Caltech; a member of the SEC Advisory 
Committee on Small and Emerging Companies; and serves on advisory 
boards and mentors entrepreneurs. Chang is a Fellow of IEEE, OSA, and 
LIA. Direct your business, management, and career questions to him at 
miltonchang@incubic.com, and check out his book Toward 
Entrepreneurship at www.miltonchang.com.

from this misstep? FYI, both the CEO and I are new on the job, and the
CEO agrees with my opinion that the culture of keeping information
close to the vest must change.
I am sure many of us have had regrets after speaking up. Words once spoken 
cannot be taken back! You have three options now that you have spilled the 
milk. Apologize, hang tough and be unrepentant, or fi nd a way to make lem-
onade out of lemons. What I mean is that you might as well turn what you did 
into a positive by minimizing the negative.

Apologizing would negate any positive impact you have made; instead, it would 
create a negative image that you are indecisive and prone to fl ip-fl opping. And 
playing tough would only harden any negative feelings to isolate you. What I 
would suggest is to send out an e-mail blast to solicit input. You may be able to 
position what you have done, putting your strong opinion out there as a stalking 
horse to stimulate intellectual debates between groups. Giving people permis-
sion to speak up will also relieve resentment, calming people down and thereby 
making it possible for them to put their energy to constructive use. All of this 
could make you appear open-minded, approachable, and receptive; you might 
just be able to get meaningful bottom-up feedback to fi ne-tune your viewpoint.

The issue behind this question is how you can put forth an honest opinion when 
giving advice. This is something I have struggled with frequently. Should I speak 
my mind to be most helpful at the risk of hurting someone’s feelings, or should I 
only accentuate the positive? The problem is that an honest opinion may not be 
a correct opinion. You have to challenge your viewpoint and get behind the rea-
sons why people do what they do. Come to a good understanding by doing your 
homework; then present your opinion tactfully by discussing the pros and cons 
of each approach from multiple points of view. This will allow people to come to 
their own conclusions. It is analogous to what people in marketing do to create 
a pull: Provide enough information for an individual to come to his or her own 
conclusion, which by defi nition is the right decision (for that particular individual).

A side comment I can offer is that you may want to develop a better under-
standing of the way your CEO operates. One can question whether he was 
using you as a trial balloon or a mouthpiece to take the heat. 

I have been working on a solar
concentrator concept that is ideal
for urban places. Do you have any
suggestions on what I could do
now that this area is out of vogue?
It is diffi cult to beat (mega) trends. 
Sound technical ideas sometimes 
languish because they cannot be de-
veloped into viable business proposi-
tions. Even established solar compa-
nies are having a hard time staying 
profi table at this moment and in 
the foreseeable future. To get to a 
somewhat objective decision, persist 
if you feel there is greater than 50% 
likelihood that you will be able to 
get the funding you need; abandon 
ship if your gut tells you the odds 
are greater than 80% against you. 
There is no point in banging your 
head against the wall just because 
entrepreneurs are supposed to be 
persistent.

You may be able to realize some 
value out of your work by partnering 
with an established solar company, 
especially if you have valuable pro-
prietary know-how. Not all is lost 
if you learned from this experience. 
Many of us had to pursue multiple 
ideas before we came upon a good 
one to hit the ground running.

I was asked by my CEO to state
my observations of the operation
as CTO and senior VP at an all-
hands strategic planning meeting.
I sensed great resentment after-
wards. What can I do to recover

Persistence and playing
‘truth or dare’
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MarketInsights

J A N  M E L L E S

For many smaller companies, there is no distinction between these two
elements, and R&D as shown in financial statements is rarely broken down
between them. Although market research is also a category of research, I
will emphasize research for the purpose of improving and expanding a com-
pany’s product line.

Research usually takes place in large organizations—sponsored by the gov-
ernment and/or academia, or corporate laboratories. Much of this kind of
research can be classified as “basic” as compared to “applied” because it cov-
ers primarily the development of advanced new technologies, which tend to
be very expensive and beyond the means of most photonics companies. In the
highly fragmented world of photonics, where companies with less than 100
employees represent 90% of the entire industry, R&D represents a combina-
tion of the two concepts, with more emphasis on product development.

No one in business will disagree that investing in new product development
is essential for growth, if not survival. Without new products in the pipeline,
product lines will become obsolete and market share taken over by competitors.

However, the owners and management of photonics companies face a variety
of problems that stress human and financial resources, varying from meeting
delivery times and solving last-minute technical issues, to customers who first
delay placing new orders then suddenly demand fast delivery of a large order.
Facing these kinds of issues, new product development—particularly in smaller
companies—frequently receives less attention in a company’s development.

No short-term thinking
Curiously enough, there are also exam-

ples of companies purposely lowering
their investment in R&D, mainly
driven by short-term fi nancial
considerations. It is not uncom-
mon for companies facing acute
cash shortages to cut back on
R&D or for companies that are
for sale to reduce R&D to improve
their bottom line, which they be-
lieve would make them more at-
tractive to potential buyers.

This is short-sighted and
unwise as the opposite is often

The critical R&D question
for a photonics company is: Are the
funds reserved for this really bring-
ing the return that the owners and
management expect? To answer this
question, we must understand the na-
ture of research and development at
photonics companies, what it should
be, and what should be avoided.

First, I should define what I mean
by R&D, because there is a clear
distinction between the concepts of

“research” and “development.” With
research we commonly refer to the
investment an organization makes
in developing new technology from
which new products or services can be
generated. Development has a broader
meaning, which may include new
product development, improvement
of existing products, and/or satisfy-
ing specific customer needs.

Thinking about R&D
at photonics companies
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the case. Buyers will clearly see this as a
sign of weakness, valuing their target in
a direction that is opposite of what the
seller hopes to achieve. It also needs to
be stated that pumping more capital in
R&D is no assurance of better results.
Although this may be true in many
cases, there is no guarantee. An example
is Apple, by market capitalization the
world’s most valuable business. Apple
invests only a third of what Microsoft
invests in R&D, but no one would
accuse Apple of not being innovative.

Investing for returns
Investment in R&D by photonics com-
panies runs from 5% to as high as 20%
of sales, with 8% to 12% the more com-
mon choice. There is no good or bad
number; there are enough examples
of companies justifiably investing less
than 5% at any given time in their de-
velopment, and spending more than
20% may not represent an unaccept-
ably high number.

With the possible exception of very
small businesses, just about all photon-
ics companies generate an annual bud-
get, which usually includes a line entry
for R&D. This number is often based
on an in-house practice that has been
in place for some time. Unfortunately,
after setting this number many pho-

tonics companies fail to follow up and
develop an operating plan on how to
invest these funds for maximum yield.

Like any other investment a company
makes, it does so with the objective of

generating a rate of return that it has
committed itself to achieve. R&D is only
one element in the process of bringing
new or improved products or services to
market. The money set aside for R&D
should be based on a careful analysis of
what is required to sustain and improve
the company’s market position. R&D
should not be a reserve pot of money
that can be used for any need that hap-
pens to come along.

A company’s product line usually can
be categorized in three stages: 1) mature
products, 2) new products that are gen-
erally upgraded versions of mature prod-

ucts, and 3) totally new products often 
serving new markets based on new tech-
nology and targeting customers who 
differ from the company’s traditional 
customer base. Each stage requires the 
support of R&D activities to maintain 
its market share, improve its market 
share, or acquire share in new markets 
based on using existing products or 
developing new ones.

There is no golden rule about how 
R&D funding should be allocated among 
these stages as it depends a great deal on 
a company’s corporate objectives. But 
I have observed over many years that 
mature product lines normally get about 
20% of available R&D funding, while 
50% goes to upgraded products and 30% 
goes for totally new products.

Quantifying the return on a compa-
ny’s investment in R&D has proved to 
be extremely diffi cult because it is very 
different from other investments that a 
photonics company may make such as 
investing in physical assets or making 
acquisitions. These are “hard targets,” 
the return on which can be more easily 
calculated. Not so with R&D.

The most common method still is 
based on sales, but even that does not 
make it easy to defi ne the return on 
R&D because so many other factors 
play a role in generating new products. 
One thing is assured: When a photonics 
company loses market share on the sale 
of its product line—be it a mature prod-
uct or a new product—the cause indeed 
could be a lack of effective R&D. 

Jan Melles is president of 
Photonics Investments and 
was the co-founder and 
later chairman of Melles 
Griot. He is currently on 
the board of numerous 
public and private photon-
ics companies, and invests 
in and brokers the merg-

ers and acquisitions of photonics companies. 
E-mail: jmelles@photonicsinvestments.com; 
www.photonicsinvestments.com.

Tell us what you think about this article. Send an 
e-mail to LFWFeedback@pennwell.com.

1.  The team responsible for R&D must be the best the company has to offer 
in terms of intellectual and creative talent, having intimate knowledge of the 
company’s technology base and markets served. Without this information, 
the team will work in a vacuum and cannot be effective. Market research 
is essential, especially to learn what key customers need in terms of future 
products and services, and what the competition is doing.

2.  The R&D team needs to interact continuously with the staff at sales and 
manufacturing to ensure that efforts will be guided in the right direction.

3.  Suffi cient funds must be made available to allow the hiring and function-
ing of an effective R&D team. Such funds should not be reallocated to other 
needs to solve short-term problems.

4.  Milestones must be set for the three key stages of development: a) concept, 
b) prototype, and c) fi nal design.

Successful photonics
R&D—the essentials

I have observed over many

years that mature product

lines normally get about

20% of available R&D

funding, while 50% goes

to upgraded products and

30% goes for totally new

products.
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OPCO Laboratory is a one-stop-
shop, providing custom optical
elements with unique shapes or
specifications, custom thin film
coatings, replicated optics, and
optical and electro/optical assemblies
to OEM’s, in analytical, defense,
semiconductor, medical, machine
vision, and illumination markets
worldwide. We make one-offs for
special applications, prototypes
quantities for development, and
production quantities up to 1,000
units per month.

OPCO began 35 years ago in
Leominster, MA, providing metallic
coatings for optics used in the
analytical market, for spectrometer
and monochrometer applications. 25
years ago, OPCO moved to Fitchburg,
MA, and expanded the range of
services offered, to include optical
fabrication, grinding and polishing,
enabling the company to provide
customers with various
configurations of lenses,
prisms, beamsplitters,
windows, and mirrors,
made from a variety of glasses
and crystals, and offer thin film
reflective coatings of enhanced
aluminum, silver and gold, and
transmission coatings from the deep
UV to the far IR.

In 1990, OPCO added optical
replication to its list of capabilities.
This is a cost effective process that
transfers a precision reflective optical
surface from a master, to a variety of
glass, metal, ceramic and composite
substrates. It produces exact
duplications in accuracy and surface
quality, while maintaining the optical
quality of the master. This process
also allows an optical surface to be
applied to a monolithic mechanical
part, rather than having to assemble
one or more components. It reduces
cost, weight, assembly, and alignment
time. Replicated Optics are used in
a wide range of markets, including
diffraction gratings and toroidal mirrors
in analytical applications, multifaceted
and ellipsoidal mirrors in medical
equipment, wafer positioning and
measurement mirrors in semiconductor
processing, mirrors for target
acquisition, surveillance and imaging in
critical defence and security systems,
and in NASA’s exploration of space. We
have provided replicated components
for the NASA LCROSS Moon program,
the upcoming CHEMCAM Mars and
LADEE Moon programs, and for the
European Space Program.

As the 90s progressed,
OPCO added optical
and electro/optical
assembly to its portfolio of
services. Our experience

in handling sensitive
optical components,

and the addition of Class
1000 cleanrooms, is very

attractive to our customers. In
the late 90s, OPCO added CNC
grinding, polishing, dicing, and curve
generating capability. We also added
interferometry, centration scopes, and
broader range photospectrometers
to our metrology department. Our
metrology department is capable of
measuring very complex optics, and
considered one of the best equipped
in the industry.

The service side of our business is
extremely important us. It has been
a part of OPCO from day one, and is
something we place a lot of value on

as far as our customer relationships
are concerned. OPCO is proactive,
and continuously invests in capital
equipment to expand our range of
processes and services. We have
added several box coaters and ion
assist e-beam deposition, and most
recently, a state-of-the-art 45" box
coater dedicated to IR-FIR coatings,
and a new optical comparator to
further enhance our metrology
department. We continue to add to
our significant inventory of test plates,
and make them available to anyone for
designing optical systems. To better
serve our customers, and meet their
demands for fast deliveries, OPCO
now maintains an extensive inventory
of speciality optical glass.

OPCO continues to develop each
of its markets. Within medical, it is
servicing ophthalmic, dermatology,
surgical and biomedical equipment;
in defence/aerospace – night vision,
target acquisition, and surveillance;
in analytical instrumentation –
spectral identification; and in the
semiconductor market – vision
systems and wafer inspection.

Personal service and attention to
detail is very important to us. We are
very sensitive to our customer’s needs,
our relationship goes beyond price,
to a commitment to provide a quick
response to inquiries, problem solving,
and fast delivery times.
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Gradient fi eld microscopy allows
label-free disease diagnosis

Imaging unstained live cells and thin
slices of tissues (biopsies) is extremely
challenging because these structures
are transparent and, as a result, the
images lack contrast. Over the past
four centuries, much of the develop-
ment in light microscopy has been
driven by this challenge of obtaining
high-contrast images of translucent
structures.1

Contrast-generating microscopy
methods fall into two classes:
extrinsic and intrinsic, depend-
ing on whether the approach
requires exogenous contrast
agents or not, respectively.
In the first category we find
methods that involve stains—
such as those used in stan-
dard clinical pathology—and
fluorescence dyes, used exten-
sively in cell biology. Intrinsic
methods include phase con-
trast microscopy and differen-
tial interference contrast (DIC)
microscopy.2 Theseapproaches
exploit the particular inter-

action between light
and tissue rather than
attaching absorb-
ers or emitters to the
structure of inter-
est. Therefore, intrin-
sic contrast methods
have the advantage of
studying the cells and
tissues in their unper-
turbed conditions.

Quantitative phase
imaging (QPI) is emerging as an intrin-
sic contrast method that measures how
much the light is delayed through the
specimen at each point in the field of
view.3 This optical path length or phase
information relates to both the refrac-
tive indexand thicknessof the specimen
and therefore enables new biological
studies—especially of cell structure
and dynamics.4-6 Recently, our group
at the University of Illinois at Urbana-

Champaign discovered that QPI holds
valuable potential for clinical pathol-
ogy; that is, theoptical path-lengthmap
associated with the biopsy can be used
for cancer diagnosis using spatial light
interference microscopy, or SLIM.7

The SLIM method combines
Zernike’s phase contrast micros-
copy and Gabor’s holography to ren-
der quantitative phase images, and is
sensitive to path-length changes of
0.3 nm spatially and 0.03 nm tempo-
rally.8 We obtained images of prostate
biopsy cores that were diagnosed by
the pathologist as high-grade prostatic
intraepithelial neoplasia (HGPIN)
using a 40X/0.65 numerical aperture
(NA) objective (see Fig. 1).

Gradient fi eld microscopy
Remarkably, we found that the spatial
fluctuations of the path length and not
its average values hold the true diagnosis

Intrinsic contrast methods that rely
on the passage of light through a
transparent sample promise to change
clinical pathology as we know it. Without
requiring labels such as fluorescent
dyes, these are valuable techniques due
to their noninvasive nature, allowing for
unperturbed study of biological specimens
and diagnosing diseases such as cancer.

FIGURE 1. A quantitative phase
image of a prostate biopsy is
stitched together from 100 (10 ×
10) smaller field-of-view images.
The quantitative data is indicated
in different colors with red being
a long optical path length and
blue being a short optical path
length. The color bar indicates
phase shift in radians. The data
show that the basal cell layer
is clearly visible in the high-
grade prostatic intraepithelial
neoplasia (HGPIN) cores.
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BIOPHOTONICS cont inued

power for this microscopy method. In 
other words, while the average phase 
shifts in the tumor and normal tissue 
have similar values, the statistics of the 
spatial fl uctuations (such as the vari-
ance) are completely different. Specifi -
cally, we found that the architecture of 
the prostate tumor is more disordered 
and characterized by higher variance as 
compared with the normal tissue, which 
is smoother. These results may form the 
basis for a new, label-free, quantitative 
approach to cancer diagnosis.

From an optical point of view, the fact 
that only relative changes in the phase shift 
and not absolute values are relevant to tis-
sue diagnosis is quite signifi cant. It sug-
gests that new, simpler methods can be 
developed that do not necessarily quan-
tify phase shifts but instead measure some 
spatial differential of the phase map. One 
such method is gradient fi eld micros-
copy (GFM), a technique recently devel-
oped at our Quantitative Light Imaging 

Laboratory (http://light.ece.illinois.edu/).9

The GFM method provides high-contrast 
images of transparent specimens, includ-
ing cells and tissues. In GFM, the spatial 
change of the optical path length is mea-
sured by taking the fi rst- or second-order 

derivatives of the phase information that 
is carried by the light.

Currently, GFM is built as an add-
on module to a commercial brightfi eld 
microscope. The aperture stop is closed 
down for the highest possible spatial 

FIGURE 2. Images of a HeLa cell culture in a plastic petri dish are taken (a) using gradient 
fi eld microscopy (GFM) and (b) conventional differential interference contrast (DIC) 
microscopy. White arrows indicate the fl at cells, which show increased contrast only under 
GFM because of the birefringent material.
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coherence of the illumination. The sys-
tem consists of a series of two lenses
forming a 4f system to provide access to
the Fourier transform of the image field.
At this Fourier plane, spatial amplitude
modulation is provided through a spa-
tial light modulator. Depending on the
modulation mask given at this plane,
the type (and order) of the phase deriva-
tive obtained at the image plane changes.
There are three different modes of GFM
that we have implemented to obtain dif-
ferent phase derivatives: a first-order
derivative along one direction (one gra-
dient component), the amplitude of the
first-order derivative (gradient intensity),
and a second-order derivative (Laplacian).

GFM advantages
The GFM setup brings many advanta-
geous features such as fast acquisition
speed and stability along with the flex-
ibility of using the different modes of
operation. Since GFM is a single-shot
technique and does not require any im-
age processing after acquisition, the ac-
quisition speed of this system is as fast
as the camera allows. Furthermore, the
spatial modulation can be changed elec-
tronically, without moving mechanical
parts of the system. This contrasts with
the conventional DIC microscopy tech-
nique in which the physical movement of
a birefringent prism is required. The ab-
sence of the prism in the imaging system

also allows GFM to image through bi-
refringent materials such as plastic-bot-
tom dishes, which is generally difficult
using DIC (see Fig. 2). Cells exhibiting
low contrast under common DIC mi-
croscopy are rendered visible via GFM.

One exciting feature of GFM is that it
can image unstained tissue biopsies, indi-
cating the HGPIN condition in which the
epithelial cells of the prostate glands have
morphological characteristics associated
with prostate cancer such as prominent
nucleoli and Roman bridge formation
(see Fig. 3).10 Further studies have shown
that HGPIN glands also show genetic
and immunohistochemical changes asso-
ciated with carcinoma.11 However, the
basement cell membrane is still present in
these glands and presence of patchy basal
cells excludes the diagnosis of carcinoma.
Currently, basal cells are detected using
antibodies against cytokeratin 34BE12
and p63 markers. By zooming in to a
more specific region of the GFM tissue
images, the biopsy can be successfully
diagnosed by showing the existence of
basal cells without staining. Furthermore,
because of the fast imaging of GFM, it is
possible in principle to obtain diagnosis
information in real time.

Our current work focuses on identify-
ing “optical markers” for diagnosis and
automating the process. We anticipate that
based on such advanced imaging princi-
ples, “smart microscopes” could be devel-

oped in the near future that are capable 
of yielding knowledge rather than images. 
That is, we believe it is possible to have an 
imaging system that performs real-time 
analysis and diagnosis without ever saving 
the images. The combination of advanced 
optical imaging and parallel image pro-
cessing shows the promise of revolution-
izing standard pathology, allowing for 
faster, label-free diagnosis—affordable at 
the global scale. 
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FIGURE 3. A GFM image (a) shows the same biopsy tissue as in Fig. 1. The image is 
constructed by stitching together 225 individual images (a 15 × 15 array) taken with a 
100X/1.4 NA brightfi eld objective. The gland area (b) is zoomed in to show the basal cell 
layer, indicating the HGPIN condition.
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Holmium-doped silica fiber designs
extend fiber lasers beyond 2 μm
BRYCE SAMSON, GEORGE OULUNDSEN,

ADRIAN CARTER, and STEVEN R. BOWMAN

Fiber lasers operating at high power
levels (greater than 100 W) with high
efficiency have historically been lim-
ited to devices made from silica fibers
doped with ytterbium (Yb; 1 μm op-
erating wavelength), erbium (Er; 1.5
μm), or more recently thulium (Tm;
2 μm). In fact, Tm-doped fiber lasers
operating at 2 μm have been demon-
strated with as much as 1 kW of sin-
glemode-beam-quality output pow-
er from a large-mode-area fiber.1 But
more recently, research has focused on
holmium (Ho)-doped silica fibers that
operate at longer wavelengths (greater
than 2.1 μm) than Tm and with higher
efficiency when resonantly pumped at
2 μm, offering the potential to scale to
higher power levels than the currently
available Tm-doped fi bers.2

Glass optimization
The design and fabrication of Ho-
doped fibers is still largely in the re-
search phase and is being investigated
by several groups worldwide.2-4 One
of the topics currently under investi-
gation is optimization of the pumping
scheme for power scaling to kilowatt
levels. The challenges associated with
operating this latest family of rare-

earth-doped fibers at
high power level are
numerous and in-
clude operating at
the long-wavelength
transmission limits
of silica glass around
2.1 μm, where the

multiphonon absorption edge of the
silica glass becomes problematic. In
addition, the role of extrinsic losses,
such as hydroxide (OH) contamina-
tion, is also far greater at this operat-
ing wavelength.

Optimization of the spectral
parameters of Ho-doped silica glass
requires mitigation of concentra-

tion effects, including up-conversion
quenching processes and optimiza-
tion of co-dopant species in order to
minimize clustering and concentra-
tion quenching effects on the radia-
tive lifetime (see Fig. 1). The intrinsic
nonradiative multiphonon quenching
of the holmium 5I7 upper state life-
time is also important and from our
measurements is around 0.6 ms at
room temperature for fibers doped
with 0.5 wt% Ho. This measured
lifetime corresponds to a radiative
quantum efficiency of approximately
10% for Ho-doped silica. Although
much lower than the values associ-
ated with Er-doped or Yb-doped sil-
ica fibers, this is not a major factor
in determining the slope efficiency
for high-power lasers and amplifiers.

A major factor in limiting the slope
efficiency is the background loss of
the fiber and in particular the level of
OH contamination from the preform
fabrication process. This is particu-
larly important because the overtone
of the fundamental OH absorption
that occurs around 2.2 μm in silica
is relatively close to the lasing wave-
length of 2.13 μm in these Ho fibers.5

By resonantly pumping the Ho at
1.95 μm, the goal is to reduce the
quantum defect in the fiber laser and

hence lower the thermal load on
the fiber as compared with 790
nm pumping of Tm-doped fibers.
The deleterious effect of small
amounts of OH contamination
on the thermal load stresses

A 140 W, 2.13 μm mid-infrared (mid-IR)
fiber laser operating with 60% slope
efficiency is possible using holmium-
doped silica fibers operating at the
long-wavelength limit of silica
optical fi ber transmission.

FIGURE 1. The energy level
diagram is shown for holmium
(Ho)-doped glass.

OPTICAL FIBER FABRICATION
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the need for high purity levels
in these fibers to increase effi-
ciency and enable high-power
laser operation (see Fig. 2).

Novel processes have been
developed to minimize OH con-
tamination during the fiber pre-
form manufacturing process.
The key is in understanding the
various sources of OH contam-
ination and minimizing their
impact in a stepwise, controlled
fashion. The sources can range
from the preform manufactur-
ing process itself, to the purity
level of the raw starting chemi-
cals, and to the manner in which the glass is handled during
processing. Manufacturers of Ho-doped fibers have developed
their own proprietary methods for minimizing OH contami-
nation. These processes include additional drying steps, elimi-
nation of the handling of the glass during manufacturing, and
strict control of atmospheric conditions. In all cases the addi-
tional steps add process time and increase the complexity of
manufacturing Ho-doped fibers.

Fiber waveguide design
In addition to glass optimization, fiber
waveguide design has also been inves-
tigated over the past few years. Early
research into Ho-doped fiber lasers
typically involved a 1.15 μm pump
wavelength and relatively small-core,
singlemode fi bers. In order to power
scale this laser system, many groups
have chosen a pump wavelength
around 1.95 μm corresponding to di-
rect excitation into the Ho 5I7 meta-
stable level. This pump wavelength is
readily available from high-power, sin-
glemode Tm-fiber lasers that now op-
erate at power levels exceeding 100 W

and are, in turn, pumped by high-power 790 nm laser diodes.
Modifications of the waveguide design to lower the numeri-

cal aperture (NA) of the core with respect to the silica clad-
ding have also been investigated and a range of commercially
available singlemode and large-mode-area (LMA) Ho-doped
fibers are now starting to emerge. The development of LMA
designs for Ho fibers has been far more straightforward
than Er:Yb and Tm-doped fibers that both require pedes-
tal fiber designs to obtain a core NA in the range of 0.1.
Cladding diameters for the Ho fibers are typically smaller
than Yb-doped fibers because of the high brightness of the
available Tm-fiber laser pump sources.

One complication of the fiber design is the desire for an inner
glass waveguide for the pump light rather than the glass/poly-
mer waveguide often used in Yb-doped fibers. This inner glass
waveguide offers a lower loss for the 1.95 μm pump light (see
Fig. 3). Despite the use of a fiber laser as the pump source, the

FIGURE 2. Thermal modeling shows the effects of
hydroxide (OH) contamination on a high-power Ho-
doped 2.13 μm fiber laser.

FIGURE 3. The latest generation of Ho-doped fibers for high-power
fiber laser operation are based on triple-clad designs with glass
inner cladding for the 1.95 μm pump light.
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overall electrical-to-optical conversion efficiency of this pump
scheme is still high due to the high pump conversion efficiency
of the Tm-fiber lasers—which is typically 60–65%.

It is worth noting that although double-clad Ho-doped fiber
designs operate with lower efficiencies than their triple-clad
counterparts, they are often preferred during early stages of
device development to more easily optimize the fiber design
for the given application. Once the fiber design has been opti-
mized (composition and geometry) in the double-clad version,
further optimization into a triple-clad fiber design is relatively
straightforward.

Experimental results and future directions
Recently 6, a Ho-doped fiber from Nufern was used to create an
efficient 2.13 μm fiber laser source. The Ho-doped fiber was fab-
ricated to be singlemode at 2.1 μm, with a doped core of diam-
eter of 18 μm and 0.08 NA corresponding to a V-number of 2.2.
The core was surrounded by a standard octagonal-shaped silica
glass inner cladding of 112 μm flat-to-flat diameter. A low-loss
1.95 μm pump waveguide for the inner cladding was achieved
using a 180 μm diameter all-glass fluorine-doped outer cladding,
providing an NA of 0.22. The fiber was then overclad with silica
glass to produce an outer fiber diameter of 250 μm.

The free-space-pumped fiber laser made using this Ho-doped
fiber recipe operated at 140 W continuous wave (CW), deliver-
ing a singlemode beam at 2.13 μm and a slope efficiency of 60%
with respect to the launched pump power (see Fig. 4). A second
LMAfiber with40 μmdiameter corewasalso fabricatedand the
resultant fiber laser operated at 140 W, pump limited in the same
experimental configuration. In addition to CW laser cavities, a
gain-switched Ho-doped fiber laser was demonstrated that pro-
duced more than5 W average power at a 600kHzrepetition rate,
85 ns pulse duration (8 μJ) with stable linearly polarized output.

FIGURE 4. A cladding-pumped Ho-doped silica fiber laser operating
at 2.13 μm with 60% slope efficiency is pumped by a Tm-based fiber
laser at 1.95 μm.
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A broad range of applications require laser sources in the 2
μm spectral region including remote sensing, light detection and
ranging (lidar), and nonlinear frequency conversion, as well as
future high-power laser weapons systems that would all benefit
from high-power, mid-IR sources with excellent beam quality.

The atmospheric windows at wavelengths greater than 2.1
μm are of particular interest in military and sensing applica-
tions. There are also a variety of scientific, military, and medi-
cal applications involving nonlinear frequency conversion into
the mid-IR range that often use commercially available zinc
germanium phosphide (ZnGeP2) or ZGP crystals. However,
defect-related absorption in ZGP below 2.1 μm hinders power
scaling due to the associated thermal lensing and degradation
of beam quality. This limits the use of Tm-based fiber lasers
as pump sources for high power and is an ideal application
for a new generation of Ho-doped fiber lasers.

In order to scale CW power and pulse energy, further work is
needed to mature the LMA fiber designs as well as the match-
ing support fibers and components required to make mono-
lithic all-fiber devices for robust, compact lasers that could be
commercialized. Work by several groups is now focusing on
these monolithic devices at high power levels and wavelengths
greater than 2.1 μm. It is envisaged that as Ho-doped fiber
designs mature, multikilowatt fiber lasers operating beyond
2.1 μm will become readily available.
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JEFF HECHT contributing editor

New designs expand capabilities
of quantum-cascade lasers

Performance of quantum-cascade
lasers (QCLs) “has improved to a
point I could never have dreamed
of,” Jérôme Faist of the Swiss Fed-
eral Institute of Technology (Zurich,
Switzerland) told CLEO 2012 attend-
ees during an invited talk in May. In
1994, while working in Federico Ca-
passo’s group at Bell Labs (Murray
Hill, NJ), he was lead author on the
first reported demonstration of a
QCL.1 Performance of that first de-
vice “was pretty bad,” he recalled; it
emitted a feeble 10 mW at cryogenic
temperatures.

Now a professor at ETH Zurich,
where he heads the FIRST Center
for Micro- and Nanoscience and the
Institute for Quantum Electronics,
Faist said he never expected to see
QCLs operating at room temperature
with watts of output or wall-plug effi-
ciency above 20%. Yet sophisticated

design and fabrica-
tion tools have made
those high-perfor-
mance devices possi-
ble and made QCLs
vital tools for infra-
red (IR) applications

ranging from sensors and delicate
measurement devices to military
countermeasures.

Cascades through
quantum wells
The basic concept that led to QCLs was
proposed by Russian physicists R.F.
Kazarinov and R.A. Suris in 1971, just
a year after the first continuous-wave,
room-temperature operation of diode
lasers.2 They proposed cascading elec-
trons through a stack of quantum wells
to excite laser action on transitions be-
tween quantum-well sub-bands.

At first, the idea didn’t seem very

promising. Inter-sub-band transitions
have very narrow absorption peaks
and sub-picosecond radiative lifetimes,
so their spontaneous emission is much
weaker than that of the interband tran-
sitions used in diode lasers. However,
Faist said, “an inefficient LED does not
make an inefficient laser.” Electrons
cascading through a series of quan-
tum wells produce stimulated emission
far more efficiently than spontaneous
emission. That realization, and Albert
Cho’s use of molecular beam epitaxy to
grow very thin layers with very good
interfaces, led to Bell Labs’ develop-
ment of the QCL.

Their initial demonstration produced
only milliwatt pulses at cryogenic tem-
peratures, but it opened the door to
further advances. Electrons can cas-
cade through 20 to 200 quantum wells,
and in the mid-IR they lose only small
increments of energy on each transition.

Advances include watts of power and
wall-plug efficiency above 20% at room
temperature, shorter wavelengths,
narrowband output, and new competition
from interband cascade lasers.

P H O T O N I C F R O N T I E R S : QUANTUM-CASCADE LASERS

FRONTIS. A packaged thermal
laser pointer from Daylight
Solutions. Models emitting 100
mW at wavelengths from 3 to 20
μm are available for use as pointers,
illuminators, or beacons. (Courtesy
of Daylight Solutions)
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Applying voltage across the entire
stack offers an importanteconomy
of scale by reducing the fraction of
the voltage lost to overcoming con-
tact resistance, improving device
effi ciency.

Design flexibility has become a
major attraction of QCLs. Their
properties depend largely on
their structure rather than on the
semiconductor compound, with
operating ranges from the mid-
IR to the terahertz band, roughly
spanning 3 to 300 μm. Designers
can incorporate structures used
in other semiconductor lasers,
such as buried heterostruc-
tures and distributed feedback.
External cavities allow tuning
ranges well above 10% of the center wavelength.

Optimizing QCL design has been a complex process because
it requires balancing a number of tradeoffs. Faist said that new
simulation tools can automate the process using genetic algo-
rithms that evaluate effects of changing design parameters.3

Power and effi ciency
Military interest in higher-power
mid-IR sources has led to devel-
opment of watt-class QCLs. In
2009, a DARPA-funded team at
Pranalytica (Santa Monica, CA)
reported a then-record CW room-
temperature output of 3 W at 4.6
μm. Their novel design allowed si-
multaneous optimization of sev-
eral design parameters, reducing
threshold current density to 0.86
kA/cm2 and increasing wall-plug
efficiency to 12.7%.4

Last year, Manijeh Razeghi’s
group at the Center for Quantum
Devices at Northwestern
University (Evanston, IL) claimed
the CW power record with 5.1 W

at 4.9 μm in a near-diffraction-limited beam from a buried-ridge
QCL with a cavity 5 mm long and 8 μm wide. Their shallow-
well design allowed them to reach record CW power efficiency
of 21%, with pulsed efficiency reaching 27%.5 They earlier
reported peak power of 120 W at 4.4 μm in 200 ns pulses at
0.2% duty cycle from a QCL with 400-μm-wide ridge wave-
guide.6 Figure 1 shows the highest CW powers they recorded
from room-temperature QCLs at a range of wavelengths.

Commercial QCLs can generate diffraction-limited power to
2 W at 4 to 5 μm in the mid-IR atmospheric window, says Erik
Takeuchi of Daylight Solutions (San Diego, CA). The maxi-
mum available power depends on wavelength. From a physi-
cal standpoint, he says, the sweet spot for high power from
QCLs is around 6 μm, but that wavelength has attracted little
interest because of poor atmospheric transmission. Somewhat
lower power, around 1.5 W, is available in the 8 μm band.

By far the best efficiencies are possible at cryogenic temper-
atures, where internal quantum efficiencies can exceed 80%.
However, the best wall-plug efficiencies were less than half that
level until 2010, when Razeghi’s group reached 53% wall-plug
efficiency in a pulsed 5 μm laser cooled to 40 K. That was the
first QCL to generate more (IR) light than heat.7

Wavelength and interband cascade lasers
One important limitation of QCLs has been their poor perfor-
mance at wavelengths shorter than 4 μm, arising from limita-
tions of the arsenide quantum well system. One approach has
been to add antimonides to the QCL structure, and at CLEO
2012, a group from the University of Dundee (Dundee, UK) de-
scribed a room-temperature antimonide QCL tunable across
an 85 nm range near 3.2 μm.8 But antimonides require special
fabrication techniques, and Faist’s group reported pulsed anti-
mony-free QCLs tunable across a 450 nm range near 3.3 μm.9,10

FIGURE 1. Highest continuous-wave powers in single QCLs
operating at room temperature in experiments at Northwestern
University’s Center for Quantum Devices. (Courtesy of Prof.
Manijeh Razeghi)
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Meanwhile interband cascade lasers (ICLs), which had dom-
inated the 3-to-4-μm band, are pushing to longer wavelengths.
As shown in Fig. 2, these are hybrids of QCLs and conven-
tional diodes, in which electrons cascade through a series of
quantum wells, but they emit light on transitions between
conduction and valence bands, like in diodes, and the electron
then tunneling through to the next quantum well, as in QCLs.

In 2011, Jerry Meyer’s group at  the Naval Research
Laboratory (Washington, DC) showed that heavily n-doping
electron injectors can increase electron populations in quan-
tum wells, reducing ICL room-temperature threshold current
density to as low as 170 A/cm2 and raising wall-plug efficiency
to as high as 13.5%.11 That allows pushing ICLs to longer

wavelengths than previously possible, where their low input
power requirements might be attractive for applications that
require low power consumption, such as sensing. “There is no
reason we can’t have interband cascade lasers beyond 6 μm,”
Meyer said at CLEO. His group has demonstrated room-tem-
perature CW operation near 5.6 μm and pulsed operation at
9.4 μm at temperatures to 190 K.12

A team from the University of Oklahoma (Norman, OK)
reached even longer wavelengths with ICLs containing plas-
mon waveguides. At CLEO they reported CW lasing at 10.3
μm in one laser at up to 166 K. Curiously, that device had emit-
ted near 9.0 μm at 125 K, then hopped to the longer wave-
length at 150 K for reasons not yet understood.13

Frequency combs and broad bandwidth
Mid-IR spectroscopists have used weak teeth from frequency
combs as injection seeds for QCL amplifiers to produce pre-
cisely calibrated wavelengths. But QCLs are difficult to mode-
lock because their gain recovery time is only 0.3 ps—much
shorter than the tens of picoseconds round-trip time of a high-
performance QCL cavity. That might seem to block produc-
ing femtosecond frequency combs with QCLs.

However, at CLEO Faist said that there are other ways to
generate frequency combs besides circulating an ultrafast pulse
in the cavity of a modelocked laser. What’s essential is that the
laser emission is periodic and repeats at the cavity round-trip
frequency. Thus the spectrum of a perfectly frequency-mod-
ulated laser with low group velocity dispersion could be seen

Interband cascade lasers are hybrids of 

QCLs and conventional diodes, in which 

electrons cascade through a series of 

quantum wells, but they emit light on 

transitions between conduction and va-

lence bands, and the electron then tun-

neling through to the next quantum well.
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as a series of discrete, equally spaced fre-
quencies—a frequency comb.

At CLEO, Faist’s student Andreas
Hugi reported getting a free-running
broadband QCL to emit a comb span-
ning 490 nm at 7 μm. Beat-note line-
widths of individual comb teeth were as
narrow as 10 Hz.14

Outlook and applications
Quantum-cascade lasers have become a
commercial technology, both for sensing
in the milliwatt range and for higher-
power applications such as mid-IR coun-

termeasures and pointers for use with
mid- and thermal-IR cameras (see fron-
tis) A new trend is extending sensing ap-
plications to the 14-to-16-μm window,
where the signatures of hydrocarbons
are much more distinct than in the mid-
IR, where there is much more overlap,
says Takeuchi. “You can tell benzene,
toluene, and xylene apart very nicely”
at the longer wavelengths, an excellent
commercial application.

Even without a “killer app,” com-
mercial markets look encouraging.
Component costs have dropped an

order of magnitude in the past six years, 
Takeuchi says. Manufacturers also have 
built up the reliability data that equip-
ment makers want before committing 
to a new technology. “We haven’t seen a 
failure yet” in run-time testing of nearly 
100 devices over a total of 550,000 
hours at Daylight, he adds. So far, it 
looks very good.  
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Tell us what you think about this article. Send an 
e-mail to LFWFeedback@pennwell.com.

FIGURE 2. Comparison of laser diode emitting on an interband transition (a) with QCL (b) 
and interband cascade laser (c). In the laser diode, a conduction electron recombines with 
a hole in a single quantum well, emitting on the interband transition. In the QCL, a single 
electron falls through a series of quantum wells, in each case emitting light on transition 
between sub-bands in the quantum well. In the interband cascade laser, electrons travel 
to the right and combine in quantum wells with holes moving to the left. New electron-
hole pairs are generated for each quantum well. A high voltage bias is applied across both 
types of cascade lasers, but the QCL is doped only to produce electrons, and the interband 
cascade includes p-doping to produce holes.
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Plasmonic perfect light absorber 
has a wide IR spectral band
JOSHUA HENDRICKSON and JUNPENG GUO

Anomalous light absorption in metal 
structures was fi rst observed by R.W. 
Wood a century ago.1 Interest in strong 
light absorption in metallic structures 
resurfaced in the 1960s.2-9 Metamateri-
al-based perfect light absorbers are met-
al plasmonic-resonance structures that 
completely absorb incident light at spe-
cifi cally designed wavelengths.

Because light absorption in struc-
tured metals is due to surface-plasmon 
resonance, perfect absorption typically 
occurs at a specifi c wavelength with a 
very narrow spectral range. In many 
applications, however, it is desirable 
to have perfect light absorption over a 
broad spectral band.

Multiplexed structures
Recently, a wideband perfect light ab-
sorber in the midwave IR was proposed 
and demonstrated by using multiplexed 
metal structures.10, 11 In the multiplexed 
plasmon-resonance structure, several 

gold metal squares of 
different sizes are mul-
tiplexed in the unit 
cell. The multiplexed-
structure perfect ab-

sorber can completely absorb photons 
falling onto the surface over a certain 
spectral band due to the multiple reso-
nance modes and the coupling between 
these resonance modes.

The regular-structure (narrowband) 
perfect light absorber can be seen in 
Fig. 1a. Gold thin-fi lm squares are 
periodically patterned on the top of a 
thin dielectric layer deposited on top of 
a thick gold metal layer. The gold layer 
is thick enough so that no transmission 
can occur. Due to the plasmonic reso-
nance in the structure, optical refl ection 

from the surface can be eliminated.
The multiplexed metal-structure per-

fect light absorber is shown in Fig. 1b. 
The period of the multiplexed structure 
is the same as the period of the nonmul-
tiplexed structure; but in the multiplexed 
structure, there are two different-sized 
metal squares in the unit cell that gen-
erate two plasmon-resonance modes at 
different frequencies. In both of these 
structures, the periods of the unit cells 
are identical in both lateral dimensions 
to ensure polarization-independent 
absorption for normal incidence.

Wideband performance
In one example, a multiplexed perfect-
absorber structure has a unit cell in 
which two gold fi lm squares of 815 nm 

By multiplexing two or more plasmon-
resonance perfect-absorber structures 
together, wideband performance 
in the infrared is achieved.

FIGURE 1. A regular perfect-absorber 
metal structure (a) is compared to a 
multiplexed perfect-absorber structure (b).

FIGURE 2. A scanning electron 
micrograph (SEM; bottom) shows a 
multiplexed-structure perfect-absorber 
surface with two different sized gold fi lm 
squares in the unit cell.11

WIDEBAND IR OPTICS
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and 865 nm sizes are multiplexed (see Fig.
2).Opticalpower reflectivities from perfect
absorbers with a multiplexed metal struc-
ture and with a nonmultiplexed structure
are shown in Fig. 3. The dotted blue line
is the reflectivity from the nonmultiplexed
regular structure perfect absorber with an

815 nm gold square in the unit cell. The
device has near-perfect absorption of 96%
at a 3.36 μm wavelength. The dotted black
line shows the optical reflection from the
regular nonmultiplexed-structure perfect
absorberwithan 865 nm goldsquare in the
unit cell. This device has near-perfect ab-
sorptionof96.7% at a 3.55 μm wavelength.

The solid red line in Fig. 3 shows the
optical power reflectivity from the multi-
plexed structure perfect absorberwithboth
815 nm and 865 nm gold metal squares
in the unit cell. The multiplexed-structure
absorber reaches above 97% over a wide
spectral band centered at a 3.45 μm wave-
length. The multiplexed structure’s absorp-
tion band has been expanded significantly
due to the two gold metal squares of dif-
ferent sizes in the unit cell.

This absorption-band expansion is
not a simple linear superposition of two
absorption bands of the regular nonmul-
tiplexed metal-structure perfect absorb-

ers. The coupling of two resonance modes
may also contribute to broadening of the
absorption spectral band.
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FIGURE 3. The measured optical reflectivities
from the multiplexed structure perfect
absorber (red line) and nonmultiplexed
structure perfect absorbers with different
perfect-absorption wavelengths (dotted
blue line and dotted black line).11
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SWIR InGaAs FPA enables 
photon emission failure analysis
RAF VANDERSMISSEN and PATRICK MERKEN

Specially designed focal plane arrays 
(FPAs) are required to obtain the low-
est possible noise and highest sensi-
tivity in applications such as high-
resolution spectroscopy, nanotube 
fl uorescence imaging, and especially 
for photon emission measurements 
such as in semiconductor failure anal-
ysis (see frontis). Such a design may 
also be critical in other very low-
light-level, short-wavelength infrared 
(SWIR) and visible-to-near-infrared 
(VisNIR) imaging tasks. 

To meet requirements for low dark 
current, low noise, and sensitivity in 
the SWIR range, Xenics developed 
an indium gallium arsenide (InGaAs) 
detector, the XFPA-1.7-640-LN2, 
optimized for 77 K operation. The 
circuitry is based on a source-fol-
lower detector (SFD) read-out, which 
provides high sensitivity at a resolu-
tion of 640 × 512 pixels and a pixel 
pitch of 20 μm.

The frame rate is 2.5 Hz (in 4-out-
put mode), which can be increased 
when a smaller region of interest is 
selected. Nondestructive read-out 
mode simplifi es operation when long 
integration times are used. Liquid 
nitrogen (LN2) cooling allows for 
very low noise (<20e-). A low dark 

current (<5e-/s/pixel) 
can also be achieved 
at these low temper-
atures. The sensitive 
wavelength band of 
the device covers the 
region from 0.9 to 1.6 

μm (optional 0.4 to 1.6 μm).

Sensor design
The light detectors are integrated along 
with the silicon-based ROIC, which 
utilizes Xenics’ in-house hybridization 
technology (see Fig. 1). Pixel topolo-
gy is based on an SFD stage, which is 
known for its excellent noise perfor-
mance. The basic (simplifi ed) pixel 
schematic is shown in Fig. 2a.

The SFD’s main advantage is 
design simplicity and the ability to 
integrate charge without the need 
to be powered. Therefore the SFD 
is a good choice for large-format 
arrays with small pixel dimensions. 
Another advantage is the fact that 
very few elements are present in the 

pixel that will reduce the so-called 
Narcissus effect, which can substan-
tially degrade detector performance 
in low-temperature applications.

The main disadvantage of the SFD 
is the change in the input node volt-
age that occurs as charge is collected 
on the input node capacitance of the 
circuit. However, this is not a serious 
drawback because the intended use 
is low-temperature operation, where 
the impact of unstable bias is greatly 
reduced, if not completely absent.

All pixels are interconnected via 
a common column bus and sequen-
tially read out through an analog 
multiplexer circuit. Interconnect and 
signal paths are laid out in a low-
complexity fashion to optimize noise 
performance (see Fig. 2b).

Operational modes
The sensor device offers two distinct 
modes of operation: NDR (nonde-
structive readout, also known as in-
tegrate while read) and ITR (integrate 

Cooled, very sensitive detectors are 
critical for low-light-level measurements 
in spectroscopy, fl uorescence imaging, 
and photon emission measurements, 
including semiconductor failure analysis.

FRONTIS. Backside images of memory devices, with photon emission overlay 
for fault localization were taken with SWIR InGaAs cameras. (Courtesy of 
SEMICAPS Pte Ltd., Singapore)

FOCAL PLANE ARRAYS
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FOCAL PLANE ARRAYS cont inued

then read). Timing diagrams for both 
modes of operation are shown in Fig. 3.

NDR mode operation starts with a 
simultaneous global reset of the entire 
array. All pixels begin simultaneously 
with the integration of IR induced car-
riers. However, the pixels are not read 

out simultaneously in this mode (the 
integration time of fi rst and last pixel 
is different). Therefore, the external 
electronic circuitry always uses the fi rst 
frame read-out as reference for the sub-
sequent frames. As leakage is very low 
and integration times are long, several 

FIGURE 1. The Xenics XFPA-1.7-640-LN2 is 
an LN2 cooled high-resolution SWIR detector.

FIGURE 2. Pixel topology of the XFPA-
1.7-640-LN2 is based on a source-follower 
detector stage (a), and column multiplexer 
circuitry (simplifi ed; b).
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FOCAL PLANE ARRAYS cont inued

frames can be used to build up the result-
ing image using advanced multisample
signal-acquisition techniques.

In ITR mode all pixels start inte-
gration at the same time and then are
sequentially read out. Integration time
here is simply the time between Reset
and Sample moments.

The sensor device has four different
(selectable) outputs, which can drive
capacitive loads. The sensor allows oper-
ation in a window-of-interest (WOI) or
Windowing mode. To ease cooling mea-
sures and device operation, a tempera-
ture sensor was integrated. The chip
consists of the actual FPA and the ROIC
detector interface combined with a dig-
ital circuit for multiplexing and signal
transfer, as well as an analog interface
and test topologies.

Nanotube imaging
Nanotube fluorescence is typically in-
vestigated in nanotechnology imaging
research. The ultimate goal is to create
faster nanoelectronic devices as well as
ultrastrong and extremely lightweight
materials with advantageous structural
features. Of particular interest are nano-
tubes, which are formed when carbon
atoms bond to one another to establish
planar hexagonal rings.

The formation of nanotubes is widely
investigated with the aim of improving
production processes. When produced
on a perfect molecular level, fullerene

tubes offer revolutionary electrical,
thermal, and mechanical properties at
the nanometer scale. Researchers are
also interested in the optical proper-
ties of nanotubes as they have poten-
tial applications as fluorescent tags in
chemical and biological systems.

The availability of LN2-cooled InGaAs
cameras with high sensitivity can now
enable researchers to capture low-light
fluorescence events in the SWIR region
(900 to 1600 nm) stemming from nano-
materials (see Fig. 4).

Quantum dot research
Quantum dot research is a relatively new
field that targets new applications in opto-

electronics andquantum informationpro-
cessing. Sensitive SWIR cameras are used
here to investigate and better understand
the physical properties of quantum dots.

The quantum dots can be regarded
as “artificial atoms.” The photolumi-
nescence of quantum dots is tunable by
changing the dot size over a wide range,
from the far infrared to deep ultraviolet.

Photon emission microscopy
Photon emission microscopy (PEM) can
be used as a failure-analysis technique
for the localization of defects in semicon-
ductor devices. System sensitivity (in oth-
er words, InGaAs detector sensitivity) is
key in such photon emission applications.

If the very faint emissions—in the
900-to-1600-nm wavelength band—
that are typically caused by failure
effects can be detected, then this tech-
nique can be used to quickly locate leaky
junctions and other current leakage phe-
nomena that generate light emissions.

Very sensitive InGaAs detectors, when
equipped with LN2 cooling, have an
extremely low dark current and low
noise. They enable operation modes with
long integration times and excellent sig-
nal-to-noise ratios.

Semiconductor failure analysis
In semiconductor failure analysis, pho-
ton emission microscopy has the poten-
tial for high-volume applications. High-
end photon emission microscopes based
on LN2-cooled InGaAs cameras can be
used for fault localization in component
fabs and foundries for production qual-
ity control, return merchandise autho-
rization (RMA) control, and electronic
design debug purposes.

Fault localization is the manufac-
turing step that attempts to isolate the
defective areas on the die of failed units.
It is a critical step since it dramatically
reduces the area required for the anal-
ysis. Moreover, after characterizing a
localized defect, the underlying failure
mechanism can be further investigated.

Two main categoriesof fault localization
exist: passive and active. Active techniques

FIGURE 3. The sensor device offers two distinct modes of operation: nondestructive
readout (or integrate while read) and integrate then read. Timing diagrams are shown for
both modes of operation.

FIGURE 4. 3D fluorescence plot is
captured from single-walled nanotubes
using an LN2-cooled InGaAs camera.
(Courtesy of R.B. Weisman, Rice University)
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Introducing the 1830-R optical power meter, the next generation 
of Newport’s popular legacy 1830-C model - widely used in fiber 
optic component production and testing. The 1830-R series has 
been completely redesigned, capturing the best functionalities 
and specifications you would expect, while taking performance to 
the next level.  The 1830-R is CE and RoHS compliant, features a 
high-readability, large 7-segment display and is designed for USB 
downloadable firmware updates.  The 1830-R is compatible with 
Newport’s 818 and 918D Series Photodiode Detectors.   

The 1830-R is the perfect drop-in replacement for your 1830-C 
and while it might be time to say goodbye to the old, you 
can do so with confidence with the next generation 1830-R 
optical power meter. To find out more visit Newport at 
www.newport.com/1830-R-5, or call 1-800-222-6440.

Leading the Next 
Generation of 

Optical Power Meters
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FOCAL PLANE ARRAYS cont inued

typically use a scanning ionizing beam (e.g., a laser beam)
to stimulate the failure source. The most common passive
technique is photon emission microscopy by means of sensitive
(appropriately cooled) cameras. It relies on the fact that various
types of failures will emit small amounts of light (photonemission,
or also electroluminescence) when the failure is occurring.

Frontside chip or wafer analysis through a photon emission
microscope faces limitations due to the growing use of mul-
tilevel metallization. This prevents photon emissions of the
defects from reaching the detector. Backside chip or wafer
analysis can benefit from the fact that silicon, the most com-
mon material in microelectronics, is fairly transparent for near-
infrared light at wavelengths longer than 1100 nm (see frontis).

This is exactly the area where SWIR InGaAs cameras show
an advantage based on their high quantum efficiency (QE)
between 1000 and 1600 nm. Moreover, the lower operating
voltages that characterize the ongoing miniaturization of micro-
electronic devices are causing a shift toward longer photon emis-
sion wavelengths, typicallypeaking between 1300 and 1500 nm.

FPAs vs. CCD for PEM
Silicon-based CCD detectors have been used extensively for
photon emission microscopy. Especially scientific-grade, back-
illuminated, cooled CCD detectors are used for backside chip
and wafer analysis. However, CCD cameras at a wavelength
between 300 and 1100 nm are effective only for observing
photon emissions with energy transitions above the silicon
bandgap. They do not allow the observation of intraband emis-
sions above 1100 nm, where this emission is most intense.

Also, sub-bandgap emissions involving chemical impurities,
physical defects, deep traps, and other recombination centers
cannot be observed with CCD detectors. Furthermore, back-
side analysis requires a transmission through the silicon sub-
strate, which is opaque to wavelengths below 1100 nm.

Consequently, InGaAs-based cameras are the best candi-
dates for high-sensitivity photon emission applications in the
900-to-1600-nm band because of their QE. Especially with
LN2 cooling, they exhibit very low dark current and noise
levels, making them the most sensitive detectors in this band.

Spectral analysis of photon emission in the SWIR is a very
promising field if one takes into account that each semicon-
ductor failure mechanism may have its own spectral signature.
This, however, requires the use of very sensitive detectors in the
SWIR band in combination with high-end diffraction optics or,
alternatively, a wavelength-tunable filter.

Raf Vandersmissen is CEO of sInfraRed–a Xenics company, Singa-
pore, and Patrick Merken is with RMA Brussels and Xenics, Am-
bachtenlaan 44, BE-3001, Leuven, Belgum; patrick.merken@xenics.com;
www.xenics.com.

Tell us what you think about this article. Send an e-mail to LFWFeedback@
pennwell.com.
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Swept fiber laser uses dispersion
tuning to target OCT imaging
YUYA TAKUBO and SHINJI YAMASHITA

Fiber lasers are widely used in many
telecom, medical, and industrial
applications, and wavelength-tun-
able fiber lasers are very useful for
dense wavelength-division multiplex-
ing (DWDM), optical fiber sensing,
and test and measurement applica-
tions. Conventional wavelength-tun-
able fiber lasers change wavelength
through adjustments to a wave-
length-tunable filter (a diffraction
grating or fiber Fabry-Perot tunable
filter, for example) in the laser cavity.
Even though Fourier domain mode-
locking (FDML) introduced by R.
Huber et al. is a strong method for
swept-source OCT (SS-OCT) imag-
ing, all these conventional techniques
have fundamental lim-
itations of wavelength
sweep rate and range
as they rely on some
kind of mechanical
tunable filter.1

Our group at the
University of Tokyo
has developed a wave-
length-tunable fiber
laser based on disper-
sion tuning, a method

that enables wave-
length sweeping
without using any
tunable filters. In this
method, we apply a
modulation signal
in a highly disper-
sive laser cavity and
choose the wave-

length by controlling the modula-
tion frequency, enabling a sweep rate
of more than 200 kHz over a 140
nm sweep range. This performance
is significantly better than conven-
tional wavelength-swept fi ber lasers.

An important application for tun-
able fi ber lasers is SS-OCT, a noninva-
sive cross-sectional imaging technique
using infrared light that has shallower
imaging depth but much higher reso-
lution than competing x-ray tomogra-
phy and magnetic resonance imaging
(MRI) techniques.2 The OCT method
is also capable of real-time imaging
and is expected to be applied to endo-
scopic systems and intravascular cath-
eters using optical fiber delivery.

For SS-OCT systems, wavelength-
swept fiber lasers with high sweep
rate and sweep range are needed.
We have applied our dispersion-
tuned fiber laser to an SS-OCT sys-
tem and obtained OCT images at
up to 50 kHz, demonstrating the
promising potential of these lasers
for high-performance OCT imaging
applications.

Dispersion tuning
The principle of the dispersion tun-
ing method is modelocking of a
dispersive laser cavity. Highly dis-
persive devices (such as dispersion-
compensating fibers) are inserted
into the laser cavity and the light
in the cavity is intensity modulated.
The lasing wavelength changes cor-
responding to the intensity modula-
tion frequency.3, 4

When the light in the laser cavity
is intensity modulated at the integral
multiple frequency of the free spec-
tral range (FSR), the light is actively
mode locked. The FSR of the laser

A fast and wide-wavelength swept
fiber laser based on dispersion tuning
sweeps the wavelength without using
wavelength-tunable filters. This enables a
200 kHz sweep rate over a 140 nm range
and offers tremendous potential for optical
coherence tomography (OCT) imaging.

FIGURE 1. In dispersion
tuning, the free spectral
range (FSR) is a function of
wavelength or frequency
in a highly dispersive laser
cavity. The light is actively
modelocked when the light
in the laser cavity is intensity
modulated at the integral
multiple frequency of the FSR.

FIBER LASERS
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FIBER LASERS cont inued

cavity F can be expressed as F = c/nL
where L is the cavity length, n is the
refractive index in the cavity, and c is
the speed of light in a vacuum. When
the cavity contains chromatic disper-
sion, the FSR is a function of wave-
length λ or frequency f (see Fig. 1).
Ignoring higher-order dispersion, the
relationship between the wavelength
and the FSR F is expressed as λ = - 
(n0/cDF0)(F - F0) + λ0 where n0 is the
refractive index at λ0 and D is the dis-
persion parameter.

Active modelocking is a technique to
generate short pulse trains by apply-
ing modulation to the laser cavity. For
stable active modelocking, the modu-
lation frequency fm applied to the cav-
ity must match with an integer (N)
times the FSR (N × F), where N is the
order of harmonic modelocking. That
is, when we apply a modulation at fm to
the dispersive cavity, the laser is forced

to operate at the wavelength λm to meet
the harmonic modelocking condition,
which can be expressed as λm = - (n0/
cDfm0)(fm - fm0) + λ0 where fm = N × 
F. Therefore, the light oscillates at the
specific wavelength corresponding to
the modulation frequency.

The change of lasing wavelength
Δλ can be expressed as Δλ = - (n0/
cDfm0)Δfm where D is the disper-
sion parameter, fm0 is the center of
the modulation frequency, and Δfm
is the change of the modulation fre-
quency. This equation indicates that
the lasing wavelength can be swept lin-
early by sweeping the modulation fre-
quency, and that a smaller fm0 and D
are needed for a wider tuning range.
However, a smaller fm0 increases the
instability of the lasing wavelength and
a smaller D means the difference of the
FSR between wavelengths is smaller—
both facts leading to linewidth broad-

ening. Therefore, a trade off between
parameters is needed to optimize a dis-
persion-tuned fiber laser.

Laser setup
and characteristics
In our dispersion-tuned swept fiber la-
ser, a semiconductor optical amplifier
(SOA) is directly modulated for mode-
locking and a 100-m-long dispersion-
compensating fiber (DCF) is inserted
to increase the dispersion of the cavity
(see Fig. 2). The dispersion parameter
D is about -120 ps/nm/km. The cav-

ity includes the polarization controller
and isolator, and half of the light in the
cavity is output via a 50:50 coupler. In
order to sweep the lasing wavelength,
the modulation frequency fm is linearly
swept around the center frequency by
the function generator (FG).

In consideration of the radio fre-

FIGURE 2. A schematic shows the components of a dispersion-tuned fiber laser, where
SOA is the semiconductor optical amplifier, DCF is dispersion-compensating fiber, PC is the
polarization controller, and FG is the function generator.

FIGURE 3. The dispersion-tuned fiber laser as observed by an optical spectrum analyzer shows several oscillation spectra when the
modulation frequency is manually controlled (a). The peak-hold spectra are shown (b) at sweep rates of 1, 10, 100, and 400 kHz.
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times the FSR.
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quency (RF) modulation character-
istics of the adopted SOA, we set the
center modulation frequency fm0 at 461
MHz. The SOA drive current is 80 mA
and the AC modulation signal from the
synthesizer is 28 dBm after amplifica-
tion. When the modulation frequency
is manually controlled, the laser out-

put shows several oscillation spectra as
observed by an optical spectrum ana-
lyzer (see Fig. 3). The lasing wavelength
shifts corresponding to the change in
modulation frequency. As the SOA used
in this setup emits O-band light (1260–
1360 nm), the oscillation wavelength of
the laser is tuned over 140 nm around
1300 nm.

OCT imaging
By replacing the light source in a San-
tec Corp. (Komaki, Japan) Inner Vision
OCT system with our dispersion-tuned
wavelength-swept fiber laser, we were
able to perform SS-OCT imaging.5 An
image of the human finger at a 1 kHz
sweep rate does show a stripe pattern
near that surface that derives from sys-
tem noise (see Fig. 4). With a resolution
of 16 μm and a sensitivity of about 87
dB, the depth at which the signal has a 6
dB drop-off is 0.38 mm. Although this
depth range is not sufficient for OCT
imaging, the sweat gland under the sur-
face of the finger can be observed near
the center of the image.

At sweep rates greater than 100
kHz for this initial SS-OCT system,

the laser output power decreases and
the instantaneous linewidth broad-
ens mainly because the laser cavity
length is too long and the wavelength
is shifted before the light perfectly oscil-
lates at higher sweep speed. In order to
shorten the laser cavity and solve this
problem, we replaced the 100 m DCF

with a chirped fiber Bragg
grating (CFBG). The cavity
length is reduced by a fac-
tor of ten and performance
is dramatically improved.
Furthermore, we tried a 
reflective SOA (RSOA) as
the gain medium and made
a linear cavity instead of
the existing ring cavity.
The laser length in this case
was approximately 2 m and
performance was further
improved.

Using the CFBG configu-
ration, we successfully obtained OCT
images of adhesive tape at 50 kHz,
clearly identifying several layers of the
tape. Additional images at a 125 kHz
sweep rate—although with more limited
depth range than the 50 kHz images—
clearly indicate the potential of filter-free,
dispersion-tuned fiber lasers as real-time
OCT imaging sources.
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Yuya Takubo is a master’s degree student
and Shinji Yamashita is a professor in
the Department of Electronic Engineering,
University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-8656, Japan;
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Tell us what you think about this article. Send an
e-mail to LFWFeedback@pennwell.com.

FIGURE 4. An optical coherence tomography (OCT)
image of the human finger is obtained at 1 kHz by a 
swept-source OCT system that uses a dispersion-tuned
fi ber laser.
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New products
Would you like to be included? Please send your
product description with high-resolution digital
image to: lfwnewproducts@pennwell.com

Guidestar laser
The SodiumStar 20/2 guidestar laser uses a narrow-

band Raman fiber amplifier that amplifies the spectrally

narrow and tunable diode laser seed at 1178 nm to

approximately 35 W of optical power. Frequency

conversion yields <20 W of output power at the sodium

resonance of 589 nm, with a linewidth of <5 MHz.

Toptica Photonics

Victor, NY

lisa.riggs@toptica-usa.com

Raman laser
The Ramulaser is a rugged, miniaturized 785 nm

Raman laser for lab and portable applications. The

laser line is 0.2 nm at FWHM and has 350–499 mW

adjustable power. It measures 2 × 4 × 6 in. in a robust

metal case with a lithium-

ion battery. It attaches

to a probe via

standard FC/

APC connector.

StellarNet

Tampa, FL

ryan@stellarnet.us

PV testers
The XLP family of long-pulse photovoltaic (PV) panel

performance test systems are designed for crystalline

and thin-film PV modules. Their spectral concurrence,

irradiation uniformity, and pulse stability exceed IEC

Class AAA standards. They offer programmable pulse

duration and acquisition delay and include a Windows

7 application for test sequence control, data acquisi-

tion, and measurement analysis.

Eye Lighting Applied Optics Division

Mentor, OH

sales@eyeappliedoptics.com

sCMOS camera
The OS4MPc-CL Osprey scientific CMOS (sCMOS)

camera features a 2000 × 2000 pixel low-noise sensor.

It uses a 12 bit analog-to-digital converter, runs with

a global shutter, and offers a standard CameraLink

output up to 37.5 Hz at full frame. It offers quantum

efficiency of 64% at 600 nm and is designed for low-

light scientific applications.

Raptor Photonics

Larne, Northern Ireland

md@raptorphotonics.com
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New products

Optical parametric 
oscillators
Nanosecond optical parametric oscilla-
tors (OPOs) are complete systems, with 
the pump laser, modules for frequency 
multiplication, and OPO resonator inte-
grated into a compact case. Systems are 

available in the visible (410–700 nm) and 
infrared (670–950 nm) with output of 5 
to 100 mJ and a repetition rate of 10 Hz.
Innolas Laser
Krailling, Germany
franziska.koelbl@innolas.com

Mobile microscope adapter
The KeepLoop miniature magnetic 
microscope module, accurate to 0.01 
mm, fi ts in front of the lens of a mobile 
phone, tablet, or laptop. It is designed 

for industrial markets, life sciences, and 
general education, and allows users to 
capture and transmit microscope images 
with their phone.
IVO Associates
St. Ives, England
info@ivo-associates.co.uk

Rotary stages
CCS series rotary stages provide auto-
mated material handling capability for a 
wide range of materials and applications. 
Integrated captured collet chucks accept 
C-, D-, or Levin-style collets that sup-

port tube diameters from 0.1 to 27 mm 
for applications requiring high-precision 
gripping of tubular material. The stages 
use direct-drive brushless motors.
Aerotech
Pittsburgh, PA
smclane@aerotech.com

Bandpass fi lters
The BPF Series of terahertz and infrared 
bandpass fi lters is designed for extreme 
environments. There are more than 100 
standard models, including more than 25 
pass bands and four aperture sizes. They 
have a high ratio of clear aperture area to 

fi lter size, and are made with an ultrathin 
gold fi lter layer for minimal weight.
Lake Shore Cryotronics
Westerville, OH
info@lakeshore.com

Two-component silicone
MasterSil 153 is used in bonding and 
sealing applications for optical, electri-
cal, aerospace, and medical devices. As 

an additional cured system, it does not 
require air for complete cross-linking. This 
two-component silicone features a one-

to-one mix ratio by weight. It is thermal 
cycling-resistant and has a temperature 
range from -65° to more than +400°F.
Master Bond
Hackensack, NJ
www.masterbond.com

Piezoelectric 
nanopositioning stage
The PX 100 CAP piezoelectric nanopo-
sitioning stage has a travel range of up 
to 100 μm of motion in closed-loop 

mode. A built-in capacitive feedback 
sensor measures accuracy deviation 
with sub-nanometer precision and 
operates in direct metrology fashion. 
Measuring 40 × 40 × 20 mm, the stage 
is suited for positioning of small com-
ponents, such as mirrors or optics. 
Piezosystem Jena
Hopedale, MA
usa@piezojena.com

Custom-fabricated 
sapphire windows
Custom-fabricated sapphire windows 
for installation on the outboard of air-
craft protect sensors from water, wind, 
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High-Power (kW)

High Efficiency >55% 
Surface Mount
Speckle Free

Applications:
• Illumination (works like LEDs,  but 
with small size and high efficiency)

• Solid-state laser pumping (chips, 
high power modules for end and 
side pumping)

• Sensor applications, single mode 
devices (1 to >100mW) and arrays –
high volume available 

• Automotive- low cost ranging

www.princetonoptronics.com

Our VCSEL Key Differentiators:
• High power (10~1000W) from a 
single chip, 6kW from a module

• Low Cost (single device, arrays)
• LED like surface mount packaging
• High temperature operation to 950C
• Excellent wavelength stability
(<0.07nm/0C)

• Speckle-free illumination-see below
• 640, 780, 795, 808, 830, 976, 1064,
1550nm

• Custom wavelengths (630~1100nm)

2kW-808nm
VCSEL side
pumping
module

Speckle Free Illumination

www.princetonoptronics.com
sales@princetonoptronics.com

(609) 584-9696 ext. 107
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and high-speed particulates. Features
include transmission from 270 nm to
4.7 μm, sizes up to 10 in. diameter,
Moh 9 hardness, and flatness of 1/10
wave in the visible.
Meller Optics
Providence, RI
steve@melleroptics.com

Optical fi ber splicer
The new compact CAS-4100 optical
fiber splicer has an intuitive graphical
user interface that allows for splicing

at the push of a button. Proprietary
“One Step Splice” process software is
included.  The semi-automated splicer
is designed for high-volume splic-
ing. The CAS-4100-P is engineered for
polarization-maintaining fibers.
Vytran
Morganville, NJ
info@vytran.com

Motorized microscope 
X-Y stage system
The new M-687 motorized microscope
X-Y stage system for inverted micro-

scopes features fully integrated, miniatur-
ized ceramic linear drives. Integrated 100
nm resolution linear encoders provide
direct position feedback to the controller.
Travel range is up to 135 × 85 mm with
speed to 120 mm/s. The system includes
a controller, joystick, and software.
PI (Physik Instrumente)
Auburn, MA
info@pi-usa.us

Bandpass terahertz fi lters
Bandpass filters allow for the selec-
tion of narrow bands in the frequency

range from 0.1–1.2 THz. They use mul-
tilayer frequency-selective surfaces to
achieve a desired frequency response.
The allowed bandwidth varies with
center frequency, from 10 to 200 GHz.
Microtech Instruments
Eugene, OR
sales@mtinstruments.com

CMOS sensors
The 2 Mpixel EV76C570 1600 × 1200,
global-shutter CMOS sensor features a
1/1.8 in. optical format with a pixel size

of 4.5 × 4.5 μm. Part of the Sapphire
family, it provides 3000:1 global shut-
ter efficiency, 60 frames/s at full resolu-
tion with a 120 MHz clock, 4x sepa-
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rately confi gurable ROIs, an embedded 
histogram, and 10 bit parallel output. 
e2v
Essex, England
jessica.broom@e2v.com

Kinematic beamsplitters
The BSK-19 Series kinematic laser 
beamsplitters provide a 90° angular 
beam displacement of the refl ected 
beam, with minimal lateral beam 
displacement of transmitted beams. 
Available for all wavelengths, they 
feature ±2° independent orthogonal 
mirror adjustment, 80 pitch adjustment 
screws, a 19 mm clear aperture, and 
a sealed design. They accommodate 
standard 1- or 1.1-in.-diameter mirrors.
Haas Laser Technologies
Flanders, NJ
info@haaslti.com

Miniature spectrometer
The Qstick contains a complete spec-
trometer in a small USB memory stick 
design. With resolution of 1.0 nm 
across the visible spectral range, it 
includes a USB fl ash drive with device 
drivers and application software, and 
can be plugged into any PC for porta-
ble spectroscopy. Applications include 

fi eld spectroscopy, light measurement, 
color analysis, environmental studies, 
and spectroscopy education.
Pembroke Instruments
San Francisco, CA
sales@pembrokeinstruments.com

Sensing analysis software
Version 1.5 of Enlight sensing analysis 
software adds new functions includ-
ing user-adjustable time scale and data 

logging rates, scalable storage allo-
cation (from 0.5 to 3.5 Gbytes), and 
query tools for retrieval of target FBG 
and sensor data. It also includes basic 
data vs. time plotting tools, an FTP data 
transfer function, and tools for module 
diagnostics.
Micron Optics
Atlanta, GA
info@micronoptics.com

Angle encoders
The RCN 2000, 5000, and 8000 
series of absolute angle encoders 
now include connection to Fanuc 

controls. The encoders provide 
angle measurement accuracy of a 
few angular seconds.  They include 
optimized scanning and evaluation 
electronics with diagnostic functions, 
plug-in cables with quick discon-
nect at the encoder, and a variety of 
hollow shaft diameters.
Heidenhain
Schaumburg, IL
www.heidenhain.us

Low-light sensor
The Lynx CMOS digital image sensor 
operates under both daylight and 
low-light levels, for applications that 

require high-resolution detection 
across varying light conditions. It pro-

vides a consistent read noise below 
4e- at rates up to 100 frames/s. It has 
9.7 μm2 pixels and high fi ll factor for 
improved signal-to-noise performance.
Photonis USA
Lancaster, PA
www.photonis.com

Microscope iPad app
The DMshare app allows wireless 
recording and sharing of microscope 
images via iPad. The system comprises 
the ICC50 HD camera, a data transfer 
hub, and software. The app is suit-
able for all iPad generations and allows 

microscope images to be transferred 
in real time. The app has a multilingual 
user interface.
Leica Microsystems
Wetzlar, Germany
www.leica-microsystems.com
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www.optodiode.com

On Shore. On Time. On Budget.

750 Mitchell Road, Newbury Park, CA  91320   Tel: 805-499-0335  Fax 805-499-8108

Our LED’s are high and mighty.
Opto Diode supplies high power

IR LEDs around the world.
From high output visible to high output near 
IR, from low cost to hi-rel, our wide variety 
of state-of-the-art LEDs are used in photo 

controls, optical encoders,
night vision systems and auto-focusing 
cameras. Our Hi-Rel IR LEDs are used

in aerospace, space and neutron radiation 
hard system applications. You’ll even find 
our LEDs flying high on the Space Shuttle, 

F/A-18 aircraft and weather satellites.
High output power. 

Custom solutions. Better performance. 
And made in the USA. What more

could you ask for? 

Introducing DSI’s Patterned Dichroic Filter.

Our new patterned dichroic filter does double-duty, 

allowing a single substrate to perform multiple 

filtering tasks. By combining advanced 

photolithography techniques with our 

patented MicroDyn® Technology, we 

produce ultra-durable coatings that 

filter a variety of wavelengths, from 

near-UV to IR, all on the same 

substrate.  Call us today for more 

information.

standard and custom coatings

for real world conditions

3300 Coffey Lane, Santa Rosa, CA 95403
Tel 707-573-6700 / 866-433-7724   Fax 707-573-6748   
www.depsci.com email: solutions@depsci.com

DEPOSITION SCIENCES
I N C O R P O R A T E D
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Laser marking system
The TFG20 laser marking system
includes a 12 × 24 × 6 in. table with
x- and y-axis numeric references for
large batch marking and part serializa-

tion. The Class 1 laser gantry enclosure
measures 26 × 40 × 18 in. and sits on
a bench or cart. The 20 W fiber laser
marks a wide range of materials.
Technifor
Duluth, GA
sales-usa@usa.technifor.com

Nd:YAG DPSS laser
The Starlase AO40 UV from
Powerlase is a 40 W acousto-optically
Q-switched, Nd:YAG, diode-pumped

solid-state laser system with a wave-
length of 355 nm. It has a rugged head
design and a custom control system for
industrial applications. A microproces-
sor architecture allows for serial inter-
faces and synchronization with OEM
equipment and process lines.
RPMC Lasers
O’Fallon, MO
rpmc@rpmclasers.com

USB 3.0 camera
The FL3-U3-88S2C features Sony’s
IMX121 back-illuminated CMOS sensor
for high sensitivity and dynamic range.
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TracePro 7.2 opto-mechanical software

Lambda Research Corporation is proud to announce the
latest release of its TracePro 7.2 opto-mechanical software.
This release features a 3D optimizer with sketch utility to
quickly create any 3D CAD geometry, interactive ray tracing
for design verification, mouse digitization of target functions,
and an interactive optimization process. This new optimizer
drastically reduces design time, increases productivity, and
allows complete control of the optimization process.

This release also features a new DMD RepTile® geometry
to simulate DMD chips to design projection TVs and digital
cinema projectors. Each mirror segment can be oriented
individually to simulate scenes using this new feature.

www.lambdares.com/software_products/tracepro/

NanoScan Laser Beam Profiler Adds
Enhanced User Interface

Ophir Photonics, the global leader in precision laser
measurement introduces Photon’s NanoScan v2 software.
NanoScan, a NIST calibrated laser beam profiler, uses
moving slits to measure beam sizes from microns to
centimeters at beam powers from microwatts to kilowatts,
with little to no attenuation. The latest version adds an
enhanced GUI with support for the Microsoft ribbon toolbar
and support for Windows 7 32/64 bit.

www.ophiropt.com/photonics • (866) 755-5499

The camera measures 29 × 29 × 30 mm,
with 4096 × 2160 resolution. The USB
3.0 connection permits 8.8 Mpixel color
images at 21 frames/s for optical inspec-
tion, ophthalmology, interactive multi-
media, and broadcast.
Point Grey Research
Richmond, BC, Canada
www.ptgrey.com

Miniature spectrometer
The Exemplar miniature spectrometer
includes an embedded processor for on-

board data processing, including aver-
aging, smoothing, and automatic dark
subtraction. USB 3.0 communication
provides data transfer of 900 spectra/s.

Multichannel capabilities deliver a trig-
ger delay of 14 ns and a gate jitter of ±1
ns, providing user control over the spec-
tra’s signal-to-noise ratio.
B&W Tek
Newark, DE
sales@bwtek.com

Particle size analyzer
The SALD-2300 laser diffraction par-
ticle size analyzer measures wet or dry
materials, with continuous measure-
ment at minimum 1 s intervals. It mea-
sures particles from 17 nm to 2500 μm,
and users can select various sample
amounts depending on measurement

objectives. Its Wing Sensor II has 78
concentric detector elements for high-
resolution detection.
Shimadzu Scientific Instruments
Columbia, MD
www.ssi.shimadzu.com
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Precision Polymer Optics
G-S PLASTIC OPTICS specializes in the custom 
manufacture of precision polymer optics for use in imaging, 
scanning, detection, and illumination applications worldwide. 
The company, 
located in 
Rochester, NY 
and founded in 
1916, produces 
injection molded 
aspheric imaging 
optics and mirrors 
from 170 mm to 
less than 2 mm 
in diameter. In 
addition, the company has in-house capability to provide 
custom designed diamond turned and injection molded 
prototypes, thin fi lm and refl ective coatings, and integrated 
optical solutions to meet a wide range of military, medical, 
commercial, and consumer markets. G-S PLASTIC OPTICS 
is fully ITAR compliant.

Web: http://www.gsoptics.com/ad1.asp
Email: info@gsoptics.com

Mirror Mount with 170-TPI Adjusters
The new U100-A2K-170N ULTIMA®, 1.0 in. diameter mirror 
mount is assembled with the 
new 170-TPI adjustment 
screws, which provide 
excellent sensitivity 
and stability. 
Compared to 
the standard 
100-TPI mirror 
mount, the U100-
A2K-170N provides 
43% better sensitivity: 
2.2 vs. 3.8 arc sec. The 
U100-A2K-170N retains 
all of the unique features 
of the ULTIMA family including a 
patented clear quadrant design and 
replaceable actuators.

www.newport.com • (800) 222-6440

Wavelength Meter / Spectrum Analyzer

The 721 Series Laser Spectrum Analyzer is for researchers 
who need a precise understanding of the spectral 
characteristics of their CW or high-repetition rate pulsed 
lasers that operate from 375 nm to 12 μm. Absolute wave-
length is measured to an accuracy as high as ± 0.0001 nm, 
and spectral properties, such as linewidth and longitudinal 
mode structure, are determined to a resolution as high as 
2 GHz. The 721 system uses Bristol Instruments’ proven 
wavelength meter technology, which includes continuous 
calibration with a built-in wavelength standard. The result is 
the reliable accuracy that is required for the most demanding 
applications.

(585) 924-2620 • info@bristol-inst.com • www.bristol-inst.com

Fast Axis Collimation lenses (FAC) by FISBA

FISBA’s FAC lenses impress through their above average 
collimation quality and transmission. The superior 
collimation and transmission properties enable excellent 
effi ciency in beam shaping and transformation. The high 
numerical aperture allows for a collimation of the entire 
output of the laser diode for a brilliant beam quality.

FISBA also offers you custom made solutions (FAC, FBT, 
SAC and many more) which comply with your application’s 
specifi cations. FISBA’s micro-optic experts match the lens 
design to your system requirements and optimize the coating 
of your micro lenses to meet your criterias. Thanks to the latest 
fabrication methods we can provide FACs in large batches — 
in consistent quality to an attractive cost/performance ratio.

FISBA OPTIK AG
www.fi sba.com
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Business Resource Center
Optics / Coatings Manufacturing

WAVEPLATES ON DEMAND
OptiSource has made a personal commitment 

to deliver value to our customers.
Value equals price plus convenience plus reliability.

We maintain a coated inventory of standard
waveplate diameters, wavelengths and

retardations. WINDOWS, MIRRORS and LENSES
are also available. Please call or email for our

NEW CATALOG or view the catalog and pricing 
matrix at www.optisourcellc.com

Prompt Response & Service
Compare Delivery Quality and Pricing

Ph: 505.792.0277 / Fax: 505.792.0281
www.optisourcellc.com / sales@optisourcellc.com

102 Mountain Park Pl. NW, Ste. #D
Albuquerque, New Mexico 87114, USA

Holographic Gratings
Laser tuning • Telecommunication

Pulse compression/stretching
Monochromators • Spectroscopy

• High efficiency • Extremely low stray light
• Straight grooves with uniform profile, plane

and concave/convex
• Standard sizes 8 × 15 - 120 × 140 mm
• Custom made gratings according to spec’s

SPECTROGON
Sweden: sales.se@spectrogon.com 

Tel +46 86382800
USA: sales.us@spectrogon.com 

Tel +1 9733311191
UK: sales.uk@spectrogon.com 

Tel +44 1592770000

www.spectrogon.com

Optics / Filters Manufacturing

Optical Filters
Infrared, VIS, UV

Bandpass • Longwave-pass
Shortwave-pass • Broad-Bandpass

Neutral Density
•-First quality production over-runs
•->100,000 filters for immediate delivery
•-Typical size 1 inch dia, most filters can be turned

down or diced to smaller dimensions
•-3 inch dia Si and Ge filter waters available for

specific wavelengths
•-Custom design for prototype or OEM

Applications:
•-Gas Analysis-•-Moisture Sensors
•-Emission/Environmental Monitoring
•-Analytical Instruments-•-Process Control
•-Medical/Clinical/Respiratory/Agricultural
•-Alcohol Analyzers-•-Astronomical
•-Laser Instruments-•-Machine Vision
•-Thermal Imaging-•-Fluorescence

Optical Coatings
Anti-reflection • Beamsplitter

High reflections mirror
•-Coating Service capabilities 193-20000 nm

SPECTROGON
Sweden: sales.se@spectrogon.com 

Tel +46 86382800
USA: sales.us@spectrogon.com 

Tel +1 9733311191
UK: sales.uk@spectrogon.com 

Tel +44 1592770000

www.spectrogon.com

Holographic Gratings

Put your products where your customers 
are looking to buy. Sign up today for

“Focus On Products”
Contact Katrina Frazer at 603-891-9231 

or katrinaf@pennwell.com

Optics / Coatings Manufacturing

1324 E. Valencia Dr. Fullerton, CA 92831
www.latticeoptics.com

T: 714-449-0532, F: 714-449-0531
latticeoptics@gmail.com

Need optics & coatings?

Quality, quick service & any quantity
24 hrs turnaround on most optics & coatings

CUSTOM optics with a lightening quick delivery
One of the largest INVENTORIES in the industry

Then, challenge us!
High power ultrafast laser optics.

High damage threshold optics & coatings.
High damage PBS, high energy beam expanders.
Excimer, YAG, CO2 optics. OPO, crystal & laser rod
coatings, prisms mirrors, windows, beamsplitters,

polarizing optics, waveplates, filters spherical,
cylindrical & aspheric lenses, Etalons

(0.1mm-20mm thk).

Coating service (1 day)
AR, DAR, TAR, BBAR, PR, HR, Hybrid, Metallic

 UV(from 157nm), VIS, NIR, Mid IR, Far IR

Catalog
Request our free catalog

Lattice Electro
Optics, Inc.

Optics / Coatings Manufacturing

WAVEPLATES ON DEMAND
OptiSource has made a personal commitment 

to deliver value to our customers.
Value equals price plus convenience plus reliability.

We maintain a coated inventory of standard
waveplate diameters, wavelengths and

retardations. WINDOWS, MIRRORS and LENSES
are also available. Please call or email for our

NEW CATALOG or view the catalog and pricing 
matrix at www.optisourcellc.com

Prompt Response & Service
Compare Delivery Quality and Pricing

Ph: 505.792.0277 / Fax: 505.792.0281
www.optisourcellc.com / sales@optisourcellc.com

102 Mountain Park Pl. NW, Ste. #D
Albuquerque, New Mexico 87114, USA

Used Equipment

WANTED
Used & Surplus Laser Equipment

FOR SALE
New and used lasers including:

Helium-Neon, Argon, Krypton, OPSL, He-Cd,
Nd:YAG, DPSS, diode laser modules, etc.

Midwest Laser Products, LLC
P.O. Box 262, Frankfort, IL 60423

Ph. (815) 462-9500 FAX (815) 462-8955
Web: http://www.midwest-laser.com

email: mlp@midwest-laser.com
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IN MY
VIEW

B Y  J E F F R E Y  B A I R S T O W

Jeffrey Bairstow
Contributing Editor

inmyview@yahoo.com

Now this really is rocket science
Here’s a short take on an inno-
vative research program for which sev-
eral teams of engineers, scientists and 
astronomers deserve to get an appre-
ciative tip of the hat. It’s a program that 
ought to get more attention from both 
the technical and consumer media. I 
don’t have much space to cover this 
exciting project but, as usual, Google 
will soon get you moving in the right 
direction. In my view, this really is 
rocket science. Let’s take a look.

Back in mid-June this year, several 
teams of rocket scientists and engi-
neers working at the California Institute 
of Technology (Caltech) Jet Propulsion 
Laboratories (JPL) in Pasadena, CA—
and sponsored by NASA—successfully 
launched an orbital x-ray telescope 
slung under a specially modifi ed 
Lockheed L-1011 jetliner fl ying at 
39,000 feet. This was truly a low-cost 
launch, a harbinger, perhaps, of other 

cost-effective ventures to come.
Known as the NuSTAR satellite 

(Nuclear Spectroscopic Telescope Array), 
the project is intended to peer into 
black holes and other explosive events 
in our galaxy and others. This is pro-
jected to cost about $170,000 over two 
years, or about one-tenth of the cost of 
similar orbital observatories to date.

Sounds easy enough, you might 
think, but I must repeat, this really 
is rocket science. The fi rst target for 
NuSTAR is Cygnus X-1, the black hole 
nearest to Earth, a mere 6100 light-
years away. By the end of June, the 
NuSTAR was busily sending images to 
JPL. “Today we obtained the fi rst-ever 
focused images of the high-energy 
x-ray universe,” said Fiona Harrison, 
the mission’s principal investigator at 
Caltech. Harrison fi rst conceived of 
NuSTAR about 15 years ago. “It’s like 
putting on a new pair of glasses and 
seeing aspects of the world around us 
clearly for the fi rst time,” she said.

At the time of this writing (in early 
July), the NuSTAR satellite had suc-
cessfully extended its 33-foot antenna 
and JPL scientists were starting to test 
its array of 133 mirrors. The NuSTAR 
was expected to begin regular opera-
tions by the end of July. If you would 
like to follow the NuSTAR’s progress, 
you should Google the satellite or go 
directly to either the NASA (www.
nasa.gov/nustar) or the JPL web sites 
(www.nustar.caltech.edu/). There are 
videos and slide shows galore at these 
sites. While satellite launching is hardly 
a walk in the park, these videos ooze 
with confi dence in a successful launch.

As I said earlier, NASA and Caltech/
JPL deserve credit not only for the 
conception of NuSTAR but also the 

management of project teams around 
the world. If all goes well, NuSTAR 
will become a model for unmanned 
research deep into the cosmos. Way to 
go, NuSTAR people!

By the way, in poking around in the 
media fi les for NuSTAR, I came across 
this lengthy list of collaborative organi-
zations that ought to be given an hon-
orable mention for their participation in 
the venture.

NuSTAR is a Small Explorer Mission 
led by Caltech and managed by JPL for 
NASA’s Science Mission Directorate 
in Washington, DC. The space-
craft was built by Orbital Sciences 
Corporation, based in Dulles, VA. The 
instrument was built by a consortium 
including Caltech; JPL; the University 
of California–Berkeley; Columbia 
University (New York, NY); NASA’s 
Goddard Space Flight (Greenbelt, MD); 
the Danish Technical University (Lyngby, 
Denmark); Lawrence Livermore 
National Laboratory (Livermore, CA); 
and ATK Aerospace Systems (Goleta, 
CA). NuSTAR will be operated by the 
University of California–Berkeley, with 
the Italian Space Agency providing its 
equatorial ground station located at 
Malindi, Kenya.

I can imagine that keeping so many 
diverse groups in line across several 
continents will be no mean feat for Dr. 
Harrison!NASA and Caltech/JPL 

deserve credit not only for 
the conception of NuSTAR 
but also the management of 
project teams around the world. 
If all goes well, NuSTAR will 
become a model for unmanned 
research deep into the cosmos.
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