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For more information, contact our
Laser Application Specialists today at

501.407.0712
 or at sales@powertechnology.com.

Industry Standard 

FOOTPRINT
with a “Step-Up”
in Performance!
The new CK high-performance, full-feature diode 
laser offers an industry standard footprint while  
delivering a “step-up” in performance where it 
counts most-in optical power, wavelength, and 
beam pointing stability. Designed for your most 
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the CK delivers from 1mW to 130mW with wave-
lengths of 375nm, 405nm, 445nm, 488nm, 635nm, 
640nm, 660nm, 685nm, 730nm, and 785nm.   

As an industry standard drop-in, the CK is the “step-
up” in performance that can replace more expensive 
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offers a variety of operating modes:  CW, TTL digital 
or analog modulation at speeds up to 150MHz. 
Superior electronics, beam quality and customizable 
optics assure that even the most demanding 
solutions can be addressed.  

Key Features: 
� Onboard Microprocessor
� USB & RS-232 communications 
� Active Temperature Control
� Stable Wavelengths and Output Power
� Optional Beam Circularization 
� Adjustable Focus
� Optional Analog or Digital Modulation
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CK Laser
Diode Module

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.powertechnology.com&id=16857&adid=PCOVER 2A1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo


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.rsoftdesign.com&id=16857&adid=P1A1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo


MARCH 2012 ■ VOL . 48, NO. 3

International Resource for 
Technology and Applications
in the Global Photonics Industry

March 2012  www.laserfocusworld.com  Laser Focus World 2

d e p a r t m e n t sc o l u m n s

n e w s b r e a k s w o r l d  n e w s

L A S E R S ■ O P T I C S ■ D E T E C T O R S ■ I M A G I N G ■ F I B E R O P T I C S ■ I N S T R U M E N T A T I O N

13  Diode-Pumped Solid-State Lasers

Laser dazzlers are deployed

14  Plasmonics Metamaterial cloaking 
approach goes 3D

16  X-Ray Lasers 8.8 nm tabletop x-ray laser 
operates at 1 Hz

19  Nanophotonics Coaxial nanolasers 
have no threshold

9
Quantum-dot laser produces multiple 
wavelengths for terahertz generation

Three-color optical system measures 3D 
positions of many trapped microparticles

10
OLED-style emitter has single-photon ‘pixels’

Programmable optical processor achieves 
multichannel OTDM-to-WDM conversion

11
3D CMOS time-of-fl ight imager uses 
new photodiode design

7 THE EDITOR’S DESK
 Acronym World 

W. Conard Holton 
Associate Publisher/Chief Editor

23 BUSINESS FORUM
 Keep on growing

Milton Chang

72 IN MY VIEW
 The coming switch 

to LED lamps
 Jeffrey Bairstow

64 NEW PRODUCTS

68 MANUFACTURERS’ 
PRODUCT 
SHOWCASE

70 BUSINESS 
RESOURCE CENTER

71 ADVERTISING/WEB 
INDEX

71 SALES OFFICES

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=16857&adid=P2E1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo


3Laser Focus World     www.laserfocusworld.com     March 2012      

f e a t u r e s

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

25 COVER STORY
An atomic-force 
microscopy (AFM) 
quantitative imaging 
(QI) mode enables 
more precise control 
over the probe force for 
nanometrology, imaging 
delicate or diffi cult-to-
handle samples—such 
as sticky polymers like 
the one shown here—
and obtaining mechanical, 
chemical, and electrical 
data—especially useful in 
the life sciences. (3D and 
2D views; Courtesy of H. 
Haschke, JPK Instruments)

 25 Nanometrology

  QI offers next-generation 
AFM imaging mode for 
nanometrology
A new atomic-force microscopy (AFM) 
quantitative imaging (QI) mode is not 
a product, but a new methodology 
that makes it easier to image diffi cult 
samples without the need for set-point 
or gain adjustment while scanning. 
Heiko Haschke and Torsten Jähnke

 31 Adaptive Optics

 Turbulent surveillance—or how 
to see a Kalashnikov from a 
safe distance
No single technology solves the 
problem of imaging through turbulent 
atmosphere, but combining adaptive 
optics, real-time adaptation of system 
parameters, multiplexed imaging, and 
real-time processing provides an 
approach for improving results. 
Gleb Vdovin, Mikhail Loktev, and Oleg Soloviev

 39 Photonic Frontiers: 
Ultrafast Laser Processing

  Ultrafast lasers make 
ultraprecise tools
By ablating small amounts of material 
at a time, picosecond and femtosecond 
lasers can cleanly machine brittle 
glasses and ceramics, as well as 
performing other delicate operations—
including surgery—without damaging 

underlying material. Jeff Hecht

 43 Projection Displays

  Lasers inject new life 
into projection displays
A combination of 2D spatial light 
modulators and effi cient solid-state 
lasers may enable the long-desired use 
of laser projection in cinemas.
Barry Silverstein and Andrew Kurtz

 48 Photomultiplier Tubes

 Small-pore microchannel 
plates forge ultrafast 
photomultipliers
Thanks to military night vision 
advances, small-pore microchannel 
plates result in faster photomultipliers 
that compete directly with streak 
cameras in terms of dynamic range 
and time resolution in such applications 
as fusion diagnostics. Jon Howorth, 

James Milnes, and Gareth Jones

 52 Photonics Applied: Photoacoustics

  Deep down and label-free: 
Bioimaging with photoacoustics
Laser-induced ultrasonic emission, 
converted to imagery, enables deep-
tissue views of mechanisms in organs, 
cells, subcellular structures, and even 
biochemicals—without labels or dyes. 
Mike May

 56 Supercontinuum Sources

  All-fi ber designs extend 
supercontinuum sources 
into the mid-IR region
A supercontinuum laser based on an 
erbium/ytterbium power amplifi er emits 
over approximately 0.8–4.2 μm, while a 
second version based on a thulium-doped 
power amplifi er covers the 1.9–4.5 μm 
region, making these sources important for 
applications in defense, homeland security, 
and healthcare. Mohammed N. Islam

 61 Microstructured Fibers

  Air-core microstructured 
fi bers provide low-loss, 
broadband terahertz guidance
Kagome air-core microstructured polymer 
fi bers are a new class of broadband 
terahertz waveguides with low loss and 
low dispersion characteristics. 
Jessienta Anthony, Rainer Leonhardt, 
Sergio Leon-Saval, and Alexander Argyros

Coming 
in April
Special Feature!
How to begin 
a career in 
photonics
Many say that the secret 
to a successful career in 
photonics is knowing 
which undergraduate 
institution to attend. This 
article provides an 
overview of the programs 
at several major and 
minor post-high-school 
educational institutions 
worldwide and offers 
some useful resources for 
the aspiring optics/
photonics student.
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Security, unmanned vehicles, retail analytics and a range of other applications are about 

to change. Introducing Tamarisk™
320, the first 320 x 240 VOx microbolometer camera of 

its kind. Combining 17 μm pixel pitch technology with our patented, advanced absorber 

design, the Tamarisk™
320 delivers unmatched thermal image quality in a package weighing 

as little as 30 grams, occupying under 25 cm3 and drawing as little as 750 mW of power. 

Which means it’s incredibly easy to integrate the Tamarisk™
320 into virtually any platform.

The Size, Weight And Power Leader. That’s Go To. 

drsinfrared.com/Tamarisk

The Tamarisk™
320

Thermal Camera 

Actual Size

THE INCREDIBLY TINY 
THERMAL CAMERA. 
WHERE WILL YOU USE IT?

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.drsinfrared.com/Tamarisk&id=16857&adid=P4A1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo


®

www.laserfocusworld.com
powering photonics technologies & applications on

5Laser Focus World     www.laserfocusworld.com     March 2012      

laserfocusworld.online More Features, News & Products

t r e n d i n g  n o w c o o l  c o n t e n t

Blog: Larry’s VC View

Aussie ‘Gold Rush’ in SV?
Aussies have been coming to the States for 
30 years—actually, longer if you think about Ugg 
and others, but for sure Peter Farel founding 
Resmed. There’s a misconception that 
if you come here, everything is solved 
and the streets are paved with gold. 
It’s a little like the scientist I started 

out to be saying naively 
it’s such great technology; 
build it and they will 
come. http://bit.ly/
yfjbUO

Blog: Opto Insider

On photonics executives, 
complexity, and margins
Photonics West went well again. People were in 
a good mood, including the executives at SPIE’s 
forum, where I moderated. One topic was 

“managing complexity.” It sounds like a buzzword, 
until you think about it. There can be great 
advantages to complexity. Clayton 
Christiansen, the Harvard business 
guru, says that the margin in the supply 

chain goes to where 
there is the greatest 
complexity.
http://bit.ly/
xwCVdE

OSA Blog:
Science & Technology Education

Corning Outstanding 
Student Paper Competition
The OSA Foundation has announced the 
fi nalists for the Corning Outstanding Student 
Paper Competition, a highly competitive 
program that provides the fi eld’s most 

promising young researchers 
the opportunity to present 
and be recognized for their 
groundbreaking work.
http://bit.ly/ykQDI1

Exclusive Feature: Optical Design

Free-form optics enable lightweight, 
high-performance head-mounted displays
Free-form optics tiling can potentially overcome the invariant 

on the fi eld of view and the resolution in a head-
mounted display, and enable the design and 
development of lightweight and high-performance 
head-mounted displays. Dewen Cheng, Yongtian Wang, 

Hong Hua, and José Sasián

http://bit.ly/y9Rxlq

News: Sandia’s laser-guided bullet prototype 
can hit small targets a mile away

Sandia National Laboratories researchers 
Red Jones, Brian Kast, and their colleagues have 
invented a fi nned self-guided bullet for small-caliber, 
smooth-bore fi rearms that could accurately hit 
laser-designated targets at distances of more 
than a mile. John Wallace

http://bit.ly/w4wAmv

Download the OptoIQ App
Get the latest optics and photonics business news, 
products, and education resources delivered by 
OptoIQ.com, right to your iPhone.
http://bit.ly/i00vLC

Smart surfi ng
You can use your smart phone to scan the QR codes on this 
page and get instant access to all the content highlighted. 
Download an appropriate app from your phone’s online store.

New on OptoIQ!
Our latest addition, “Photonics Building 
Blocks,” is where contributing editor Jeff 
Hecht decodes and explains the fundamentals 

of photonics. It’s a blog that 
educates and amuses, and tries to 
make the world of photonics just a 
little bit easier to understand.
http://bit.ly/w0HN4P
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New Era of Lab Buddy
Put any of these...

...to do any of these! 

10G 40G 100G

800nm to 2200nm

Balanced APD

Coherent Detection

Freespace Communications

Fiber Non-Linearity

High Level Modulation  

Laser Characterization

LIDAR

Modulation Spectroscopy

Modulator Characterization

Multimode

OFDM

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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Acronym World
Acronyms have been used to simplify communications for thousands of years—the offi cial name for the 
Roman Republic, and then Empire, was SPQR (Senatus Populusque Romanus). Today, a technology-
based profession like photonics is rife with critical and confusing acronyms, as any engineer or journalist 
in the fi eld can tell you.

For anyone in the industry, the simple act of reading a table of contents in our magazine can be daunt-
ing (and we strive for clarity!). For example, our cover story describes how QI (quantitative imaging) adds 
the advantage of optics to AFM (atomic force microscopy). An article on SC (supercontinuum) lasers 
shows how an all-fi ber design extends the application window into the mid-IR (infrared). And an article on 
laser projection displays describes a recent design based on 2D (two-dimensional) SLMs (spatial light 
modulators) that improves upon previous designs, which used a GLV (grating light valve) or GEMS (grat-
ing electromechanical systems) and an OPO (optical parametric oscillator).

I could go on with many more examples, but instead I would like to introduce an antidote to acronym 
confusion. First, we have redesigned OptoIQ.com, which is one of the web sites in our online network 
that includes LFW (Laser Focus World), ILS (Industrial Laser Solutions), and BOW (BioOptics World). 
The OptoIQ site is now focused on photonics business and education (EDU).

The EDU side of the site features links and news from and about universities, community colleges, 
company-sponsored training courses, grants, and awards. It also has regular blogs from our editors and 
guests, including the weekly blog “Photonics Building Blocks.” In it, contributing editor Jeff Hecht not 
only defi nes common acronyms, but provides an explanation of the 
terms along with some amusing insights. A blog is not a cure for all 
acronyms, but it can be a good guide to translation.

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=16857&adid=P7E4
http://www.qmags.com/clickthrough.asp?url=www.lfw-subscribe.com&id=16857&adid=P7E3
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=P7E2
http://www.qmags.com/clickthrough.asp?url=www.OptoIQ.com&id=16857&adid=P7E1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo


As the DNA/genomics industry has progressed to higher density probe spacing with smaller

sample sizes, more sophisticated motion control technology is required to increase the

efficiency and reduce the costs of the test procedure. Likewise, the smaller sample sizes have

lower total luminance levels which have placed more stringent requirements on the motion

platform in terms of positioning accuracy, velocity stability and flatness of travel. Aerotech's

ANT series positioners meet these aggressive application requirements, offer nanometer

precision with millimeter travels and have load capacities of more than 10-times competing

piezo stages.

Contact us today to learn how your sequencing application can have the best of both worlds!
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Dedicated to the Science of  Motion
Aerotech, Inc., 101 Zeta Drive, Pittsburgh, PA 15238
Ph: 412-963-7470 • Fax: 412-963-7459 • Email: sales@aerotech.com

www.aerotech.com AF0511A_LM

Nanopositioners for
DNA/Genomics Testing

O

Download

our FREE

brochure

nano Motion

Technology at

www.aerotech.com
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newsbreaks

Quantum-dot laser produces multiple wavelengths 
for terahertz generation
A single quantum-dot (QD) laser diode 
developed by a group at the University of 
Dundee (Dundee, Scotland) generates sta-
ble dual and/or multiple longitudinal modes 
in the near-infrared. The device has poten-
tial for production of terahertz radiation via 
optical difference-frequency generation.

Temperature-stabilized at 20°C, the la-
ser diode is situated in an external-cavity 
setup containing two volume Bragg grat-
ings (VBGs): one that selectively returns 
1177 ±0.5 nm and 1182 ±0.5 nm wave-
lengths, and the other that selectively re-
turns 1257 ±0.5 nm and 1262 ±0.5 nm 
wavelengths. The glass VBGs have an 
effi ciency of about 15% and grating tilts 

of 1° to prevent backrefl ections. The dif-
ference frequencies for the two gratings 
are 0.946 ±0.019 THz and 1.078 ±0.021 
THz, respectively.

When driven at a current of 70 mA, 
the laser emitted from the ground state 
(GS; matching VBG2); at 210 mA, excit-
ed-state (ES; matching VBG1) emission 
dominated the output. Intermediate 
currents produced a mix of GS and ES 
emission. Because each VBG is multi-
plexed (containing two gratings), a total 
of four wavelengths can be produced 
by the laser, with the relative output of 
each of two pairs adjustable by varying 
the current (the fi gure shows the out-

put for a 150 mA current). In addition 
to photomixing for terahertz genera-
tion (and potentially two-color tera-
hertz imaging), the laser is useful for 
spectroscopy. Contact Ross Leyman at 
r.r.leyman@dundee.ac.uk.

Three-color optical system measures 
3D positions of many trapped microparticles
Using three colors of light projected through a microscope 
objective in different patterns, researchers at the Technical 
University of Denmark (Roskilde, Denmark) simultaneously 
and unambiguously fi nd the 3D co-
ordinates of multiple microparticles. 
The scheme can be used while opti-
cally trapping and manipulating the 
particles, whether by holographic 
trapping or counterpropagating-
beam trapping.

Red, blue, and green (RBG) light 
patterns are created by an LED-
based digital-light-processing (DLP) 
projector (which actually projects 
yellow, cyan, and magenta hues 
that mix to form RBG) and project-
ed into a microscope to the back ap-
erture of the lower objective, with 
the green projected on-axis. An op-
tically trapped particle casts shad-
ows that are missing one or more 

of the three colors; from these shadows, the 3D information 
on the particles is obtained. Because there is some “bleed-
ing” between the colors (for example, both the red and blue 

illumination patterns produce a de-
tectable signal in the green color 
plane), the researchers measure 
the background signal (offset and 
color-plane bleed ratios) and com-
pensate using a deconvolution al-
gorithm. In one experiment using a 
50X objective with a numerical ap-
erture of 0.55, 6 μm particles were 
accurately tracked over a 180 μm 
vertical distance. A video of seven 
optically trapped microparticles 
being manipulated while their co-
ordinates are being measured can 
be seen at http://www.jeos.org/
suppfi les/304/304-1729-1-SP.avi. 
Contact Jesper Glückstad at jesper.
gluckstad@fotonik.dtu.dk.
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newsbreaks

OLED-style emitter has single-photon ‘pixels’
Programmable opti-
cal processor achieves 
multichannel OTDM-to-
WDM conversion

Unlike the broadband, diffuse emission from 
organic light-emitting diode (OLED) displays, a 
new type of emitter made using standard OLED 
manufacturing processes and materials releas-
es only distributed single photons upon electri-
cal excitation of the active layer.1 Designed by 
researchers at the University of Stuttgart (Stutt-
gart, Germany), the University of Ulm (Ulm, Ger-
many), and the University of Würzburg and ZAE 
Bayern (both in Würzburg, Germany), the single-
photon emitter also operates at room tempera-
ture (unlike semiconductor quantum dots), offer-
ing numerous opportunities for applications in 

secure communications and cryptography.
Because fl uorescent molecules embedded 

in polymer or photonic-crystal matrices have 
ineffi cient electroluminescent properties, the re-
searchers chose an iridium (Ir)-based organo-
metallic complex—specifi cally, Ir(piq)3 (tris(1-
phenylisoquinoline)iridium) molecules—that 
emits single photons at 613 nm with almost 
100% internal quantum effi ciency via phospho-
rescence in a polymer matrix.

The emission is successful based on two key 
fabrication steps: First, the red-light-emitting 
molecules are dispersed evenly in a blue-light-
emitting host polymer; and second, a low-work-
function barium metal is used as the cathode to 
ensure adequate charge-carrier densities suitable 
for electron injection and, hence, electrically driv-
en single-photon emission at room temperature. 
Photon-correlation measurements confi rm single-
photon emission from the distributed Ir-based 
molecules with lifetime values ranging from 1.0 to 
1.4 μs using a 12 V input. Contact Maximilian No-
thaft at m.nothaft@physik.uni-stuttgart.de.

Scientists at the Universidade de 
Aveiro (Aveiro, Portugal) and Nokia 
Siemens Networks Portugal (Amado-
ra, Portugal) have created an optical 
time-division multiplexing (OTDM) 
to wavelength-division multiplexing 
(WDM) converter that handles multi-
channel conversion with fl exibility in 
both time and wavelength domains, 
thus opening up the possibility of get-
ting OTDM and WDM systems to 
work together in a straightforward 
manner. The converter relies on a so-
called programmable optical processor 
(POP) to do its work.

Part of a 160 Gbit/s input data signal 
from an OTDM with N different signal 
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newsbreaks

3D CMOS time-of-fl ight imager 
uses new photodiode design
Three-dimensional CMOS time-of-fl ight sensors 
operate by determining the distance of different 
portions of a scene based on the delay recorded 
by individual pixels in a sensor co-located with a 
modulated, diffuse illumination source. To oper-
ate at distances of several meters, short nano-
second-scale pulse lengths are needed with 
short integration times for the photogenerated 
charges, presenting such challenges as short 
transit time, low noise, and fast readout 
for each pixel. To address these challenges, 
researchers at the Fraunhofer Institute for 
Microelectronic Circuits and Systems (IMS; 
Duiburg, Germany) developed a new intrin-
sic lateral-drift-fi eld photodiode (LDPD) that 
achieves a 30 ns complete charge transfer 
from the pixels into the readout node and ac-
cumulates charge over many readout cycles to 
lower the signal-to-noise ratio.

The LDPD is fabricated in a 0.35 μm CMOS 
process, and owes its functionality to a surface-
pinned, nonuniformly n-doped well that induces 

an intrinsic lateral-drift fi eld parallel to the de-
tector surface in the direction of the pixel-read-
out node, effectively funneling the photogen-
erated charges to a specifi ed node for almost 
noiseless reset and readout. The 40 μm2 pixels 
(38% fi ll factor) were assembled into a 128 × 96 
pixel sensor and a human arm was easily im-
aged in 3D using the sensor within a standard 
camera setup in conjunction with a 905 nm 

pulsed source (with a pulse duration of 30 ns) 
operated at 10 kHz. Responsivity of the LDPD 
was 230 μV/W/m2 and dynamic range was 
about 60 dB. Contact Werner Brockherde at 
werner.brockherde@ims.fraunhofer.de.

“tributaries,” or channels, feeds a clock-
recovery system, which provides a clean 
optical clock signal that is then split into 
N different wavelengths, with the re-
sulting signal pulses (SPs) processed by 
the POP to suppress amplifi ed-spon-
taneous-emission and other noise. Via 
four-wave mixing in a highly nonlinear 
optical fi ber, the rest of the OTDM sig-
nal interacts with the multiwavelength 
sampling pulse train. The time delays 
and shapes of the SPs are controlled 
through adjusting the POP’s phase and 
amplitude function, respectively. An 
output tunable optical fi lter fi lters the 
resulting signals, producing a 4 × 40 
Gbit/s WDM output. Error-free perfor-
mance was achieved for all signals, with 
a maximum power penalty of 6.3 dB. 
Tweaking of the system parameters can 
further reduce the power penalty. Con-
tact Miguel Drummond at mvt@av.it.pt.
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Laser dazzlers are deployed
Nonlethal laser weapons are going big time. After testing green 
laser “dazzlers” at checkpoints in Afghanistan and Iraq, the US 
Army in November 2011 ordered thousands more “Green Laser 
Interdiction Systems” for deployment, with plans to buy more in 
the next two years. The technology is likely to gain users in law 
enforcement, after the Food and Drug Administration (FDA) in 
August 2011 issued a waiver allowing sale of a civilian laser daz-
zler with a sophisticated safety system. Similar green solid-state 
CW lasers, emitting up to 1 W, are offered openly on the Inter-
net, although some vendors claim to limit sales to law-enforce-
ment agencies.

Emitting at green wavelengths where the eye is most sensi-
tive, dazzlers are intended for a range of military and law-en-
forcement uses, from nonverbal warnings to people approach-
ing checkpoints to emitting blindingly intense glare to stop 
hostile forces from seeing the target they want to attack (see 
fi gure). Typical operating ranges are 300–500 m during the 
day, and up to a few kilometers at night. Class IIIB lasers are 
needed to reach those distances, but the power is limited to 
around 200 mW to limit the chance of permanent eye damage. 
(Deployment of lasers designed specifi cally to blind is banned 
by the Protocol on Blinding Laser Weapons, adopted by the 
United Nations in 1995.)

The Joint Non-Lethal Weapons Directorate (JNLWD; Quantico, 
VA) leads the Pentagon’s development of laser dazzlers. “Optical 
distracters, like many nonlethal weapons, are part of an escala-
tion-of-force option for warfi ghters, assisting in minimizing civil-
ian casualties and limiting collateral damage,” explains JNLWD 
spokeswoman Kelley Hughes. So far, several types of dazzlers 
have been used at checkpoints, during urban patrols, on convoys, 
and for perimeter security. Field reports indicate the dazzlers have 
been extremely effective in engaging unauthorized people at safe 
standoff distances, according to JNLWD director Col. Tracy Tafol-
la. This both protects soldiers from would-be attackers and keeps 
noncombatants out of harm’s way.

That experience convinced the Army to buy 12,542 Glare 
Mout Plus lasers from B. E. Meyers Electro-Optics (Redmond, 
WA). That system is rated to emit 200 mW at 532 nm, either 
pulsed at a few hertz or continuous, with operating range of 
20–500 m. Closeup operation is limited by the ocular hazard 

distance of 20 m; the beam diverges so it covers a person’s head 
and shoulders at 100 m and an entire vehicle at 500 m. The la-
ser module weighs just 10 oz and can be mounted on a gun or 
held separately. The system was kept small and simple so sol-
diers will use it, says Jeff Bradbury of B. E. Meyers. The compa-
ny expects additional orders this year and next.

Long-range ocular interrupter
In December 2011, the US Navy requested proposals to de-
velop a “long-range ocular interrupter” that could switch be-
tween warning and visual suppression modes and provide 
warnings up to 3 km from a ship, even in hazy conditions. The 

Navy’s big concern is preventing small-boat attacks. Private 
shipping companies are considering dazzlers for nonlethal de-
fense against pirate attacks. “If you can’t look at something, 
you can’t attack it,” says Paul Kerr of Photonic Security Sys-
tems (Dunoon, Scotland), which has developed a green daz-
zler that is being tested by maritime security fi rms. Lasersec 
Systems (Jorvis, Finland) offers a 10 W dazzler that may be 
the most powerful nonlethal maritime laser.

The US Army relies on soldier training to assure safe use 
of dazzlers, as it does for guns, but the FDA requires a safety 
system on dazzlers for civilian use. In August, the FDA granted 
its fi rst waiver for nonlethal lasers to B. E. Meyers for a law-
enforcement system called Glare Enforcer that it introduced 

A laser dazzler is used from a Humvee. (Courtesy of the Joint 
Non-Lethal Weapons Program)
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Researchers at the University of Texas at 
Austin have “cloaked” a macroscopic ob-
ject in free space from detection in three 
dimensions at all viewing angles for the 
fi rst time. The approach works in the mi-
crowave region of the electromagnetic 
spectrum, but is in principle applicable 
to much shorter wavelengths. Work on 
metamaterials for cloaking applications 
has been going on at a feverish pace in 
recent years with some successes, each 
with its own limitations. Very few ap-
proaches have worked for more than a 

single incidence angle and viewing angle.
The demonstration is a long-awaited 

proof of principle for Andrea Alu, who has 
been championing the use of plasmonic 
metamaterials for a number of years. He 
has been watching with interest what has 
been going on in the fi eld of “transforma-
tion optics” in metamaterials. In this most 
common cloaking approach, nanoscale 
structures in manufactured materials care-
fully guide lightwaves in prescribed ways 
around an object, coming together on the 
viewing side of the object as if the object 

were not there. But he says the 
approach is fundamentally lim-
ited to two dimensions.

“More recently, there has 
been a lot of work on this ‘car-
pet cloaking,’ like hiding a bump 
on a mirror or refl ector, but this 
is still not really what we’re look-
ing for,” he explains. “Our goal 
for this new paper was to prove 
that we could build a cloak that 
can work in 3D.”

Rather than simply guiding 
light and reconstructing an 
image on different sides of 
a cloaked object, plasmonic 

in January at the SHOT Show in Las 
Vegas. It fi res a 200 mW, 532 nm green 
laser in one of four modes: Continuous, 
slow pulses at 4 Hz; fast pulses at 8 Hz; 
or random pulses at 4–12 Hz. Potential 
users include the Coast Guard and 
border patrol.

Glare Enforcer’s safety system is based 
on an eye-safe laser ranger that checks 
for objects in or near the nominal eye-
hazard zone, where intensity is high 
enough to cause eye damage. If a per-
son is near or in the eye-hazard zone, 
the system reduces laser power to lev-
els safe at that distance. Monitoring the 
surrounding area extends protection to 
people who might move into the hazard 

zone, or who might be hit when the la-
ser is moved. The system also looks for 
refl ective objects near the beam fi eld to 
protect the laser operator from danger-
ous refl ections. That makes Glare Enforc-
er more complex and—at 21 oz—heavi-
er and larger than the military system. It 
is effective to 500 m during the day and 
beyond 1 km at night.

Such safety features are not standard 
in green lasers emitting 200 mW to 1 W 
available on the Internet, a few of which 
are described as pointers. A company 
called “GreenLaserPointer.org” offers 
500 mW lasers claimed to be “FDA-com-
pliant”—some of which are called point-
ers—for $500 to $600.  —Jeff Hecht

Metamaterial cloaking approach goes 3D
P L A S M O N I C S

The cloaked cylinder is seen from its side (a) and end 
(b), along with a cross-section of the plasmonic material 
jacket (c). (Courtesy of A. Alu)
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metamaterials aim to effectively “undo” 
the optical effects of the object—a 
kind of photonegative wrapped around 
it. The materials are made of metal and 
dielectric stacks that absorb incoming 
light and rechannel it in a different form: 
Surface plasmons, which are traveling 
excitations that can move around the 
object and then exit as light.

Alu and his team aimed to cloak an 
18-cm-long cylinder from incoming micro-
waves in a custom-made jacket of plas-
monic metamaterial (see fi gure). To prove 
that it worked, they used a microwave 
horn and imaging detector, which could 
be moved to a variety of viewing angles 
both above and below and on either side 
of the cylinder. The result, Alu says, stands 
in marked contrast to previous works.

“It’s a real object standing in our lab, 
and it basically disappears,” he says. “We 
proved this theoretically seven years ago, 
but this month we were able to prove it 
experimentally in a robust way.”

Custom-fi t jacket
One notable difference between the plas-
monic and more standard transformation 
optics approaches is that the jacket is a cus-
tom fi t. A different set of stacks would be 
needed to hide anything other than the 
dielectric cylinder they cloaked. And the 

approach works best only for objects with 
a size not too much greater than the wave-
length of light. However, it puts compara-
tively few constraints on the materials, or 
requirements to make precise, nanoscale 
structures that—for an object the size of 
the cloaked cylinder—would present signif-
icant manufacturing hurdles. For that rea-
son, Alu says that plasmonic materials are a 
signifi cant, novel way forward. “If I had to 
bet in fi ve years what kind of cloaking tech-
nique might be used for applications for 
practical purposes, then I would say plas-
monic cloaking is a good bet.”

Alu says the most straightforward appli-
cations of the approach may be in nonin-
vasive sensing or near-fi eld imaging. “Plas-
monic cloaking has limits, so I wouldn’t 
try to cloak an airplane or a tank,” he says. 

“But if I know I have a ‘hotspot,’ I can cloak 
that part, and that may already help a lot.” 
Harry Potter-style cloaks they are not, but 
Alu says the current work serves as an in-
dication that plasmonic metamaterials are 
worth pursuing. “There is still a lot of work 
to be done,” he notes. “Our goal was just 
to show that this plasmonic technique can 
reduce scattering from an object in free 
space.”  —Jason Palmer

REFERENCE
1. D. Rainwater et al., New J. Phys.,

doi:10.1088/1367-2630/14/1/013054 (2012).

8.8 nm tabletop 
x-ray laser 
operates at 1 Hz
Demonstration of a 13 nm tabletop x-
ray source that could achieve 25-nm-res-
olution imaging in only 30 s (compared 
to 30–50 nm resolution in 80 min from 
prior sources), as reported in Laser Focus 
World’s July 2011 issue, was indeed im-
pressive. But now, a team of researchers 
from the NSF Engineering Research Center 
for Extreme Ultraviolet Science and Tech-
nology (NSF EUV ERC) and Colorado State 
University (both in Fort Collins, CO), in col-
laboration with the University of California–
Berkeley, and Oak Ridge National Labora-
tory (Oak Ridge, TN), have demonstrated 
a high-pulse-energy, 8.8 nm tabletop x-ray 
laser source that operates at a 1 Hz rep-
etition rate.1 Previous attempts to shorten 
the x-ray wavelength below 10.9 nm in 
plasma-based schemes typically limited the 
repetition rate to a few shots per hour.

Lower pump energy
Until recently, soft-x-ray lasers at wave-
lengths below 10 nm were created by 
pumping appropriate materials with tens 
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of joules of energy. To achieve gain-sat-
urated 8.8 nm lasing from a 1-to-2-mm-
thick solid nickel-like lanthanum (La) tar-
get, the researchers pumped in only 7.5 J 
of optical energy.

The pump setup consists of two pulses 
from an 800 nm Ti:sapphire laser (see fi g-
ure). The fi rst normal-incidence prepulse 
has a 6 × 1012 W/cm2 intensity with 210 
ps full-width half-maximum (FWHM) du-
ration and creates a 30 μm × 6.4 mm line 
focus via spherical and cylindrical lenses. 
This prepulse rapidly heats the plasma, 
resulting in a signifi cant percentage of 
ions in the Ni-like state (La+29). After the 
plasma expands, a second 4 J, 6 ×1014

W/cm2 pulse with 3 ps FWHM duration 
is delivered at a grazing-incidence angle 
of 35º, heating the plasma to an electron 
temperature of approximately 850 eV and 

effi ciently exciting ions to the laser’s upper 
level. This angle of incidence, along with 
focusing elements to maintain a uniform 
30 μm × 6.4 mm line focus, allows refrac-
tion to effi ciently couple the pump-beam 
energy into the plasma and maximize x-
ray emission.

To overcome the mismatch between 
the propagation velocities of the pump 
pulse and the amplifi ed pulse, which 
normally limits the output, a fi ve-mirror-
segment refl ection echelon was used to 
obtain quasi-traveling-wave excitation, 
signifi cantly improving the laser output. 

Measurements at the 1 Hz repetition 
rate were made by moving the La target 

at a rate of 200 μm/s to renew the surface 
after each laser shot. Operation of the 
soft-x-ray laser source at 8.85 nm reaches 
gain saturation with approximately 2.7 μJ 
of pulse energy, a gain coeffi cient of 33 
cm-1, and a gain-length product of 14.6.

Even shorter wavelengths
By reducing the duration of the main pump 
pulse to just 1.1 ps, the research team also 
demonstrated lasing at 7.36 nm in nickel-
like samarium. As diode-pumped optical 
laser sources continue to improve, so too 
will sub-10-nm tabletop x-ray laser sources, 
which are instrumental in enabling such ap-
plications as sequential imaging of ultrafast 
nanoscale dynamic phenomena.

“These soft x-ray laser sources have the 
potential to enable tabletop-scale applica-
tions that require high pulse energy such 

as high-density plasma diagnostics or high 
average power such as nanoscale imag-
ing and nanoscale dynamics studies,” says 
David Alessi, a postdoctoral researcher at 
Lawrence Livermore National Laboratory 
(Livermore, CA), formerly in Jorge Rocca’s 
group at the NSF EUV ERC. “The NSF 
EUV ERC will continue research and de-
velopment of sub-10-nm soft x-ray lasers 
with the goals of improving their spatial 
and temporal characteristics and increas-
ing their pulse energy.”  —Gail Overton

REFERENCE

 1. D. Alessi et al., Phys. Rev. X, 1, 2, 021023 

(Sept. 27, 2011).

The experimental setup and corresponding 
spectrum is shown for an 8.8 nm soft-x-ray laser 
that operates at 1 Hz with low pump energy. 
(Courtesy of Colorado State University)
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Coaxial nanolasers
have no threshold
Researchers have unveiled the smallest room-temperature CW
lasers operating at telecommunications wavelengths ever pro-
duced—and they operate with practically no lasing threshold.
The work has implications for on-chip optical communication
and, if integrated into silicon-compatible platforms, for far-wider
implementation in telecommunications.

Experts at the University of California–San Diego (UCSD) set
out to get closer to the “ultimate nanolaser”—scalable, low-
threshold, efficient, room-temperature, and of course nanome-
ter-scale. They argue that the best examples of nanolasers so far
fall down principally on the matter of threshold.1

“For subwavelength cavities, the metal loss dominates oth-
er sources of loss, such as scattering that is by itself higher in
smaller lasers due to higher surface-to-volume ratios,” says
UCSD’s Mercedeh Khajavikhan. “As a result, the pump power
required to achieve lasing typically becomes prohibitively high.
Because of the high metal loss, most previous nanolaser de-
signs use metals merely to confine light in structures essentially

similar to the conventional nonsubwavelength lasers, avoid-
ing the concentration of fields near the metal. Our goal was to
implement a structure that provides a scalable approach to la-
ser miniaturization.”

Khajavikhan explains that the UCSD group chose an approach
different from any other demonstrated approaches for small lasers,
using nanoscale coaxial-shaped cavities well known to electrical
engineers and widely used as transmission lines in the microwave
regime. What makes the coaxial cavities fit for the purpose is that
such structures support a transverse electromagnetic mode no
matter how small they get, which Khajavikhan says “makes them
an ideal choice for deeply subwavelength lasers.”

The team fabricated a number of the 100 and 175 nm la-
ser cavities, each of which had a metallic rod at its center sur-
rounded by rings of air, indium gallium arsenide phosphide,
and silica, with the whole assembly then coated with a silver/
aluminum alloy. The air and silica “plugs” serve to enforce

N A N O P H O T O N I C S

Diagrams reveal
the construction
(a) and mode
structure (b and d)
within the coaxial
nanolasers; a
scanning-electron
micrograph
shows the actual
nanolaser (c).
(Courtesy of M.
Khajavikhan)
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mode confi nement. The lasers were 
then optically pumped using a commer-
cial 1064 nm laser.

The nanoscale design achieves two 
things. The cavity quantum electrody-
namic effects that come into play at 
those sizes coupled any spontaneous 
emission directly into the lasing mode. 
What’s more, the transverse electromag-
netic mode that defi ned the lasing was 
nearly 15 times smaller than the wave-
length of the emitted light.

The output modes at 1260 nm and 
1590 nm were imaged, showing their TEM 
character, and the devices were shown to 
couple as much as 99% of spontaneous 
emission into the lasing mode.

The team is well aware of the many 
implications of such threshold-free la-
sers—so work is already underway to 
implement electrical rather than optical 
pumping. “Realizing the revolutionary 
potential of these devices, our ambition 

goes beyond achieving electrical pump-
ing,” Khajavikhan says.

Applications that would follow include 
on-chip optical routing with signifi cantly 
fewer limitations. “Because of their lack 
of threshold, these devices can be mod-
ulated rapidly, and thus can become a 
backbone for future telecommunication 
devices,” notes Khajavikhan.

The team also envisions an array of 
phase-controlled nanolasers arranged to 
form a microlaser whose beam can be ar-
bitrarily shaped, or putting the lasers to 
use in high-throughput sensing and spec-
troscopy systems. Shaya Fainman, senior 
author of the paper, says, “We feel this is 
just a beginning of a new family of light 
emitters with superior characteristics, and 
many advances in this new area are yet 
to come.”  —Jason Palmer

REFERENCE
 1. M. Khajavikhan et al., Nature (2012); 

doi:10.1038/nature10840.
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CORRECTION
The January 2012 World News story “DIAL in the Alps 
measures tropospheric water vapor,” written by senior 
editor John Wallace, features updated and corrected 
data regarding the differential-absorption lidar (DIAL) 
system specifi cations and capabilities from InnoLas. 
Readers can visit the article page directly to view the 
updated version at http://bit.ly/ylnwnq. 
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BusinessForum

M I LT O N  C H A N G

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.

investors would shun the company, and star performers would also leave to seek 
challenges and growth opportunities elsewhere and leave the company for peo-
ple who “need a job.”

Conceptually, the inability to grow is a self-fulfi lling prophecy. I substan-
tiated this claim by citing a recent Wall Street Journal story (Jan. 13, 2012) 
about Milliken & Co., a textile company in South Carolina that makes spe-
cialty fabrics such as for duct tape. The company was having its best economic 
performance ever because of its willingness to change. As most of us know, 
the textile industry has been on the decline for decades with competition com-
ing from all parts of the world. The good news here is the photonics industry 
has abundantly more opportunity than the textile industry! I am not saying 
growth is easy, but for sure a company will stop growing if its leadership fails 
to seize growth opportunities. This usually occurs not because there is a lack 
of opportunity, but rather because everyone would stop trying, overwhelmed 
by reasoning out why the company cannot grow. Those who believe oppor-
tunities exist and look for them persistently may just fi nd their next strategy.

In my book, Toward Entrepreneurship, I describe ways in which a company 
can streamline its operation and develop an organizational strategy to posi-
tion itself for growth, and also how a company can systematically prospect for 
growth opportunities. In the speech I only covered the organizational aspect 
and referred the audience to get the rest from my book.

What has proven to work is to create a self-actualized organization based on 
Abraham Maslow’s hierarchy of needs. The premise is that everyone wants to self-
actualize, “be all that we can be” even though our capabilities, goals, and aspira-
tions are all different. And if the interests of the company and the individual’s need 
to self-actualize can be aligned, then everyone would feel they were working for 
themselves and naturally assume the responsibility to grow the business because 
it is in his or her best interest. Theoretically, then, all the company has to do is to 
hire capable people with good attitudes and provide them with the environment, 
resources, training, and guidance, and turn them loose for them to do their best. 
How can the company not succeed if everyone would—on their own—take on 
increasingly more responsibility to grow the business?…to be continued. 

This month’s format is a little different 
than our typical Q&A session.

I was fl attered when Conard Holton 
asked me to give the keynote at the 
Lasers & Photonics Marketplace 
Seminar at Photonics West. Given that 
the meeting was to be attended by 125 
company executives, I picked business 
growth as a topic. I will summarize 
the fi rst part of the speech here; you 
can view the entire video at www.
laserfocusworld.com.

The fi rst part of the talk centered on 
how a company could be managed for 
healthier growth, and the second part 
was on how we as a group can change 
the environment in which photonics 
companies operate. In my introduc-
tion, I noted the photonics industry 
lacks resources because most of the 
profi ts derived from photonics tech-
nology are made by companies that 
do not consider themselves as part of 
the photonics industry. Most of these 
companies contribute little to the bet-
terment of our industry because we do 
not provide them with reasons to feel 
they have a vested interest.

I will cover the fi rst part of the talk 
in this column and reserve the second 
part for the next issue. Since I have only 
a week or so between when this col-
umn is published and the next one is 
due, I urge you to write to me with your 
thoughts immediately so I can have the 
benefi t of your wisdom. I fi rst made 
the point that a company must grow, 
or it will wither over time. It would be 
deprived of resources to grow because 

Keep on growing
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QI offers next-generation AFM 
imaging mode for nanometrology
HEIKO HASCHKE and TORSTEN JÄHNKE

There are many challenges in apply-
ing atomic-force microscopy (AFM) 
to the high-resolution requirements of 
the modern user. No longer does the 
original AFM contact imaging mode 
developed 25 years ago provide the 
ability to produce images of samples 
in liquids without damaging the sam-
ple. While a variety of so-called non-
contact methods have been introduced, 
they still cannot meet the requirements 
of researchers in the life sciences where 
samples are soft and delicate, requir-
ing care in preparation and imaging in 
a quantitative manner. This user need 
has directed the developments of JPK 
Instruments and has led to a new quan-
titative imaging (QI) mode.

From the beginning of QI develop-
ment, the design goals were clear: In 
order for life scientists more famil-
iar with light microscopy operation to 
accept AFM and its new imaging modes, 
it was necessary to design a system with 
quick and intuitive processes that could 
be used in various environments such 
as air or liquid. The mode needed to 
handle “diffi cult” samples that are 
soft and/or sticky, perhaps loosely 
attached to the mounting substrate, or 
that have particularly sharp features/

edges. This meant that 
the new nanometrol-
ogy mode should pro-
vide extremely precise 
control of the force of 
the probe as it inter-
acts with the sample 
at every imaging pixel. 

New imaging modes must also 
provide quantitative data, and the 
QI mode offers mechanical, chemi-
cal, and electrical data. In addition, 
the quantitative provision of real-
force curves while imaging deliv-
ers the maximum amount of data 
points. The area of cell adhesion, or 
the measurement of forces between 
a single molecule and another (or a 
surface), are rapidly growing appli-
cation needs when using AFM in the 
life sciences.

Defi ning QI
The new QI, which is compatible with 
standard cantilevers, is a force-curve-
based imaging mode where the user has 
full control over the tip-sample force at 
every pixel of the image, meaning there 
is no need for set-point or gain adjust-
ment while scanning. Its tip movement 
algorithm—TipSaver—prevents later-
al forces and controls vertical forces, 
making nondestructive measurements 
for cantilever tip and sample possible. 

Coupled with ForceWatch technology, 
imaging problems with soft (hydrogels 
or biomolecules), sticky (polymers or 
bacteria), loosely attached samples 
(nanotubes or virus particles in fl uid) 
or samples with steep edges (powders, 
MEMS structures) are removed. 
Essentially, ForceWatch uses a set of 
algorithms that closely monitor the 

A new atomic-force microscopy (AFM) 
quantitative imaging (QI) mode is not 
a product, but a new methodology 
that makes it easier to image diffi cult 
samples without the need for set-point or 
gain adjustment while scanning. 

FIGURE 1. Living Chinese hamster ovary (CHO) cells are measured with a 
closed-loop quantitative imaging (QI) AFM scanning system in a Petri dish heater 
at 37°C in buffer solution. The optical phase contrast image is overlaid with the 
AFM height image (a), and a 3D topography image shows a scan with an area of 
25 μm2 (b). The z-range giving the height information is 3.6 μm. 

NANOMETROLOGY
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NANOMETROLOGY cont inued

feedback signal and make very rapid 
adjustments as signal changes are observed.

The QI mode is particularly useful in 
areas that demand both high resolution 
and force sensitivity such as in biology, and 
in polymer and surface science where sam-
ples have challenging physical parameters.

The only parameters that need to be 
set prior to imaging are the imaging 
force and the z-length for the acquired 
force curve per imaging pixel. Both 
parameters are intuitive and do not 
require detailed technical knowledge. 
In addition, both are measured precisely 
by ForceWatch and our capacitive sen-
sor technology. Complex determination 
of driving frequencies and voltages with 
sweeps, amplitude setting, and phase 
corrections before imaging are obsolete. 

There is no feedback loop in QI; there-
fore, no parameters will have to be set or 
optimized during imaging. Additional 
feedback loops such as phaselocked loop 
(PLL) or amplitude gain control (AGC) are 
unnecessary. This lack of feedback loops 
leads to absolutely independent imaging 
pixels, eliminating streaks caused by just 
one improper imaging point. 

Piezo motion normal to the sample 
plane (z-axis) has been carefully opti-
mized in QI in order to achieve compa-
rable imaging speeds to all other AFM 
imaging modes. This optimization in 
the z direction was required to perform 
the force curves with reliable approach 
and retract rates essential for quantita-
tive analysis, such as those required for 
indentation or adhesion applications.

Most important for the life sciences 
user, QI can be combined with all 
common optical imaging techniques 
such as high-numerical-aperture confocal 
laser scanning microscopy (CLSM) by 
using JPK’s DirectOverlay approach that 
combines AFM and optical microscopy. 
It utilizes special optical calibration and 
import routines, and displays AFM 
simultaneously with optical microscopy 
information from the sample. Interesting 
locations on the sample can be identifi ed 
with a wide variety of contrast methods, 
such as optical phase contrast, differential 

interference contrast (DIC), or variable 
relief contrast (VAREL).

In addition, the use of fl uorescence 
techniques such as epi-fluorescence, 
confocal, or total internal refl ection 
fl uorescence (TIRF) microscopy pro-
vides insight into the behavior or loca-
tion of particular molecules or species. 

Combining AFM imaging or force mea-
surements with these optical methods 
on the same spot at the same time is 
not straightforward. The optical image 
acquisition is independent from the AFM 
image recording, meaning a tip-scanning 
AFM design is critical to this application 
and underscored through the optimal 

FIGURE 2. a) A 3D topography image of living cyanobacterium measured in buffer solution 
is shown with a linescan to measure the height of the bacterium indicated. The scan size 
is 10 μm2 with a z-range of 4.8 μm, all in closed-loop. b) A cross-section of the bacterium is 
shown with a height of nearly 4 μm. 
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a)

b)

use of closed-loop imaging in the lateral 
direction (x, y) using capacitive sensors.

Quantifying diffi cult samples
During QI imaging there are no lateral 
forces applied to the sample, so imaging 
of loosely attached objects or even non-
immobilized samples (often found in life 
science applications) is now possible. The 
force-based nature of QI allows imaging 

of taller objects with more sticky surfaces 
compared to conventional AFM imaging 
modes. Side-to-side rastering of a probe 
can sometimes damage or move the sur-
face of such samples. This contrasts with 
a force-curve measurement that moves 
the probe up and down vertically, with-
out dragging through the surface.

The QI multiscan feature allows unat-
tended scanning of even centimeter-
sized surface areas. This enables much 
larger areas to be scanned (hundreds of 

microns), improving the ability to locate, 
zoom in, and study specifi c “small” fea-
tures on the nanometer scale since full 
data sets of force curves are stored for 
post-experiment processing by the user.

To give users a choice of capabilities, 
there is also a QI advanced software 
package that enables high-spatial-res-
olution quantitative measurement of 
nanoscale material properties such as 
stiffness, adhesion, dissipation, and 
more. It provides more data channels 
and features for data extraction and 
processing to analyze additional sample 
information. Depending on application, 
it is also possible to perform electrical 
conductivity or molecular recognition 
measurements from a single image. 

FIGURE 4. A topography image (a) and 
the elasticity information (b) are shown for a 
dendronized polymer after being absorbed 
onto freshly cleaved mica and measured 
under ambient conditions. The scan size was 
500 × 500 nm with a z-range of 6 nm, while 
the elasticity range was 250 MPa. (Sample 
courtesy of Prof A. Dieter Schlüter, ETH, 
Zurich, Switzerland)

FIGURE 3. A hexacontane sample is 
prepared and imaged on highly oriented 
pyrolytic graphite. The “green” image 
represents the height while the inlay is 
measuring the elasticity. The stripes 
are individual monomolecular layers of 
hexacontane and correspond to the length 
of the molecule (7.5 nm). The scan size is 5 
μm2 with the inlay being 300 × 300 nm. The 
z-height scale is 12 nm while the elasticity 
shows a range of 2.2 GPa.
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Advanced controller systems now 
allow any signal measured in an experi-
ment to be recorded and stored in parallel. 
Improvements in electronic components 
have enabled suppliers to offer a digital 
controller with extremely low noise levels; 
for example, JPK’s Vortis SPM Control 
Station uses high-speed lock-in amplifi er 
technology to provide precise amplitude 
and phase detection to enable sharper, 
more accurate, quantitative imaging.

And fi nally, all recorded data channels 
can be plotted as 3D images and—due 
to the force-spectroscopy nature of QI—
as 3D images at different positions nor-
mal to the sample surface. For instance, a 
topography map of zero-interaction force 
can be plotted to yield more details on the 
unperturbed sample surface. For example, 
in JPK’s data processing (DP) software, all 
data channels with full bandwidth at every 
imaging point are available for more fl ex-
ibility. The DP software also offers sev-
eral analysis algorithms for QI data, such 
as extracting adhesion values or providing 
Young’s modulus information.

Applications
Using a JPK NanoWizard 3 AFM, liv-
ing Chinese hamster ovary (CHO) cells 
in HEPES buffer (an organic chemical 
buffering agent) at zero imaging force 
were imaged for the fi rst time (see Fig. 1). 
These images give new insights into the 
exact cell topography because the inde-
pendence of every data point removes any 
scanning artifacts. This QI method was 
also used to image living and nonimmo-
bilized cyanobacteria, which have also 
been acquired with zero imaging force in 
buffer solution (see Fig. 2). The absence of 
forces gives the precise topography with-
out any image distortion.  

Using the advanced version of QI mode, 
the elastic moduli as well as topographi-
cal information of C60H122 hexacontane 
molecules can be determined (see Fig. 3). 
During the adsorption process of hexa-
contane onto graphite, the individual 
molecules (approximately 7.5 nm long) 
align side by side to form long strips of 
molecules. Not only can these strips be 

FIGURE 5. A living dorsal root ganglion is 
imaged in buffer, showing the differential 
interference contrast (DIC) view of the 
sample with the overlaid AFM height image 
(a). Also shown is the 3D topography image 
overlaid with adhesion data (b) and overlaid 
with the elasticity image (c). The scan 
size was 40 μm2, with a z-range of 10 μm. 
The adhesion range is 600 pN, while the 
elasticity is 100 kPa imaged in closed-loop.
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resolved, but also the difference of elastic moduli of 1.2 GPa 
between one single molecule and the end groups lining up with 
the end groups of the next row can be recorded. 

In the study of single molecules, QI allows imaging of 
isolated individual molecules such as dendronized polymer 
chains—polymers with a polystyrene backbone and dendritic 
side chains. Overlapping of single molecules as well as twisting 
is clearly resolved in topography images (see Fig. 4).

An experiment with living dorsal root ganglion cells using QI 
in conjunction with DIC showed adhesion variations on an indi-
vidual cell of several hundreds of piconewtons (see Fig. 5). This 
adhesion data is reliable due to the aforementioned optimized 
piezo motion normal to the cell surface, in this case ensuring a 
constant retract rate. Adhesion data can be plotted on top of a 
3D topographical image with the DIC image in the background 
so that the scientist can conveniently and reliably correlate the 
adhesion data with topographical or optical contrasts. 

Looking ahead, it is expected that QI will become a vital 
tool for the life-science microscopist in making rapid, quanti-
tative, and accurate nanometrology measurements. 

Heiko Haschke is head of applications and Torsten Jähnke is founder 
and chief technology offi cer of JPK Instruments AG, Bouchéstrasse 12, 
12435 Berlin, Germany; e-mail: haschke@jpk.com; www.jpk.com.
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Turbulent surveillance—or how to see 
a Kalashnikov from a safe distance
GLEB VDOVIN, MIKHAIL LOKTEV, and OLEG SOLOVIEV

Long-range surveillance has numer-
ous military, security, and navigation 
applications. One example from cur-
rent news: It is critically important to 
distinguish a Kalashnikov assault rifl e 
from a paddle in the hands of a sus-
pected pirate, when the potential dan-
ger is still far away.

At fi rst glance, the problem can be 
easily solved. Indeed, physics tells us 
that we should see a 1 mm mosquito at 
a 1 km distance with a 50 cm telescope. 
Although a bit bulky, such an optic is 
not rare even among amateur astron-
omers. However, a practical experi-
ment would disappoint: The insect 
will remain invisible for any size of the 
instrument. Moreover, quite frequently, 
a much larger object—an apple, a fi re-
arm, or a human face—will remain 
unrecognizable at a long distance.

The resolution is limited by the 
air turbulence. According to the 
Kolmogorov turbulence model, solar 
radiation is absorbed over large areas, 
creating large-scale hot air move-
ments. These movements scatter to 
some smaller-scale eddies and vor-
tices, and the process scales down 
until the temperature differences 

are fi nally equalized 
in the so-called inner 
scale of turbulence.

The refraction in air 
depends on the tem-
perature, so randomly 
changing distribution 
of the refraction index 
in the turbulence is 

optically seen as a blurry veil, prevent-
ing sharp imaging. Since most heat 
exchange happens near the ground, 
the strongest optical turbulence is 
observed in the boundary layer, just 
several meters over the ground, with 
even stronger turbulence over the areas 
that are subject to direct sunlight.

It is quite common to character-
ize imaging through turbulence with 
a single parameter, r0. This parame-
ter is defi ned by the largest aperture 
size that still provides near-diffraction 
limited imaging in the turbulent con-
ditions. In astronomy, when observa-
tion is conducted through a relatively 

thin turbulent layer from the surface 
up through the atmosphere, the usual 
value of r0 is in the range from 5 to 
50 cm. However, horizontal imaging 
on a sunny day can easily result in r0
of several millimeters, even for rela-
tively short observation distances on 
the order of 1 km.

In a typical horizontal imaging sce-
nario, both the optical aperture and the 
object size are usually much larger than 
the r0 (see Fig. 1). The light bundles emit-
ted by different object points go through 
different volumes of turbulence, result-
ing in statistically uncorrelated phase 
distortions for different object points, 
also called anisoplanatism.1 The dis-
tortions are correlated within a small 
isoplanatic angle, that has the order of 
magnitude of r0/L where L is the dis-
tance to the object, and the area of iso-
planatic imaging, with the dimension of 
~r0 called isoplanatic patch.

In the close vicinity to the aper-
ture, all ray bundles pass through the 

No single technology solves the 
problem of imaging through turbulent 
atmosphere, but combining adaptive 
optics, real-time adaptation of system 
parameters, multiplexed imaging, 
and real-time processing provides an 
approach for improving results.

FIGURE 1. When imaging through horizontal turbulence, light bundles emitted 
by different object points go through different volumes of turbulence, resulting in 
statistically uncorrelated phase distortions for different object points.

ADAPTIVE OPTICS

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=16857&adid=P31E1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo


Deformable mirror
with tip-tilt

Wavefront sensor

Imaging
sensor

ML raster

From
telescope

Telescope
(not in scale)

ADAPTIVE OPTICS cont inued

same turbulence and the wave-
front distortions introduced in 
this volume can be considered 
isoplanatic. To complicate the sit-
uation even further, not all wave-
front distortions created by the 
turbulence reach the aperture. In 
the far fi eld, the isoplanatic patch 
is not resolved by the optic, and 
the turbulence introduces geo-
metric distortions and warps in 
the otherwise sharp image.

Correcting for aberrations
Adaptive optics (AO) is the fi rst 
choice technology for correction 
of dynamic optical aberrations. 
It can be directly applied to the 
isoplanatic aberrations, intro-
duced in the optical system it-
self, and in the close vicinity to 
the aperture, where the turbu-
lence is still isoplanatic.

There are two ways to control 

the AO system: phase conjuga-
tion and optimization. Phase con-
jugation needs a bright point-like 
source for wavefront measure-
ments. In astronomy this purpose 
is served by a natural or an arti-
fi cial guidestar. Unfortunately, in 
horizontal imaging, there are very 
few scenarios when the object pro-
vides optical point-like reference to 
the observer. The problem of refer-
ence can be solved by correlation 
tracking of the chosen object fea-
ture; however, for correct sensing, 
the size of the feature should be 
smaller than the isoplanatic patch 
and the isoplanatic patch should 
be resolved by the optical system. 
This condition limits the number 
of usable scenarios.

FIGURE 2. A portable AO system 
has been designed to correct the 
turbulence on a small telescope, 
usable for horizontal imaging.
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ADAPTIVE OPTICS cont inued

As an alternative, optimization relies 
on real-time trial and error search for 
the shape of the wavefront corrector that 
maximizes the quality metrics in the 
image; for example, the image sharpness. 
Although it does not need any specifi c 
reference, the real-time optimization 
requires a very fast wavefront control to 
be coupled to a very fast registration of 
the probe images—tens of thousands of 
frames per second is not the limit. Since 
the camera frame rate is limited by its 
sensitivity and the available light, the 
applicability of real-time optimization 
is mostly restricted to some special situ-
ations with very bright sources.

If the object size is large and the turbu-
lence is strong, the weight of the isopla-
natic correctable component will be close 
to negligible, and the performance of AO 
can be found insuffi cient to justify its 
extra complexity. The AO performance 
can be improved by correcting only the 
wavefronts emitted by a single point of 
the object, realizing so-called “foveated” 
imaging (the fovea is the part of the retina 
that provides the sharpest image).

Generally speaking, foveated AO cor-
rection amplifi es the aberration and fuzzi-
ness of the remaining image outside the 
isoplanatic patch. Furthermore, the size 
of the isoplanatic patch can be smaller 
than the resolution limit of the optical 
system, making the AO correction essen-
tially useless.

In theory, the problem of a wide-fi eld 
AO can be solved by a multiconjugate (vol-
ume) corrector with the refraction index 
volumetric distribution conjugated to that 

of the atmosphere. However, at the pres-
ent time, the authors have no information 
about the existence of such a corrector. 
Even if it exists, control of volumetric phase 
represents an enormous technical problem.

System design
The optical scheme of a portable AO sys-
tem that has been designed to correct 
the turbulence on a small telescope is 
shown in Fig. 2. An achromatic mirror 
system based on a modifi ed Offner con-
fi guration re-images the telescope pupil 
to the OKO deformable mirror, specially 
designed to correct for atmospheric tur-
bulence. The mirror combines the abil-

ity to correct all Zernike 
terms up to the third or-
der, with an integrated 
tip-tilt stage to compen-
sate for image shifts.

The complete unit, 
mounted on a 10 in. 
Newton, can be oper-
ated with an integrated 
Hartmann-Shack wave-
front sensor controlled 
by the OKO FrontSurfer 
software either in the 

phase conjugation mode or in the optimi-
zation mode based on the real-time opti-
mization of the image quality (see Fig. 3).

Since the applicability of AO for wide-
fi eld correction of atmospheric turbulence 
is limited—and in some cases impossi-
ble—other methods of enhanced atmo-
spheric imaging are of a great interest. An 
alternative approach would be based on 
the computer processing of a number of 

images, obtained through uncorrelated 
turbulence realizations. The effect of tur-
bulence can be mitigated by determining 
the difference between the unchanged 
object and changing turbulence.

To achieve uncorrelated input data, the 
observation should be done through dif-
ferent realizations of the turbulent atmo-
sphere, by introducing delays between 
frames, or by splitting the pupil of the 
optical system to create multiple images 
through different turbulent paths.2 Since 
a number of images are registered simul-
taneously, the system with multiplexed 
pupil allows for real-time imaging of 
moving objects, while the single-pupil 
time-multiplexed imaging introduces 
pipeline delay and cannot deal with 
moving objects. Figure 4 shows differ-
ent implementations of the multiaper-
ture system:

The direct solution (a) is represented 
by a number of identical optical systems.

A multiplexed pupil (b) features a 
microlens raster positioned in the pupil 
image for splitting the image fi eld into a 
number of independent images obtained 
through different turbulent paths.

A plenoptic optical system (c) enables 
images through different turbulent paths 
to be obtained from the four-dimen-
sional light fi eld registered by the sensor.

In all cases, the size of the subaper-
ture should be kept comparable to r0
and follow the changing turbulence. 
This can be achieved by using zoom 
lenses in confi gurations a and c, and 
by changing the microlens arrays in the 
pupil plane for confi guration b.

FIGURE 3. Portable OKO adaptive optics attachment for 
horizontal imaging has mounted on a 10 in. telescope.

FIGURE 4. Three different confi gurations for multiaperture imaging are possible: a) a direct 
solution, represented by a number of identical optical systems; b) a multiplexed pupil, with a 
microlens raster positioned in the pupil image, for splitting the image fi eld into a number of 
independent images obtained through different turbulent paths; and c) a plenoptic optical 
system in which images through different turbulent paths can be obtained from the 4D light 
fi eld registered by the sensor.
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ADAPTIVE OPTICS
cont inued

Multiframe processing methods are 
numerous and include variants of mul-
tiframe selective image fusion3, applica-
ble to the image distortions and warps 
in the far fi eld, and deconvolution meth-
ods, applicable to the phase distortions. 
Deconvolution methods include blind 
deconvolution, deconvolution from the 
wavefront sensing, the Knox-Thompson 
method, bispectrum imaging, and varia-
tions of speckle imaging including meth-
ods based on projection on convex sets.4

Regardless of the method, the optical 
system for multiframe processing should 
meet the following conditions:

The input pupil should be in the range 
of 1 . . . 5 r0. This range provides rel-
atively high probability of obtaining a 
lucky image5, realizing optimal resolu-

FIGURE 5. USAF resolution chart observed 
at a 2 km distance is used to illustrate the 
resolution gain obtained by combining 
adaptive optics and multiplexed imaging in 
an experiment through conditions of medium 
turbulence: Raw image (a) and image 
reconstructed using multiframe processing 
based on the projections on convex sets (b).
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tion of the system including the aperture 
and the turbulence.

A number of uncorrelated images 
should be collected to mitigate the tur-
bulence effects by multiframe processing. 
Either temporal or spatial multiplexing 
can be used to obtain these images.

In practice, with a small aperture the 
observable size of the isoplanatic patch 
can be much larger than predicted by the 
theory, because by limiting the aperture 
we also limit the maximum phase differ-
ence between any two aberrations pro-
duced by different object points.

If the sensor has a fi xed pixel size, the 
system aperture and focal length should 
change adaptively in proportion with the 
turbulence scale r0.

Synthetic approach
Although stronger turbulence would re-
sult in somewhat less detailed images, 
adaptation will keep the resolution of 
the system in the quasi-optimal range 

for the present conditions. Figure 5 illus-
trates the resolution gain obtained with 
the combination of adaptive optics and 
multiplexed imaging in an experiment 
through conditions of medium turbu-
lence on a 2 km horizontal optical path.

We can conclude that no single tech-
nology solves the problem of horizontal 
imaging through atmospheric turbu-
lence. A synthetic approach combining 
adaptive optics; real-time adaptation of 
the system parameters, such as the pupil 
size and the focal length; multiplexed 
imaging; and digital real-time process-
ing solves the problem to some extent.

With this approach, signifi cant improve-
ments can be achieved in terms of a higher 
probability of obtaining a good image at 
a given moment of time, but no method 
can guarantee that a perfect image will be 
obtained at any time, especially when the 
turbulence is strong. There is considerable 
room for development and improvement 
in any of these directions. 
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Tell us what you think about this article. Send an 
e-mail to LFWFeedback@pennwell.com.
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JEFF HECHT contributing editor

Ultrafast lasers make 
ultraprecise tools

Improved technology has helped ul-
trafast lasers move beyond the labora-
tory into the worlds of industry and 
medicine, where they can perform pre-
cise and delicate operations. Their suc-
cess comes from their ability to con-
centrate light energy into an interval 
of picoseconds to femtoseconds, and 
focus that light onto a small volume of 
space. That concentration provides the 
high intensity needed to ablate material 
from the surface quickly and cleanly, 
without damaging the underlying areas.

This combination of precision and 
delicacy is invaluable for applications 
such as machining brittle materi-
als like glass or ceramics, or making 
clean holes in hard metals like tur-
bine blades. It also has earned ultra-
fast lasers a niche in medicine, both 
for fabricating delicate biomedical 
devices, such as the stents used in cor-
onary bypass surgery, and in perform-
ing sensitive medical procedures such 
as corneal surgery.

Laser-material interactions
Power intensity and pulse duration 
are key factors infl uencing how laser 
beams interact with materials. Over 

long time scales, a ma-
terial absorbs a frac-
tion of the light energy, 
converting it into heat, 
which can be conduct-
ed through the materi-
al. If the beam is pow-
erful enough, it melts 
the material, and the 

molten material conducts heat to sur-
rounding areas. Absorption, melting, 
and heat conduction dominate for time 
scales as short as nanoseconds.

Things change signifi cantly when the 
pulse energy is delivered on time scales 
shorter than about 100 ps, with the 
transition depending on the material. As 
the peak power of the pulse rises, the 
peak intensity rises sharply. For exam-
ple, microjoule pulses lasting 1 ps have 
a peak power of 1 MW and—when 
focused to a 5 μm spot, can produce 

peak intensities of about 4 × 1012 W/
cm2, enough to rip off the outer-shell 
electrons. The interactions are so fast 
that the ions are ablated from the sur-
face before they can transfer energy to 
the underlying material. Energy trans-
fer in this ablative mode depends less on 
material absorption than at lower inten-
sities, but does vary among materials 
and with laser wavelength. For example, 
ultraviolet pulses cut transparent mate-
rials like glass better than near-infrared 
pulses, which glass transmits better.

The result is sometimes called 
“cold ablation.” Although the surface 
briefl y becomes very hot, the ions are 
ablated before they can heat or dam-
age the underlying layers, as shown in 
Fig. 1. Thus picosecond or femtosec-
ond pulses can remove very thin lay-
ers from delicate or fragile materials 
without damage. Polish researchers 

By ablating small amounts of material 
at a time, picosecond and femtosecond 
lasers can cleanly machine brittle 
glasses and ceramics, as well as 
performing other delicate operations—
including surgery—without damaging 
underlying material.

FIGURE 1. Effects of nanosecond pulses and femtosecond pulses are compared. 
The nanosecond pulse at left melts surface material before ablation, transferring heat 
to adjacent areas, which alters many materials. Femtosecond pulse at right ablates 
material by multiphoton ionization, with very little heat transfer to adjacent material.

P H O T O N I C  F R O N T I E R S :  ULTRAFAST LASER PROCESSING
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ULTRAFAST LASER PROCESSING cont inued

have used 70 ps pulses with intensity just 
above the ablation threshold to remove 
transparent varnish from oil paintings, 
using optical coherence tomography to 
monitor removal.1 Picosecond lasers can 
write patterns onto the head of a match 
without igniting it, says Joyce Kilmer of 
Photonics Industries (Bohemia, NY).

In general, picosecond ablation tends 
to be faster because the pulses usually 
carry more energy, but femtosecond 
ablation tends to produce smoother, 
more precise surfaces. The actual per-
formance depends on pulse parameters, 
target material, and other considerations. 
Repetition rate is important because 
ablation blasts a plume of material into 
the path of the beam. Megahertz repeti-
tion rates may not leave enough time for 
the plume from one pulse to dissipate 
before the next one is fi red. Kilohertz 
repetition rates allow time for that mate-
rial to dissipate, so they may be more 
effective in removing material precisely.

Materials working
The cold ablation process can be used 
for a wide range of materials, including 

metals, semiconductors, glasses, crys-
tals, and ceramics. Typical thresholds 
for cold ablation range from 0.05 to 5 
J/cm2, as shown in the table for femto-
second pulses from ytterbium-fi ber and 
Ti:sapphire lasers.2

Ultrashort pulses are particularly 
attractive for cutting or machining brittle 
materials, including glass, ceramics, sili-
con, and CIGS (copper-indium-gallium 
selenide, used in thin-fi lm solar cells). 
The ablation process avoids cracks when 
drilling holes or cutting glass, producing 
sharp, clean edges and surfaces, as shown 
in Fig. 2. Thin glass plates used in liquid-
crystal displays or on cell phones can be 
cut to shape by mechanically stressing 
them along a series of cold-ablation laser-
drilled holes. Because ablation is a nonlin-
ear process with a high threshold, pulses 
that are focused so laser power exceeds 
the ablation threshold only at the center 
of the focal spot can drill holes smaller 
than the diffraction limit.

Ablation thresholds in J/cm2

for metals, semiconductors, 
and dielectrics*

Material Fiber laser Ti:sapphire

Copper 0.47 0.37

Aluminum 0.071 0.085

Titanium 0.12 0.1

Tin 0.058 0.057

Stainless steel 0.087 0.063

Indium phosphide 0.05 0.038

Gallium phosphide 0.053 0.04

Germanium 0.08 0.075

Silicon 0.12 0.1

Sapphire 1.9 1.9

Fused silica 2.9 3.6

*For 200 kHz, 350 fs pulses from a 1045 nm, Yb-fi ber 
laser (middle column) and for 1 kHz, 150 fs pulses from 
a 780 nm Ti:sapphire laser (right column). (Data from 
Reference 5)
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Process dynamics can be complex 
for thin fi lms, such as silica on silicon. 
Instead of ablating silica from the top 
down, picosecond pulses penetrate the 
transparent silica to melt the silicon, then 
evaporate enough of the melt to lift the 
thin fi lm up from the substrate, reported 
Sonja Hermann of the Institute for Solar 
Energy Research Hameln (Emmerthal, 
Germany) and colleagues. Thus the 
threshold depends on the SiO2 thickness.3

Picosecond pulses focused with high-
numerical-aperture optics can etch fea-
tures inside glass or other transparent 
materials without affecting the surface, 
because power density is much higher 
at the focus spot. For example, Benye 
Li of the Beijing Institute of Technology 
(Beijing, China) and colleagues wrote a 
long-period fi ber Bragg grating across 
the core of a singlemode fi ber with 35 
fs pulses from a Ti:sapphire laser.4 The 

grating produced 20 dB attenuation in 
the 1465–1575 nm band. By inducing 
birefringence in fused silica waveguides 
inside bulk glass, Luís Fernandes of the 
University of Toronto (Toronto, ON, 
Canada) and colleagues made 2-cm-long 
wavelength-selective directional couplers 
with extinction ratios to 24 dB. They 
wrote that the splitters “promise to open 
new directions for creating polarization-
dependent devices in three dimensional 
optical circuits.”5

Nanoparticles and nanofi bers
Ultrafast lasers also offer a new twist to 
pulsed laser deposition. Nanosecond la-
ser pulses have been standard for thin-
fi lm deposition, but they can splash 10 
μm droplets onto the fi lm. When Inam 
Mirza and James G. Lunney of Trini-
ty College Dublin (Dublin, Ireland) ex-
amined the fl ux that nanosecond pulses 
produced from silver targets, they found 
that the ion fl ux exceeded the deposition 

FIGURE 2. Ultrafast pulse micromachining of glass. a) 440 μm holes drilled in glass with 10 μJ 
pulses at 355 nm. b) 2 mm square area in Pyrex milled with 355 nm pulses. (Courtesy of Coherent)
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ULTRAFAST LASER PROCESSING cont inued

rate, indicating some self-sputtering at the surface. However, 
they found the ion fl ux produced by femtosecond pulses was 
only 1% of the deposition rate, indicating that most of the ab-
lated material formed nanoparticles.6 Other studies show that 
size of the nanoparticles produced by femtosecond pulses de-
pends on the laser fl ux, gas environment, and target materials.

Femtosecond pulses easily produce dense tangled masses 
of silica nanofi bers, report Krishnan Venkatakrishnan and 
colleagues of Ryerson University (Toronto, ON, Canada). 
Focusing a 12.4 MHz train of 214 fs pulses from a Yb fi ber 
to an intensity of 1.17 J/cm2 on silicon produced four types of 
nanofi laments. The largest were hundreds of nanometers in 
diameter and as long as 10 mm. The fi nest fi bers were tens of 
nanometers in diameter and stretched to hundreds of microns. 
However, the tangling makes study diffi cult.7

Medical applications
The ability of ultrafast pulses to cut cleanly without damag-
ing surrounding areas or forming rough edges is vital both for 
processing medical implants and for delicate surgery.

Smooth surfaces are particularly important in stents, 
expandable tubes that are inserted into clogged arteries and 
opened to restore blood fl ow. The body sometimes reacts to 
the implant by coating the stent with scar tissue, which can 

re-clog the artery. Machining stents made of various materi-
als with ultrafast lasers produces surfaces so smooth that they 
reduce the chance of scar tissue growth.

Femtosecond lasers also have become a standard tool for 
cutting fl aps in the surface of the cornea to expose the interior 
for LASIK refractive surgery. A major attraction is its ability 
to cut the fl aps more accurately than conventional surgery.

Now ophthalmologists are expanding femtosecond laser 
techniques to cataract surgery. One goal has been softening 
the hardened core of the lens that caused the cataract, so it can 
be removed easily. Another is performing the incisions needed 
to remove the lens and insert a replacement with minimal dam-
age to other parts of the eye. Three companies are developing 
femtosecond laser systems for both processes.8

Results so far are encouraging. At the American Academy 
of Ophthalmology meeting in October, William Culbertson 
of the Bascom Palmer Eye Institute at the University of Miami 
School of Medicine (Miami, FL) reported that femtosecond 
laser treatment eased the surgical requirements and reduced 
ultrasound exposure during lens removal. At the same meet-
ing, Mark Packer of the Oregon Health and Sciences University 
(Portland, Oregon) reported that the femtosecond laser surgery 
avoided the loss of critical corneal endothelial cells, which can 
be damaged in conventional cataract surgery.

Outlook
Ultrafast processing owes much to the industrialization of pico-
second and femtosecond lasers so nonspecialists can use them 
in industrial and medical environments. So far it has been most 
successful in niche applications, and cost and the rate of mate-
rial removal remain signifi cant limitations. However, the per-
formance advantages can be compelling for demanding appli-
cations, such as stents and delicate eye surgery. 
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Lasers inject new life into 
projection displays
BARRY SILVERSTEIN and ANDREW KURTZ

Ever since lasers were invented more 
than 50 years ago, cinematography 
professionals have aspired to use laser 
light sources to project images. In the 
early 1960s, visible lasers were used 
along with galvanometer scanning 
mirrors for beam steering; this type 
of setup could project cartoonlike im-
ages on a screen with motion that was 
perceived as continuous due to the per-
sistence of the human eye. These sys-
tems typically used gas lasers—often 
helium-neon, with a red 
output and less than a 
watt of optical power.

The situation improved 
during the 1970s via 
upgrades in laser powers 
to tens of watts and the 
availability of multiple 
wavelengths from bulky 
krypton and argon-
ion lasers; these lasers 
required signifi cant elec-
trical power, high-vol-
ume water cooling, and 
substantial maintenance. 
Along with these new 
high-power lasers came new laser-
safety issues, in which audiences (and, 
when used outdoors, vehicles such as 
airplanes) needed protection from the 
high-brightness beams.

Alternate scanning methods and 

laser technologies 
were developed and 
demonstrated, but the 
next major milestone 
was the development 

of the grating light valve (GLV) by 
David Bloom at Stanford University 
in the mid-1990s. The GLV (which 
was further developed at Silicon 
Light Machines) diffracts incident 
laser light on a pixel-by-pixel basis; 
the diffracted orders are then fi ltered 
to distinguish between on- and off-
state light. When a linear GLV array 
is imaged onto a screen and scanned 
in one direction, a 2D image results.

In the early 2000s, Eastman Kodak 

developed an alternative device, the 
grating electromechanical system 
(GEMS), which advantageously shifts 
the diffracted orders out of the array 
direction of the device.1 Using this 
device, a high-resolution, full-color 

imaging system including three lin-
ear pixelated modulators, an opti-
cal-parametric-oscillator (OPO) laser 
source, and a galvanometer scanner 
can project full 2D images (see Fig. 1). 
While this system provided compel-
ling demonstrations, factors including 
the high cost of the lasers, the beam-
quality requirements, laser speckle, 
and concern for laser-safety issues 
prevented commercial success.

In the meantime, the display indus-
try continued innovating, developing 
HDTV-resolution fl at-panel plasma 
and liquid-crystal displays (LCDs) 
to replace cathode-ray tubes (CRTs). 
Over time these technologies have 

matured, resulting in 
improved wall-plug effi -
ciencies, high-brightness 
LED backlighting, and 
screen sizes reaching 100 
in. diagonals.

In larger venues, fi lm 
projection remains, but is 
gradually being replaced 
by digital projectors, 
using either liquid crystal 
on silicon (LCOS) or dig-
ital micromirror device 
(DMD) spatial light mod-
ulators (SLMs) having 
Digital Cinema Initiatives 

(DCI) studio specifi cation “2K” (2048 
× 1080 pixels) or “4K” (4096 × 2160 
pixels) resolution. The modulators are 
illuminated by metal halide lamps or 
LEDs in lower-brightness noncinema 
applications and xenon lamps in large 

A combination of 2D spatial light 
modulators and effi cient solid-state 
lasers may enable the long-desired use 
of laser projection in cinemas.

FIGURE 1.
Kodak’s grating 
electromechanical 
system uses 
diffractive ribbons 
to defl ect laser light 
for pixelization.
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PROJECTION DISPLAYS cont inued

venues. These current displays are reli-
able and of high quality. So where do 
lasers fi t?

Large image, small footprint
We believe that lasers will energize the 
large-projection-display fi eld. While 
fl at-panel displays meet most needs be-
low sizes of 100 in., there are logistical 
and cost issues that gain relevance for 
display sizes larger than a 70 in. diag-
onal. Among these, the shipping, han-
dling, and installation of such large 
pieces of glass present a diffi cult, cost-
ly, and labor-intensive operation. While 
contrast ratios, panel speeds, resolution, 
and even 3D capabilities have all im-
proved substantially in fl at-panel dis-
plays, ultimately the need to provide 
a large image with a smaller footprint 
presents opportunities.

This has been, for example, the driv-
ing force in the new picoprojector cat-
egory: The ability to carry a 10–50 in. 
display in your pocket can be highly 
desirable. It can be expected that as pro-
jector size shrinks, energy effi ciency (bat-
tery longevity) increases, and cost drops, 
picoprojectors will become more widely 
used. However, projectors relying on the 
current set of illumination sources have 
hit a design wall, which provides the 
juncture for a transition to lasers.

The most important limitation facing 
the projection industry is brightness. 
Displays are rarely too bright. In the cin-
ema realm, where presentation quality 
is paramount, the environment is con-
trolled; darkness accommodates the lim-
itations of projection brightness as well 
as eliminates distractions for the viewers. 
Even in dark theaters, however, existing 
projectors tend to be too dim, according 
to many cinematographers and studio 
professionals. While conventional the-
aters typically show illumination levels 
between 11 and 14 foot lamberts (fL) in 
2D presentations, many cinema experts 
would like to see screen-luminance lev-
els exceed 100 fL.

In 3D presentation the situation is 
even worse, as many theaters struggle 

to hit 4 fL on their screens due to addi-
tional losses associated with 3D optics. 
This brightness level is a signifi cant 
problem for the industry as viewers 
struggle to see details and fuse the two 
3D images at these low levels.

The problem is that projectors with 
arc-lamp illumination are already fully 
optimized, with optics designed at the 
fastest speed possible to capture as much 
light and still deliver the required image 
resolution, contrast, and colors. At the 
same time, the arc lamps are built with 
a small arc gap to deliver a compromise 
between light output and a reasonable 
lifetime. In addition, the spatial light 
modulators are constrained to a small 
package and device size for reduced cost. 
Due to the resulting etendue and cost 
limitations, along with required qual-
ity parameters, optical-engine designers 
cannot provide more screen luminance 
without a source change.

This is true for high-end projectors 
like cinema projectors, where the optics 
are limited to f/2.4 optical systems, 

6 kW arc lamps, and costly 1.4-in.-diag-
onal spatial light modulators. It is also 
true at the low end of the projection 
scale, where picoprojector size and low 
energy requirements dictate maximum 
effi ciency at the smallest size. Therefore, 
modulators and optics need to shrink 
along with costs. The only way to do 
this is to capture more light and slow 
the system.

Lasers can do this. Lamps and LEDs 
emit in large angles (tens to hundreds 

The most important 

limitation facing the 

projection industry is 

brightness. Displays are 

rarely too bright. Even in 

dark theaters, existing 

projectors tend to be 

too dim.
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of degrees) from relatively large areas 
(>1 mm), whereas solid-state lasers emit 
in small angles from small areas. As an 
example, 3 W green lasers from Necsel 
Intellectual Property (Sunnyvale, CA) 
have roughly 0.5° divergence angles and 
0.1 mm emission diameters. This small 
source etendue allows optical designers 
to use the smallest SLMs and slow the 
optics for lower costs while providing 
optics that deliver higher contrast.

Furthermore, the narrow spectral 
bandwidths of lasers increase the projec-
tor color gamut, enabling an expanded 
color palette and better color reproduc-
tion. Most important, the projectors 
have a much higher optical effi ciency 
and ability to deliver higher brightness 
at a lower energy usage (also lower heat 
generation). Another signifi cant bonus 
of these lasers is their exceptionally 
long specifi ed lifetimes—greater than 

30,000 hours—which reduces opera-
tional costs for customers such as the-
aters and schools.

Lasers and 2D spatial 
light modulators
Rather than a modulated and scanned la-
ser beam to provide images, the optimum 
system solution appears to be a combina-
tion of 2D SLMs as the imaging device 
and lasers as the illumination source.

While some companies, such as 
MicroVision (Redmond, WA), have cre-
ated excellent picoprojectors using biax-
ial scanning galvanometers, the scanned 
laser sources have a very high bright-
ness and short pulse time that creates 
an eye-damage risk for source fl uxes 
above approximately 25 lumens. Using 
2D SLMs with comparatively low-
brightness laser light and long exposure 
times substantially decreases safety risks. 

Further, when properly combined 
with speckle-reduction techniques 
required to achieve quality images, 
the safety concern is reduced to 
something similar to that of con-
ventional white-light projectors. 
This lower risk has allowed Kodak 
to receive a variance from the FDA 
to sell such laser projectors in cin-
ema-type venues without individual 
site variances.2 In the future, it is 
likely that laws will be changed to 
further simplify regulations, which 
will make commercialization much 
more practical and simple.

Fortunately, lasers have fi nally 
reached a starting cost of lower 
than about $50 per optical watt 
in volume, with a demonstrated 
reliability that can enable this 
market to move forward quickly. 
Numerous suppliers, includ-
ing well-known laser companies 

FIGURE 2. Kodak’s laser projection 
technology prototype 3D cinema 
projector (top; inside view at bottom) 
demonstrates bright 3D, high 
contrast, and low operational costs 
to the cinema industry. (Courtesy of 
Eastman Kodak)
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such as Mitsubishi (Tokyo, Japan) and 
Nichia (Tokushima, Japan), combined 
with lamp suppliers that have moved 
into the laser technology space, such 
as Ushio (Tokyo, Japan) and Osram 
Opto Semiconductors (Regensburg, 
Germany), as well as many small 
startup companies such as EpiCrystals 
(Tampere, Finland) and CQ Laser 
Technologies (Nanjing, China), will 
offer a great selection of lasers in the 
near future. This competition will drive 
innovation, commercialization, higher 
electrical-to-optical effi ciencies, and 
cost reduction to the benefi t of projec-
tor manufacturers and consumers.

High-brightness demonstration
In early 2011, Kodak demonstrated 
an 11,000 lumen cinema-quality laser 
projector that provides exceptionally 
high-contrast 2D image quality, as well 
as designed-in bright 3D capability 
using passive glasses, which has kick-
started this transition (see Fig. 2).3 The 
projector uses twelve 3 W lasers in each 
of the red, green, and blue channels, 
whose light is then made uniform 
through individual integrating bars 
and directed to respective DLP devices 
(see Fig. 3). Each color channel has its 
own simple polarization switcher to 
provide alternating polarization states 
for the left and right viewing 3D mode. 
The optics were slowed from f/2.4 to 
f/6.0, while the conventional prism 
combiner was replaced with dichroic 
plates to improve contrast and further 
reduce costs. Speckle reduction was 
accomplished throughout the machine 

using multiple techniques strategically 
placed to keep the optical effi ciency 
high while reducing optomechanical 
complexity.

Demonstration of this prototype pro-
jector showed that higher brightness, 
effi ciency, contrast, and an equivalent 
cost structure can be achieved in com-
parison to conventional digital projec-
tors, but with built-in passive 3D and 
substantially lower operational costs. In 
2011, IMAX became the fi rst company 
to exclusively license (in the “Digital 
Cinema” market) the technology for 
its highest-quality cinemas. Notably, 
this technology is extensible into the 
home theater, education, and business 
markets, where these same benefi ts can 
enhance projected-image quality and 
provide 3D while reducing cost through 
increased energy effi ciency and longer 
light-source lifetimes. 

REFERENCES
 1. J.C. Brazas and M.W. Kowarz, “High-Resolu-

tion Laser-Projection Display System Using a 
Grating Electromechanical System (GEMS),” 
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senior research scientist at Kodak’s Corporate 
Research and Engineering, Rochester, NY.

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

FIGURE 3. The 
outputs of twelve 
Necsel lasers are 
combined in free 
space to create a 
larger, single-color 
illumination path 
for a single-color 
channel.
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Small-pore microchannel plates
forge ultrafast photomultipliers
JON HOWORTH, JAMES MILNES, and GARETH JONES

Microchannel plates enable very fast
electron amplification and are used
in premium quality photomultiplier
tubes (PMTs) for applications such
as fluorescence lifetime measure-
ments, with single-photon counting
jitter down to 30 ps. The analog pulse-
width depends upon the pore size of
the microchannel plate, and military
night vision has driven down the pore
size in an effort to improve resolution.
Using these small-pore plates has re-
sulted in faster photomultipliers that
compete directly with streak cameras
in applications as demanding as fu-
sion diagnostics. Similar tubes used
in particle accelerators have achieved
multiphoton jitter of less than 10 ps.

Over the past ten years Photek has
undertaken extensive developments in
our microchannel plate (MCP)-based
PMTs to improve and define their
speed, dynamic range, and gating
ability, making these devices critical
assets in some of the most prestigious
research facilities in the world.

Speed
The “speed” of a PMT is essentially
the spread in time of the PMT output
from a very short optical input—a

theoretical delta func-
tion that in reality
only has to be shorter
in time than the PMT
response. Given that a
PMT generates many
electrons from very
few (or even just one)

from the photocathode, the spread is
minimized by trying to make all of
the electrons arrive at the anode at the
same time.

The MCP structure provides an
ideal gain medium for this multiplica-
tion process, consisting of a thin glass
disk (typically 0.3–0.5 mm thick) full
of millions of holes known as pores.
Electrons are accelerated down these
pores, usually 6 or 10 μm in diame-
ter, and are amplified on each bounce.
The small structure of the MCP pores
means that the possible variation of
path length for each electron is very
small, so the arrival time is similar
for all—hence a very
fast response. Speed
is further improved
by making the pores

smaller and therefore restricting the
path length variation even more.
Availability of MCPs with pore diam-
eters of 3 μm has allowed Photek
engineers to narrow the analog pulse
shape of their fastest MCP-PMTs by
as much as 25% (see Fig. 1).

Pore size defines the detector rise
time or “leading edge,” while the
trailing edge and the overall analog
pulse response time is dependent on
the anode size and the quality of the
match to the output transmission line.
Anode size must be balanced between
providing enough working area and
avoiding excessive capacitance that
will slow the trailing edge. The 50 Ω
output transmission line has to be
carefully tapered to avoid any sudden
transitions that would produce ring-
ing and reflections.

Mainly through an ongoing col-
laboration with the Atomic Weapons
Establishment (AWE; Berkshire,

Thanks to military night vision advances,
small-pore microchannel plates result
in faster photomultipliers that compete
directly with streak cameras in terms
of dynamic range and time resolution in
such applications as fusion diagnostics.

FIGURE 1. Speed
of microchannel
plate photomultiplier
tubes (MCP-PMTs)
improves when
using smaller 3 μm
pores instead of
typical 6 μm pores.

PHOTOMULTIPLIER TUBES
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England) over the last 10 years,
these parameters have been opti-
mized to produce single-MCP-
PMTs with a pulse full-width
half-maximum (FWHM) as low as
100 and 130 ps for a double-MCP-
PMT, both with a 10-mm-diameter
working area. The rise times can
be as low as 60 and 75 ps, respec-
tively. The collaboration is also pro-
ducing a novel detector design that
combines the speed of small-area
MCP-PMTs with the light-captur-
ing ability of the larger models with
promising early results.

Dynamic range
The pulsed output of an MCP-PMT
in analog mode is linear from a few
microvolts to about 50 V into a 50
Ω load, so the lower end of the dy-
namic range is essentially limited by
the noise floor of the measuring elec-
tronics—usually a high-bandwidth
oscilloscope. The upper limit is due
to space-charge effects between the
MCP output and the anode.

Up until the recent developments
of high-bandwidth, real-time
oscilloscopes, there was diffi culty
in reading fast, single events. So
traveling-wave oscilloscopes were

developed by Tektronix and later
by Greenfield that had good real-
time bandwidth but also very
high voltage input ranges.

Gating ability
All MCP-PMTs can easily
be activated or deactivated
by applying a voltage pulse
between photocathode and
MCP. Commonly referred
to as “gating,” this is useful
in removing unwanted dark
counts (such as in time-resolved
single-photon counting) or
deactivating the PMT during
a large, potentially damaging
optical event when observing a
much smaller event that occurs
a short time before or after,
such as in optical light detection
and ranging (lidar) systems and
in fusion diagnostics.

The proportion of the detector
response from activated to deac-
tivated is known as the “extinc-
tion ratio” and this has been
measured at 108 for 300 nm,
rising to 1013 at 600 nm in an
MCP-PMT.1 Using Photek gat-
ing electronics, we can achieve a
transition from on to off (or vice

FIGURE 2. Gate pulse pickup in PMTs is improved by
reducing the ground loop between gate input and signal output.

FIGURE 3. A simulation shows retrieval of the down-
scattered fraction (DSF) from the main pulse in neutron time-
of-flight experiments by gating the MCP-PMT.
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PHOTOMULTIPLIER TUBES cont inued

versa) in just 3 ns on certain models with
an accuracy of 50 ps.

However, some problems with gat-
ing an MCP-PMT include: 1) The pho-
tocathode is nominally at -5 KV, so the
gate pulse must be AC-coupled; 2) the
gate pulse itself is easily picked up by the
anode; and 3) loss of stability of the PMT
response after activation.

After extensive recent developments,
we have reduced the gate pulse pickup
to just a few millivolts, even on the fast-
est gating detectors, by carefully redesign-
ing the housing to minimize ground loops
between the signal and gate pulse connec-
tions (see Fig. 2). The stability of the PMT
response after activation has also been
significantly improved by providing a low
inductance path for the gate pulse and
stabilizing the power supplied to other
components in the detector, insuring a
clean delivery for the fast gate pulse to
the photocathode with minimal ringing.

Fusion diagnostics
Laser fusion experiments are underway
at the Laboratory for Laser Energet-
ics (LLE; Rochester, NY), Laser Méga-
joule (near Bordeaux, France), and the

National Ignition Facility (NIF). The ra-
diation emitted from the tritium targets
at these facilities spans about 19 orders
of magnitude in around 2 ns, so the di-
agnostics present many challenges.

Vladimir Glebov at LLE was the first
to use a Photek double-MCP-PMT (with
a gain of 106) to cover the early stages of
the experiment, together with a single-
MCP-PMT (with a gain of 5 × 103) for
the mid ranges and a photodiode with
no gain at all to follow the final stages.
NIF is currently using small, fast Photek
PMTs with a 10-mm-diameter working
area in the Gamma Reaction History
(GRH) diagnostic, while the slower,
larger 40-mm-diameter PMTs are being
used in neutron time-of-flight (nTOF).

The application of PMT gating
becomes particularly useful for nTOF
diagnostics, where it is sometimes nec-
essary to measure a small signal of

“down-scattered” neutrons after a very
large deuterium-tritium (DT) or hard
x-ray signal, or to measure the neutron
yield after a gamma flash in fast igni-
tion experiments.2 The ability to gate
the PMT between these close-proximity
events prevents detector saturation (see
Fig. 3). Two driving pulses were injected
into an LED to simulate the main pulse
and the down-scattered fraction (DSF).
The main pulse was then removed to
show the DSF by itself, and then the

FIGURE 4. Small-pore MCP-PMTs are making their way into fusion energy studies.
(Courtesy of LLNL)
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main pulse was restored but effectively ignored by the detec-
tor by gating out that time period. This shows how gating 
provides the ability to pick out small signals very close to 
large events. The area ratio of the main pulse to the DSF 
was 1000:1.

Particle accelerator applications
Future particle physics experiments are likely to use MCP-
PMTs to improve time and spatial resolution (see Fig. 4). It is 
unlikely that higher-energy colliders will be built in the foresee-
able future, but improved detectors are planned. For example, 
at the KEK High Energy Accelerator Research Organization 
facility (Tsukuba, Japan), MCP photomultipliers have been 
chosen for the detector upgrade. 

There are problems with the operational lifetime of MCPs, 
and Hamamatsu (Hamamatsu City, Japan) has improved life 
by inserting a very thin fi lm approximately 8 nm thick between 
the photocathode and the MCP. In the US, the Large Area 
Picosecond Photo Detector (LAPPD) project aims to extend 
the operating life using completely new technology for the 
MCP. Instead of the traditional lead glass and hydrogen reduc-
tion, this project will use atomic-layer deposition to create the 
resistive and secondary electron-emitting layers.

High-energy particle accelerators often use Cherenkov radi-
ation to detect the sub-atomic particles. The Cherenkov detec-
tors generate extremely short light pulses containing many 
photons that effectively arrive at the PMT simultaneously. The 
presence of multiple photons in an event reduces the jitter of 
the time measurement even further. Experiments at Fermilab 
(Batavia, IL) have shown that the jitter of Photek MCP-PMTs 
can be as little as 7.7 ps for multiphoton events.

A key functionality required by particle accelerators is to have 
multiple parallel channels—often what is important is the detec-
tion of simultaneous multiphoton events at opposite sides of the 
collision point. Photek has collaborated with CERN (Geneva, 
Switzerland) and the University of Leicester (Leicester, England) 
to make multiple anode structures for MCP-PMTs to allow 
readout of simultaneous events and provide spatial informa-
tion. This technology uses thin fi lms printed onto a multilayer 
ceramic. An MCP-PMT with an 8 × 8 readout and an anode 
pitch of 1.6 mm (known as Hi-Content) has already been pro-
duced, and a 32 × 32 version with an anode pitch of 0.88 mm 
is about to be manufactured.   

REFERENCES
 1. Hirsch et al., Rev. Sci. Inst., 58, 12, 2339–2341 (1987).
 2. www.lle.rochester.edu/media/publications/presentations/documents/

APS09/Glebov_APS09.pdf.

Jon Howorth is director, James Milnes is R&D manager, and 
Gareth Jones is managing director at Photek, 26 Castleham Road, 
St. Leonards on Sea, East Sussex, TN38 9NS, England; e-mail: jon.
howorth@photek.co.uk; www.photek.co.uk. 
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Deep down and label-free:
Bioimaging  with photoacoustics

A nonionizing laser shoots through
the skin into tissue and cells beneath
the surface. The absorbed laser energy
turns into heat, which sets off an ul-
trasonic emission that can be captured
and converted into images. This tech-
nology, photoacoustic imaging, prom-
ises better views of mechanisms in or-
gans, cells, subcellular structures, and
even biochemicals. To make this tech-

nique widely available,
though, researchers
need commercial in-
struments, which are
on the way.

To see life in its nat-
ural state, researchers

want—as much as possible—imaging
approaches that needno stains or labels.
Photoacoustics provide this with “rich
contrast,” according to Lihong Wang,
Gene K. Beare Distinguished Professor
at Washington University in St.
Louis, and inventor of three-dimen-
sional photoacoustic microscopy (see
http://bit.
ly/h2EUI5).

The key is the wide range of biological
materials that absorb the laser energy.

“Almost anything absorbs it,” he says.
The list includes oxyhemoglobin,
deoxyhemoglobin, melanin, lipids,
DNA, RNA and more. So, as Wang
says, “Photoacoustics can image cell
nuclei in-vivo without staining.”

The same cannot be said for other
popular imaging techniques. For exam-
ple, many molecules do not fluoresce,
so they must be labeled to see them
with fluorescent microscopy. “Then,
we have to ask if the dye is safe in vivo,”
Wang points out. With photoacoustic

Laser-induced ultrasonic emission,
converted to imagery, enables deep-
tissue views of mechanisms in organs,
cells, subcellular structures, and even
biochemicals—without labels or dyes.

FIGURE 1. Photoacoustic microscopy provides
anatomical, chemical, and dynamic imaging. Using
584 nm light to image a mouse ear bearing a
xenotransplanted B16 melanoma tumor (white-
dashed box in [a]), this image reveals a principal
artery-vein pair (magenta-dashed box in [a]) that
feeds and drains the tumor region. In this image,
depth is color-coded: blue (superficial) to red (deep).
For comparison to traditional microscopy, see the
white-light photograph of the mouse ear (b), which is
shown at lower resolution. Photoacoustic technology
can also reveal melanin (c), and here the blood
vessels are invisible due to the weak absorption of
hemoglobin at the wavelength used. For examples
of dynamic imaging, see the photoacoustic images
of oxygen saturation in the principal arterial-vein pair
revealed with dual-wavelengths excitation at 584 and
594 nm (d) and flow velocity imaging of the principal
arterial-vein pair (e). The arrows show the directions of
positive and negative flow, and pulsing is even visible.
(Courtesy of L. Wang)

P H O T O N I C S  A P P L I E D :  P H O T O A C O U S T I C S
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microscopy and no labels, researchers can 
view anatomical structure and function. 

Moving into microscopy
Photoacoustic microscopy started as a 
two-dimensional approach used in indus-
try. “People used it to image the surface of 
materials—nonbiological materials, like 
metals,” says Wang. “We added time of 
arrival of the acoustic waves to get depth 
resolution. This turned 2D into 3D.”

Now, Wang and his team push the third 
dimension of photoacoustic microscopy 
even deeper into tissue. To get more depth, 
though, spatial resolution decreases, and 
vice versa. “We’ve extended the imaging 
depth from 1 mm to 7 cm,” he says. “So 
photoacoustic microscopy extends the 
depth of standard optical microscopy 
and has broken through what is called 
the optical diffusion limit for all exist-
ing optical microscopy technologies.” So 
far, 220 nm is the highest resolution that 
Wang has reached with superfi cial opti-
cal-resolution photoacoustic microscopy.

To make this technology available to 
more researchers, Wang is working with 
Microphotoacoustics in New York, which 
has licensed his patents in hopes of mak-
ing a commercial photoacoustic micro-
scope. He also mentions working with 
Olympus on a multimodality microscope 
that would include photoacoustics along 
with confocal and two-photon microscopy.

As Wang says, “We provide a tool. 
We’re willing to be the guys who serve 
the biomedical research and clinical 
communities.”

Setting up a system
So far, researchers wanting to do biologi-
cal research using photoacoustics have 
had to build their own systems. Increas-
ingly, the pieces necessary for construc-
tion of such systems are becoming avail-
able for purchase. For example, GWU 
(Erftstadt, Germany) makes tunable light 
sources useful for photoacoustics. Accord-
ing to Günter Warmbier of GWU, the com-
pany’s “most popular product is an OPO 
[optical parametric oscillator] pumped by 
a frequency-doubled Nd:YAG laser, which 

will be formally released soon.” He adds, 
“We have several pre-production units in 
the fi eld in customer labs.”

A tunable laser lets users fi nd the wave-
length that works best for the material 
at hand. Different tissues and molecules 
absorb some laser energy better than others.

Nonetheless, getting a homemade pho-
toacoustic system up and running takes 
some expertise. According to Roger J. 
Zemp, assistant professor of electrical and 
computer engineering at the University of 
Alberta and maker of his own systems, 
“It helps to have some experience in the 
fi eld. It can be fairly tricky.” The key issues 
revolve around setting up the parameters 
of the laser, focusing the light, receiving 
the acoustic signals and developing inte-
grated scanning hardware and software.

For those with the expertise to make 
their own system, the price is drop-
ping. Zemp mentions using a laser sys-
tem in the past that cost $150,000, but 
says that a microchip laser can now be 
used for optical-resolution photoacous-
tic microscopy and purchased for less 
than $10,000. He adds, “A fi ber laser 
can do a bit more, but it’s slightly more 
expensive.” Eventually, he expects to see 
a shoebox-size instrument.

Adding applications
VisualSonics (Toronto, ON, Canada) got 
into the high-frequency ultrasound mar-
ket more than a decade ago. In recent 
years, this company wanted to expand 
the applications of its Vevo systems. “We 
want to provide applications that answer 
the biological questions that researchers 
deal with on a regular basis,” says Cath-
erine Theodoropoulos, director, product 
management at VisualSonics, “and we 
want to do that in vivo and in real time 
with extremely high resolution and sensi-
tivity.” Those desires focused VisualSonics 
on photoacoustics. 

Early in 2011, VisualSonics intro-
duced the Vevo LAZR photoacoustic 
imaging system, which is its Vevo 2100 
system plus a tunable laser (670–980 
nm), which adds the photoacoustic capa-
bility. Researchers who already own a 
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PHOTOACOUSTICS cont inued

FIGURE 2. A photoacoustic imaging setup (a) that includes an Nd:YAG pump laser, plus an optical parametric oscillator (OPO) from GWU 
generated this view (b) of the abdominal blood vessels of a mouse. (Courtesy of J. Laufer, University College London)
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Vevo 2100 system can upgrade to the photoacoustic version 
with the integration of the laser unit. “The photoacoustic side 
gives researchers a tool to look at nanoparticles and agents 
in vivo and real time, and understand what they are doing,” 
Theodoropoulos says.

For now, VisualSonics aims the Vevo LAZR platform pri-
marily at cancer biology. For one thing, this instrument can be 
used to study angiogenesis and blood fl ow related to tumors 
by quantifying oxygen saturation.

Like the Vevo 2100 system, the Vevo LAZR allows imaging of 
many organs, but with some constraints. With this photoacous-
tic system, researchers can image at high-resolution to about one 
centimeter. “We will improve on that,” Theodoropoulos says. 

Beyond cancer research, the Vevo LAZR technology could also 
be used in hemodynamics, or movement and functional status of 
the blood. Theodoropoulos adds that they “are getting prelimi-
nary data in brain, embryos and muscle.”

Imaging dynamic processes
Since photoacoustic approaches can deliver 2D or even 3D images 
in real time, they might be applied to some of the deepest myster-
ies in biology. That’s exactly the goal of Daniel Razansky, head 
of the Laboratory for Experimental Biological Imaging Systems 
and deputy director of the Institute for Biological and Medical 
Imaging at the Technical University of Munich and Helmholtz 
Center Munich in Germany. He is working on photoacoustic 
systems that will image dynamic processes, such as deep brain 
activity or real-time uptake of molecular agents.

He says, “My lab is designing and building this system 
all the way from instrument development, signal processing, 
and algorithmic research to validation in small animal stud-
ies and, potentially, clinical trials.” 

Razansky uses multispectral optoacoustic tomography 
(MSOT) to add molecular contrast materials—like dyes, pro-
teins, and nanoparticles—in order to expand to even more 
molecular and functional imaging applications. “Maybe,” 
he says, “we’ll be able to image early molecular indica-
tions related to diseases, such as cancer, atherosclerosis, and 
Alzheimer’s, or monitor effi cacy of therapies and drugs in 
living tissues.”

As Razansky’s team expands its uses of photoacoustics, he 
also helps with the creation of commercial products. In 2010, 
one such product—the MSOT PCS-2 small animal scanner—
was commercially launched by Munich-based iThera Medical. 

As the basic research continues and more commercial prod-
ucts become available, we will be amazed by what we will soon 
see, thanks to laser-induced sound.  

Mike May writes about instrumentation design and application for 
BioOptics World, and earned his PhD in neurobiology and behavior 
from Cornell University; e-mail: mike@techtyper.com. This article fi rst 
appeared in the March/April 2011 issue of BioOptics World.

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=16857&adid=P55E1
http://www.qmags.com/clickthrough.asp?url=www.newport.com/gratings-5&id=16857&adid=P55A1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo


DFB laser diode
λ = 1553 nm

Pre-amp

SMF

Mechanical
splice

ZBLAN

Cladding pumped
fiber amplifier

Bandpass
filter

Isolator

Modulation
Instability (MI)

initiated
pulse break-up

SC generation
(Nonlinear optical

broadening)

Pulse
electronics

March 2012  www.laserfocusworld.com  Laser Focus World56

All-fiber designs extend supercontinuum
sources into the mid-IR region
MOHAMMED N. ISLAM

Supercontinuum lasers combine the
broadband attributes of lamps with
the spatial coherence and high bright-
ness of lasers. By exploiting a mod-
ulational instability initiated super-
continuum (SC) mechanism, an
all-fiber-integrated SC laser with no
moving parts can be built using com-
mercial-off-the-shelf components.

Our team at the University of
Michigan has developed and commer-
cialized through Omni Sciences (both
in Ann Arbor, MI) a mid-infrared SC
laser (MISCL) that spans the 0.8–
4.5 μm wavelength range. One version
of this MISCL is based on an erbium/
ytterbium power amplifier, while a
second version is based on a thulium-
doped power amplifier. The fiber laser
architecture is a platform where SC in
the visible, near-infrared (near-IR), or
mid-IR can be generated by appropri-
ate selectionof the amplifier technology
and the SC generation fiber.

The bandwidth of the SC laser is
broad like a lamp, while the spa-
tial coherence and high intensity
or brightness of the output is like
a laser, leading some to call the

SC laser “the ulti-
mate white light.”1

But until now, SC
lasers were used pri-
marily in laboratory
settings since typi-
cally large, tabletop,
mode locked lasers
were used to pump
nonlinear media such

as optical fibers to generate SC light.
But now, those large pump lasers are
being replaced with diode lasers and
fiber amplifiers that gained maturity
in the telecommunications industry.

By exploiting the natural physics
of optical fiber, our group has made
three major breakthroughs in SC lasers.
First, we have extended the wavelength
into the mid-IR region, ranging from
approximately 0.8 μm near the edge
of the visible spectrum, through the
near-IR region from roughly 1–2 μm,
andreaching mostof the mid-IR region
from approximately 2–4.5 μm. Second,
we have eliminated the need for a bulky

modelocked laser using telecommuni-
cations components. And finally, we
can scale the power to 10 W or higher
simply by increasing the repetition rate
and using a high-power fiber amplifier,
enabling practical commercial appli-
cations in defense, homeland security,
metrology, and healthcare.

Modulational instability-
initiated SC generation
Our all-fiber-integrated, high-powered
MISCL light source is elegant for its
simplicity (see Fig. 1). We start with a
distributed feedback (DFB) laser diode
witha wavelengthnear 1550 nm whose
approximately 0.5–2.0 ns pulsed
output is amplified in a multiple-stage
fiber amplifier. The first stage pre-
amplifier is a standard erbium-doped
fiber amplifier (EDFA) designed for
optimal noise performance. Between
amplifier stages, bandpass filters block
amplified spontaneous emission and
isolators prevent spurious reflections.
The power amplifier stage uses a

A supercontinuum laser based on an
erbium/ytterbium power amplifier emits
over approximately 0.8–4.2 μm, while
a second version based on a thulium-
doped power amplifier covers the 1.9–
4.5 μm region, making these sources
important for applications in defense,
homeland security, and healthcare.

FIGURE 1. The simple architecture is shown for a mid-infrared supercontinuum
laser (MISCL) using modulational instability initiated SC generation.
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cladding-pumped fiber amplifier that
is optimized to minimize nonlinear
distortion. This pump-laser configuration
is a common and standard telecomdesign.

The SC generation occurs in the rela-
tively short lengths of fiber that follow
the pump laser. One or two meters of
standard singlemode fi ber (SMF) after
the power amplifier stage are followed
by several meters of SC generation fiber.
In the SMF, the peak power may be sev-
eral kilowatts and the pump light falls
in the anomalous group-velocity dis-
persion regime—often called the soli-
ton regime. For high peak powers in
the dispersion regime, the nanosecond
pulses are unstable due to a phenome-
non known as modulational instability,
which is basically parametric amplifica-
tion in which the fiber nonlinearity helps
to phase match the pulses.2 As a con-
sequence, the nanosecond pump pulses
are broken into many shorter pulses as
the modulational instability tries to form FIGURE 2. The spectral output is shown for a Gen I MISCL with erbium/ytterbium power amplifier.
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soliton pulses from the quasi-continuous-wave background.
Although the DFB laser diode and amplifi cation process starts 

with nanosecond-long pulses, modulational instability in the short 
length of SMF fi ber forms approximately 0.5 ps to several-pico-
second-long pulses with high intensity. Thus, the few meters of 
SMF fi ber results in an output similar to that produced by mode-
locked lasers, except in a much simpler and cost-effective manner.  

The short pulses created through modulational instability 
are then coupled into a nonlinear fi ber for SC generation. The 
nonlinear mechanisms leading to broadband SC include four-
wave mixing or self-phase modulation along with the optical 
Raman effect.3 Since the Raman effect is self-phase-matched 
and shifts light to longer wavelengths by emission of optical 
phonons, the SC spreads to longer wavelengths very effi ciently. 
The short-wavelength edge arises from four-wave mixing, and 
often the short wavelength edge is limited by increasing group-
velocity dispersion in the fi ber. In our experience, of the par-
ticular fi ber used for suffi cient peak power and SC fi ber length, 
the SC generation process will fi ll the long-wavelength edge up 
to the transmission window.

Mature fi ber amplifi ers for the power amplifi er stage include 
Yb-doped fi bers (1060 nm), Er/Yb-doped fi bers (1550 nm), 
or Th-doped fi bers (2000 nm). Other candidates for SC fi ber 
include fused silica fi bers (for generating SC between 0.8 and 
2.7 μm), mid-IR fi bers such as fl uorides, chalcogenides, or tel-
lurites (for generating SC out to 4.5 μm or longer), photonic 
crystal fi bers (for generating SC between 0.4 and 1.7 μm), or 
combinations of these fi bers. By selecting the appropriate fi ber-
amplifi er doping and nonlinear fi ber, SC can be generated in 
the visible, near-IR, or mid-IR wavelength region.

MISCL performance
Our Gen I MISCL uses an Er/Yb-doped fi ber amplifi er for 
the power amplifi er and a ZBLAN fl uoride fi ber for 3.9 W 
average-output-power SC generation (with a 50% duty cy-
cle modulation) from approximately 0.8–4.3 μm (see Fig. 2). 
Because the broadband spectrum emerges at the output of a 
singlemode fi ber, the entire spectrum emerges in a spatially 
coherent, nearly transform-limited beam that can propagate 
for long distances. For example, beam propagation for a Gen I 
MISCL over the wavelength range from 2.5–3.5 μm is within 
20% of a transform-limited Gaussian beam (M2 <1.2).

In a second-generation MISCL (Gen II), the power ampli-
fi er is a Th-doped fi ber amplifi er and the SC generation fi ber 
is again a ZBLAN fl uoride type. The Gen II MISCL oper-
ates continuously from about 1.9–4.5 μm at a total average 
power of 2.6 W, with an approximate 0.7 W time-averaged 
power in wavelengths beyond 3.8 μm—again with a 50% 
duty cycle modulation (see Fig. 3).4 The Th amplifi er spectral 
range begins closer to 1.9 μm, but the long-wavelength edge 
extends about 270 nm beyond the Gen I system.

The MISCL output power can be varied by changing the system 
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repetition rate. In the Gen II MISCL we
varied the system repetition rate between
125 and 500 kHz and were able to change
themid-IR outputpower between 0.4and
1.6 W, respectively, with a very similar out-
put spectrum.

MISCL applications
In defense and homeland security applica-
tions, the MISCL spectrum emulates the
blackbody radiation of hot objects and
overlaps with the vibrational and rota-
tional resonances in many solids. For ex-
ample, most heat-seeking missiles target
the heat of the engine, which has a spec-
trum from roughly 1.5–5 μm, allowing
the MISCL to be used as a light source in
directed IR countermeasure (IRCM) sys-
tems that, unlike most other lasers, can-
not be defeated by using filters.5

Many solids, including explosives and
firearms, have distinct spectra over the
near- and mid-IR wavelength ranges,

allowing the MISCLto be used in spectral
fingerprinting to examine the pattern of
spectral lines—rather than only one or

FIGURE 3. Spectral output shifts to longer
wavelengths for a Gen II MISCL with a
thulium-doped power amplifier.
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two lines—for standoff detection of solid targets with diffuse 
refl ection spectroscopy.6

The MISCL’s broadband spectrum is also advantageous 
in metrology applications. Broad spectral width permits pre-
cise depth spatial resolution, and the spectral dependence of 
refl ected light can be used for measuring properties of a surface 
such as surface roughness. We have used a visible SC laser to 
obtain 3D images of solder balls on a semiconductor die with 
125 nm axial and 15 μm lateral resolution.7 For a different 
application, a near-IR MISCL performed high-accuracy, non-
contact roughness measurements of fl at and curved machined 
parts in automotive powertrain systems over the industrially 
relevant range of 0.05–0.35 μm.8

For medical diagnostics and therapeutics in healthcare appli-
cations, the carbon-hydrogen bonds that are the main building 
blocks of lipids (fat, cholesterol, fatty acids) have their fundamen-
tal vibrational and rotational bonds between 3.3 and 3.6 μm, 
which fall nicely within the MISCL wavelength range, allowing 
it to be used as a source for absorption spectroscopy of the con-
stituents of normal artery and atherosclerotic plaque, including 
adipose tissue, macrophages, and foam cells.9 By using a MISCL 
in the carbon-hydrogen fatty acid and cholesterol esters absorp-
tion wavelength, we can demonstrate differential damage of lipid-
rich adipose tissue without damaging the protein-rich blood vessel 
wall. Given the widespread healthcare problems with obesity 
and cardiovascular disease, there are bound to be many further 
healthcare applications arising in the future.

The simple MISCL design produces broadband output in a 
nearly transform-limited, spatially coherent output beam that 
lends itself to novel applications now and in the future. As tele-
com components and pump laser diodes scale up in power, so too 
will the output from SC lasers—scaling up to 10 W and more.   
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Air-core microstructured fibers provide
low-loss, broadband terahertz guidance
JESSIENTA ANTHONY, RAINER LEONHARDT, SERGIO LEON-SAVAL, and ALEXANDER ARGYROS

Guiding terahertz radiation in wave-
guides continues to be one of the most
engaging research areas in terahertz
science. The lack of highly transpar-
ent materials in the terahertz band
motivates the search for desirable
waveguides that not only offer loss-
less terahertz propagation, but also
low dispersion and highly flexible
terahertz waveguiding. Convention-
al waveguides such as terahertz fibers
made of sapphire and polymer tubes,
as well as metallic-based wires and
plates, have been intensely investigat-
ed over the years.1

In contrast, a new class of terahertz
waveguides draws on the knowledge
and the technology of photonic-crystal
fibers (PCFs) developed for the visible

to mid-IR spectral
regions for use in the
terahertz frequency
range.2 Of particular
interest are hollow-
core PCFs that allow

light guidance in the air core, providing
a promising platform for lossless
transmission with very low dispersion.
We recently demonstrated terahertz
guidance in air-core “kagome” poly-
methylmethacrylate (PMMA) PCFs
with measured propagation losses
reduced by 20 times compared to the
material losses, and also achieved low
dispersion over a broad transmission
region.3 (“Kagome” refers to the
pattern used in the PCF, which looks
similar to a trihexagonal tiling.)

The kagome fiber that we investi-
gated is drawn from a preform that is
made by stacking PMMA tubes in a
triangular lattice with the core formed
by removing seven tubes from the stack
(see Fig. 1). The drawn fibers have core

diameters of 1.6 mm (Kagome-1) and
2.2 mm (Kagome-2), with outer diam-
eters of 5 mm and 6.8 mm, respectively.

Standard measurement techniques
employing a terahertz time-domain
spectroscopy setup are used to evalu-
ate these fiber samples. In this setup,
light pulses with an 800 nm wave-
length and a pulse duration of 80 fs
from a Ti:sapphire laser are split into
two arms: a pump beam that impinges
on a surface emitter and generates
terahertz pulses via optical rectifi-
cation, and a probe beam that opti-
cally gates a photoconductive antenna
detector. This detector directly maps
the terahertz electric field that arrives
at the antenna as a function of the
delay time between the pump and the
probe beams. For good mode match-
ing and thus high coupling efficiencies,
we incorporated specially designed
symmetric-pass terahertz lenses with
a focal length of 75 mm and a numeri-
cal aperture of 0.33.4

Kagome air-core microstructured polymer
fibers are a new class of broadband
terahertz waveguides with low loss and
low dispersion characteristics.

FIGURE 1. A micrograph of a
Kagome PMMA fiber shows its
lattice structure and hollow core
(a). The terahertz-TDS setup (b)
used to characterize the fiber
section (magenta color) includes
an acousto-optic modulator
(AOM), two off-axis parabolic
metal mirrors (OAPMs), a 
photoconductive antenna (PCA),
and a symmetric-pass (S-P) lens.
(Courtesy of J. Anthony)
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MICROSTRUCTURED FIBERS cont inued

Performance of terahertz
kagome fi bers
The underlying guiding mechanism of
the kagome fibers does not rely on a
photonic bandgap (an absence of pho-
tonic states in the cladding structure) to
confine light in the core, but relies on
an inhibited coupling mechanism in-
stead, in which there is a reduced inter-
action between the core-guided modes
and the cladding modes.5, 6 The latter
modes originate from the modes that
are supported by the dielectric struts in
the cladding. Strong power coupling be-
tween the modes occurs when they are at
resonance. At nonresonant frequencies,
however, the minimized physical over-
lap between the core and the cladding
modes allow the core mode to remain
propagating with low leakage (low loss).

By computing and comparing the
Fourier transforms of the temporal sig-
nals with and without the fibers, we can
extract the attenuation coefficient and
the phase index of the guided mode in
the fibers. Power-attenuation coefficients
for the fibers, averaged over several
lengths, can be seen in Fig. 2. The spec-
tra show distinct loss peaks at certain
frequencies, which we have identified as
the resonant frequency (highlighted as
a gray area in the figures) of the clad-
ding mode.

Experimentally, at the resonant fre-

quency we observed that the funda-
mental mode leaks into the cladding
regions without vanishing. In the trans-
mission windows, we found loss coef-
ficients of about 1 cm-1 (4.3 dB cm-1)
between 0.75 and 1.1 THz for Kagome-1
and less than 0.6 cm-1 (2.6 dB cm-1) in

the 0.65–1.0 THz range for Kagome-2.
The agreement with simulation results
calculated using a finite-difference fre-
quency-domain method is exceptional
for Kagome-1 and still quite good for
the Kagome-2 data. From these mea-
surements, we estimate coupling effi-
ciencies as high as 60% can be achieved
with our lenses.

Lower losses in larger fiber
Comparing the data of the two fibers,
the 38% lower losses achieved by the
Kagome-2 are due to the larger core size
of the fiber. The extent of the spatial
overlap of the modes in the larger-core
fiber is diminished due to the greater
distance of the cladding walls from
the center of the mode in the core. The
core is sufficiently large to make the
material absorption negligible, which
also eliminates the need for using
lower-loss materials. This is supported
by simulations of an identical structure
to Kagome-2, where we reduced the

FIGURE 2. Kagome-1 and Kagome-2 loss spectra, respectively, are depicted (a, b). The
highlighted gray areas are the regions where high losses occur at resonance, expected
from the simulations. The light-cyan regions correspond to low signal-to-noise ratio in the
experiments. The discrepancies shown between the experimental data and the simulation
results are the consequences of surface roughness, as well as small imperfections of the
fiber cross-section along the lengths of the fiber (variations in strut thickness affect the
position of the loss peaks).

FIGURE 3. Mode-phase refractive indices (a, b) and group-velocity dispersion parameters
(c, d) of the kagome fibers. Highlighted gray areas are regions where high losses occur at
resonance, expected from the simulations. Light-cyan regions correspond to low signal-to-
noise ratio in the experiments.
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fi ber material losses by 60 times in comparison to that of the 
PMMA, yet the loss fi gure obtained from this simulation was 
approximately the same as for the PMMA fi ber.

Figure 3 shows the phase index of the fi ber modes calcu-
lated from the extracted phase details and adjusted for the 2π 
phase ambiguity. In the resonance regimes (highlighted gray 
areas) we see that the rapid changes in the phase index of the 
modes do not originate from the noise of the data, but are the 
signatures of the limit of the phase mismatch or the avoided 
crossing between the core and the cladding modes. Outside 
the high-loss regions, the core mode propagates with an effec-
tive phase index close to that of air, showing good agreement 
with the simulation results.

For broadband pulse systems, it is important to evaluate 
the group-velocity dispersion (GVD) of the pulses propa-
gating through the kagome fi bers. The GVD parameter is 
the measure of the pulse spreading over the distance trav-
eled and is analytically expressed as ∂2β/∂ω2, where β is 
the propagation constant related to nω/c (n is the effective 
mode phase refractive index; ω is the angular frequency; 
and c is the speed of light).

As shown in Fig. 3, the GVD parameter evaluated from 
the experiments conforms to the pattern exhibited by the 
GVD values obtained from simulations in the range where 
the signal-to-noise ratio is large. The larger fl uctuations in 
the data points, especially at higher frequencies, are caused 
by the amplifi cation of the noise as a result of differentiating 
the function of the phase index twice. Overall, both of the 
kagome fi ber GVD simulation results show they can achieve 
very low dispersion over a wide spectral band, comparable 
to what can be achieved, for instance, in a solid-core PCF.7

These low-loss, low-dispersion kagome terahertz fi bers may 
fi nd niches not only in broadband terahertz guidance, but 
also in terahertz-sensitive sensing of thin fi lms deposited in 
the fi ber structure and studies of terahertz light-matter inter-
action with gases and plasmas inside the fi ber core. 

REFERENCES
 1. K. Wang and D. M. Mittleman, Nature, 432, 7015, 376 (2004).
 2. P. Russell, Science, 299, 5605, 358 (2003).
 3. J. Anthony et al., Opt. Exp., 19, 19, 18470 (2011).
 4. Y. H. Lo and R. Leonhardt, Opt. Exp., 16, 20, 5991 (2008).
 5. F. Couny et al., Science, 318, 5853, 1118 (2007). 
 6. A. Argyros et al., Opt. Exp., 15, 12, 7713 (2007).
 7. J. Anthony et al., JOSA B, 28, 5, 1013 (2011).
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Tell us what you think about this article. Send an e-mail to LFWFeedback@
pennwell.com.
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Laser workstation
The Modular Processing System (MPS) is a workstation 

for automated laser material processing, including weld-

ing, cutting, drilling, 

and structuring applica-

tions. The all-in-one 

system integrates laser 

sources, motion mod-

ules, and control units 

within a single compact 

housing. Four models 

range from a single 

z-axis to a granite setup featuring a cross-table with 

linear servo-driven axes and ±1 μm repeat accuracy. 

Rofi n-Baasel

Northants, England

sales@rofi n-baasel.co.uk

Online optical size-fi nder tool
A new size-fi nder tool streamlines the selection, 

specifi cation, and procurement of glycol-modifi ed 

polyethylene terephthalate (PET-G) containers for 

high-value optical components. Complete with an 

instructional video, the 

three-step size-fi nder 

allows customers to 

locate the best container 

for their round optics 

quickly and easily online. 

Safe-Guard

Graton, CA

www.opticspackaging.

com

Raman microscope
Enhancements to the Nomadic Raman micro-

scope allow selection of 532, 785, or 1064 nm, or 

custom excitation wavelengths. The system features 

high-throughput volume phase gratings, optimized 

detector cooling, an integrated research-grade confocal 

microscope, a dispersive design with no moving parts, 

and complete software for data and image analysis.

BaySpec, San Jose, CA

info@bayspec.com

EMCCD camera
The EM N2 back-illuminated EMCCD features back-

ground noise below 0.001 electron/pixel/frame and an 

electron-multiplying gain peaking at 5000. It is used 

for molecular imaging, in vivo and in actio microscopy 

with biomarkers and fl uorophores, quantitative confocal 

microscopy, and Raman imaging. Three standard models 

vary in frame size: 128 × 128 (>500 frames/s), 512 × 512 

(>30 frames/s), and 1024 × 1024 (>8 frames/s). 

Nüvü Camēras

Montréal, QC, Canada

info@nuvucameras.com
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*Inquire

NEW PRODUCT!

MID-IR ISOLATORS
4 μm to>14 μm

• 5 mm aperture
• Tunable
• Transmittance*
• Isolation* 
• Low and High power models
• Request Catalog

62 Depot St., Verona, NJ 07044
ph: 973-857-8380 / fx: 973-857-8381
www.innpho.com / info@innpho.com

Argyle International Inc.

254 Wall Street, Princeton, NJ  08540

Tel: 609-924-9484  Fax: 609-924-2679

www.ArgyleOptics.com

Since 1993

Top Quality

Prototype to

Production

Quick Delivery  

Great Prices

When you say ‘Jump’, we 

take it very, very seriously

ISO9001 Certifi ed

ARGYLE
The American Corporation with 

its own factory in China

Light Pipes
Lenses
Prisms 
Windows  
Mirrors
IR-VIS-UV
Assemblies
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Ultrafast amplifi er
The Spirit compact industrial-grade 
ultrafast amplifi er features an average 
power of >4 W and fully automated 
adjustability over repetition rates from 
50 kHz to 1 MHz.  It delivers ultrashort 

400 fs pulsewidths with energy of 20 
μJ per pulse and diffraction-limited 
TEM00 mode. It is designed for micro-
machining of medical devices and other 
materials, nanostructuring, pump-
probe experiments, and selected time-
resolved science applications.
Spectra-Physics
Santa Clara, CA
www.newport.com/spectra-physics

Optical spectrum analyzer
WDM-aware testing capabilities have 
been added to FTB-5240S/B-P optical 
spectrum analyzers. They offer the i-in-
band mode—intelligent setups, opti-

mized on a per-channel basis. The ana-
lyzer provides test results with built-in 
referencing in WDM mode, as well as 
troubleshooting and analysis. Remote 
operation and control is suited for 24/7 
testing and lab simulations.
EXFO
Quebec City, QC, Canada
marie-anne.grondin@exfo.com

Benchtop laser sources
The LS-1 and LS-2 volume Bragg grat-
ing (VBG) stabilized benchtop mod-
ules feature a single- and a dual-laser 
source, respectively. Both include 
integrated drive circuitry and software 
for integration with existing labora-
tory instruments. The LS-2 features 
two closely spaced dual-laser sources, 
useful for analysis and identifi cation 
of fl uorescent substances using shifted 
excitation Raman differential spectros-
copy (SERDS).
PD-LD
Pennington, NJ
www.pd-ld.com

SWIR detector
The XFPA-1.7-640-LN2 is a liquid 
nitrogen-(LN2) cooled SWIR detector. 
It was developed for R&D spectroscopy 
and photon emission in the semicon-

ductor failure analysis industry, high-
resolution spectroscopy, and low-light-
level SWIR and VIS/NIR imaging. It has 
a resolution of 640 × 512 pixels with a 
pixel pitch of 20 μm, noise <20 e-, and 
dark current of <5 e-/s per pixel.
Xenics
Leuven, Belgium
www.xenics.com

Fiber laser
The 1.0 μm wavelength Mentad fi ber 
laser has pulse energy up to 50 μJ, 
pulsewidths from 500 ps to 1.25 μs, 
and repetition rates from 5 kHz to 2 
MHz, in a 4.25 × 2.7 × 0.8 in. footprint. 
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New products

A 1.5 μm version 
produces 100 μJ of pulse 
energy. Uses include lidar, 
rangefi nding, telemetry, 
target ID, 3D and 
topography scanning, 
and weather detection.
RPMC Lasers
O’Fallon, MO
Derek@rpmclasers.com

Single-photon counting module
The SPD_AT is a near-infrared (NIR; 900–1700 nm) 
single-photon counter with a 50 ps timing correlation 
feature. The module includes a Geiger-mode InGaAs 

avalanche photodiode and thermoelectric coolers for 
detection effi ciency up to 25%, a dark count rate <5.10-6

per ns gate, and a timing jitter <180 ps.
Aurea Technology
Besançon, France
jerome.prieur@aureatechnology.com

Piezo z-stage system
The NZ400 NanoScan 
piezo stage system is 
suited for researchers pro-
ducing rapid z-sections 
and live-cell 3D images of 
specimens grown in well 
plates, large Petri dishes, 
or mounted to glass slides. 
With 50 frame/s (typical) speed, the system offers 400 μm 
of travel, 2.5 nm repeatability, and closed-loop control utiliz-
ing a sub-angstrom resolution piezo-resistive sensor.  
Prior Scientifi c
Rockland, MA
jcommesso@prior.com

Galvanometer
The 6250H, part of the CTI 62xxH Product line of moving 
magnet galvanometers, is optimized for 30–50 mm 
apertures. It integrates the company’s 62xxH actuator and 
position detector technologies. Designed for large aperture 
scanning, applications include remote welding, cutting, and 
converting, as well as PV processing.
Cambridge Technology
Lexington, MA
davidf@camtech.com

Fiber-optic Raman probes
A new line of compact fi ber-optic Raman probes features 
high-collection-effi ciency f/2 optics, internal fi ltering, an 
approximately 4 mm working distance, and a rugged assem-
bly with no moving parts. The probes are packaged in a 
4-mm-diameter steel tube, and allow near-real-time data 
collection from solid and liquid samples.
FiberTech Optica
Kitchener, ON, Canada
jeffdup@fto.ca

IR-LEDs
The OD-850W GaAlAs LED features a wide emission angle 
for coverage over a large area and optical output of 40 mW 
(typical), with peak emission at 850 nm. Its wavelength is 
closely matched to the peak response of phototransistors and 

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=16857&adid=P66E1
http://www.qmags.com/clickthrough.asp?url=www.optojena.de&id=16857&adid=P66A1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
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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 (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 type surface mount packaging
• High temperature operation to 950C
• Excellent wavelength stability 
(<0.07nm/0C) 

• Speckle-free illumination-see below 
• 780, 795, 808, 976, 1064nm devices
• Custom wavelengths (780~1100nm)

4kW-side 
pumping 
module

Speckle Free Illumination

www.princetonoptronics.com
sales@princetonoptronics.com

(609) 584-9696 ext. 107
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New products

opto-integrated circuits (ICs), for indus-
trial control applications such as photo-
electric controls and optical encoders.
Opto Diode
Newbury Park, CA
russdahl@optodiode.com

NIR InGaAs camera
The PIoNIR:640 scientifi c-grade camera 
utilizes a 640 × 512 pixel indium gallium 
arsenide (InGaAs) focal-plane array with 
thermoelectric cooling down to -90°C. 
It is specifi cally designed for use in low-

light NIR or SWIR imaging and spectros-
copy applications that require high sen-
sitivity from 0.9 to 1.7 μm. Applications 
range from nanotube fl uorescence 
imaging to photovoltaic (PV) inspection.
Princeton Instruments
Trenton, NJ
www.princetoninstruments.com

3-D image 
stabilization system
The Nano-Cyte LC is an image-based, 
platform-independent stabilization 
system for live-cell imaging. It offers 
3D long-term stability in the nanome-
ter range and has an integrated suite 
of high-precision motion control with 
automated active stabilization software. 
Designed to overcome temperature gra-
dients and microscope drift, it interfaces 
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with external hardware such as EMCCD 
cameras, light sources, and shutters.
Mad City Labs
Madison, WI
jenice@madcitylabs.com

SWIR bandpass fi lters
Customized bandpass fi lters for the 
SWIR spectral region incorporate a 
unique self-blocking fi lter design. They 
combine a wide blocking range and 
high pass-band transmittance in a 
single all-dielectric interference coating. 
Manufactured with in situ monitored 
plasma-assisted sputter and evapora-
tion processes, they show stability in 
terrestrial and space environments at 
temperatures from -100 to +300°C. 
Optics Balzers
Balzers, Liechtenstein
doris.bruelisauer@opticsbalzers.com

Benchtop enclosure
The streamlined metallic CDRH Class 1 
workstation (25 × 23.5 × 30.5 in.) fi ts a 
standard workbench or table. The bal-
anced, U-shaped, vertical movement 
door supports loading and unloading 
of parts. The 22 × 22 × 14 in. mark-
ing chamber has an embedded light. 
Safety features include a rubber door 
seal, sensors and anti-trap systems, an 

IR L6 viewing window, and emergency 
stop on the remote control.
Technifor
Charlotte, NC
sales-usa@usa.technifor.com

Low-noise amplifi er
The new High Intercept Low Noise 
Amplifi er (HILNA HF) covers the fre-
quency range of 2 to 50 MHz, offer-
ing 30 dB of gain with adjustable 
Automatic Gain Control (AGC). This 
low noise amplifi er has a miniature 
form factor of 9 in.3, suitable for 
system integration where footprint and 
high gain are determining factors. The 
amplifi ers are designed for use in radio 
frequency (RF) systems.
NuWaves Engineering
Middletown, OH
www.nuwaves-ltd.com 

Zero Backlash Differential Screws
With half an inch of lockable coarse travel and 0.030 inch 
of fi ne travel, Siskiyou’s 100TPI-0.5d differential adjustment 
screws are the 
longest fi ne travel 
devices available 
in the industry. And 
with Siskiyou’s 
superior thread 
surface fi nishes 
these adjustment 
screws provide 
essentially zero-
backlash in mission 
critical applications. 
Our differential 
adjustment screws 
are fi tted with a socket hex drive, fi ne travel actuator, and 
a cross-drilled, coarse travel, capstan actuator that allows 
adjustment from above in tight fi tting spaces. The non-
infl uencing, solid brass, split-collar coarse travel lock is 
integrated right into the mounting collar. For ultra-precision 
and fl exible adjustment accessibility, dial Siskiyou!

Get the full details at www.siskiyou.com / 877-313-6418

High power 14XXnm and 15XXnm 
multi-chip laser diode module

SemiNex offers up to 25 watts CW optical power from a 
375μm fi ber bundled package. Standard wavelengths include 
1450nm, 1470nm, 1532nm and 1550nm. Custom wavelengths 
possible between 1300nm and 1700nm to meet customers’ 
performance specifi cations. High slope effi ciency of 50% W/A 
allows for lower input power and cooling system requirements. 
Features custom packaging and high dynamic power 
range. Optional monitor photodiode and red aiming beam 
available upon request. Check out our website for complete 
specifi cations as well as details on our other products, or call 
to discuss your specifi c application.

(978) 278-3550 • Info@SemiNex.com • www.SemiNex.com
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2-inch Suprema® Optical Mount

The new SN200 is a high-precision stainless steel mount 
for 2-in (50.8-mm) diameter optics. This Suprema mount 
is designed to be more compact than other 2-in. mounts 
and is available in right-handed or left-handed versions. 
This precision mount utilizes micro-polished carbide pads 
and 100-TPI screws which enable smooth, low-friction 
adjustment and outstanding stability.

(800) 222-6440 • www.newport.com

Precision molded lenses — economical 
optic solutions made of glass

Producing aspheres and all other lenses the conventional 
way can be costly. Precision glass molding enables 
production of such optics in medium-sized and high 
batches, beginning at 500 pieces, at the fraction of the cost 
of conventional manufacturing. In precision glass molding 
optics are formed from blanks of optical glass, put into 
the molding tool and molded above the transformation 
temperature (Tg). After cooling, the parts are coated and 
qualifi ed. Grinding and polishing optics thus become 
obsolete, with a tangible effect on your budget.

FISBA OPTIK AG
www.fi sba.com

Fast Pulse Test Solutions

Avtech offers over 
500 standard models 
of high-speed pulse 
generators, function 
generators, and 
amplifi ers ideal 
for both R&D and 
automated factory-
fl oor testing. Some of 
our standard models 
include:

AVR-EB4-B: +2A / -4A pulser for diode reverse-recovery time tests
AV-156F-B: +10 Amp constant current pulser for airbag initiator tests.
AVO-9A-B: 200 mA, 200 ps rise time driver for pulsed laser diode tests.
AV-151J-B: ±400 V, 50 kHz function generator for piezoelectric tests.
AVOZ-D2-B: 700 V, 70 A pulser for production testing of attenuators.
AVR-DV1-B: 1000 V, variable rise-time pulser for phototriac dV/dt tests.

Pricing, manuals, datasheets: 
http://www.avtechpulse.com

More information: info@avtechpulse.com

PrPPrPPPrPPricicicicininining,ggg,g, mmmmananananuauauaualslslsls,,, dadadadatatatatashshshsheeeeeeeetstststs::::

Announcing the Release of TracePro 7.1

TracePro 7.1 now features dramatic new 3D illuminance, CIE 
and true color maps displayed directly on curved and planar 
parts to show uniformity and color. The new ray path sorting 
feature in this version lists and displays every possible path 
that light can take in a design, a diagnostic tool to track 
down problematic paths both quantitatively and visually.  

sales@lambdares.com 
www.lambdares.com/software_products/tracepro/tracepro/
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Business Resource Center
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.

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 / Polarizers Manufacturing

INFRARED OPTICS
windows • prisms • lenses • filters

 AgBr  CdTe  KCI  Sapphire
 AgCl  Csl  KRS-5  Si
 AMTIR GaAs LiF SiO2
 BaF2 Ge MgF2 ZnS
 CaF2 KBr NaCl ZnSe

CO2 LASER OPTICS
lenses • mirrors • beamsplitters 

reflectors • output couplers

POLARIZERS
wire grid • free-standing • far IR

FIBER OPTICS
UV-mid IR single or bundled assemblies

UV SiO2 • GeO • Sapphire • ZrF
Chalcogenide • Silver Halide

COATINGS
anti-reflection • hard carbon

infrared • metalization

REFLEX Analytical Corporation
“Serving you across the Spectrum”

PO Box 119  Ridgewood, New Jersey 07451
Internet: www.reflexusa.com

E-mail: reflexusa@att.net
Tel: 201-444-8958  Fax: 201-670-6737

Request our FREE catalog

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
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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

The coming switch to LED lamps
In the fast-moving semiconduc-
tor world, it’s kind of peculiar how the 
same players develop similar products 
but they rarely manage to make the 
one truly great hit. Ignore the software 
developers who are off on cloud nine 
with their abominable “social network-
ing” software packages. I’m talking 
about hard-core products and associ-
ated programs that real engineers put 
together.

Having said that, does the name 
“Nakamura” mean anything to you? 
Probably not, unless you are a Japanese 
semiconductor designer. In Japan the 
name is especially well known in the 
rapidly expanding world of electric 
lamps that are not incandescent. LEDs 
and LCDs are prime examples of this 
new breed of industrial and domestic 
lamps. Professor Shuji Nakamura has 
had a hand in the development of all 
these non-incandescent lamps.

Nakamura’s latest and brightest 
is an LED based on gallium nitride 

(GaN). The problem is that GaN chips 
are diffi cult to manufacture in large 
quantities. This is where Professor 
Nakamura steps in. In a prior incarna-
tion, Nakamura successfully developed 
the blue semiconductor LED, a notori-
ously diffi cult thing to do at the time. 
Just to make life even more diffi cult 
for him, Nakamura’s then employer, 
Nichia, threw the Japanese legal code 
at Nakamura, who in a Dickensian bat-
tle won his case but who also lost his 
prime research position at Nichia.

Fortunately, Nakamura found a 
home in the well known Materials 
Department at UCSB (University of 
California–Santa Barbara). He also 
joined a team of developers of GaN 
devices under the wing of Eric Kim, a 
former Intel executive. Kim’s company, 
Soraa Inc. (Fremont, CA), recently 
obtained more than $100 million of 
venture fi nancing with the help of leg-
endary Silicon Valley venture capitalist 
Vinod Khosla.

Nakamura also won the Finnish 2006 
Millennium Technology Prize, worth 
about $1.5 million, for his work on blue 
and white LEDs. This is the technology 
used today in the high-performance 
Blu-ray disc players.

Soraa is facing several major inter-
national makers of incandescent lamps, 
many of which are also researching LED 
lamps. The makers are working hard to 
get the manufacturing costs down for 
the market-leading 60-W-equivalent 
lamps. The Lumileds division of 
European giant Philips NV expects to 
have a single-chip lamp comparable to 
the conventional 50 W bulb for a retail 
price of $50 by year’s end.

Soraa is expected to have a 
comparable product available using a 

technology called GaN on GaN. This 
product can be made on a conventional 
silicon wafer line, thus bringing down 
manufacturing costs. However, the 
yield of a GaN wafer is much lower 
than a conventional silicon wafer line. 
Nonetheless, Nakamura is confi dent 
that Soraa will have a competitive 
product by year-end.

Soraa may be in the right place at 
the right time with this new product. 
According to Ryan Sanderson of IMS 
Research, “Demand for LED lighting 
solutions is increasing rapidly for all 
applications from low-power residential 
retrofi t LED lamps to high-power com-
mercial and industrial LED luminaires 
for applications such as street lighting.”

Although Soraa appears to have the 
pole position with GaN on GaN tech-
nology, several Taiwanese semicon-
ductor makers are reporting signifi cant 
success with alternative technologies, 
such as GaN on silicon. In my view, the 
companies with the deepest pockets for 
refi ning their manufacturing processes 
will win the initial battles, but in the 
long run, single-chip lamps appear to 
be poised to win overall.

Once more, Shuji Nakamura seems 
to be leading the pack in research, but 
Soraa may not have the long-term 
funding of a Phillips or a GE to become 
a leader in the mass-market production 
of LED lamps.

Once more, Shuji Nakamura 
seems to be leading the pack 
in research, but Soraa may not 
have the long-term funding of 
a Phillips or a GE to become a 
leader in the mass-market 
production of LED lamps.
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Industry Leading Power. 
Guaranteed Stability. 
Spitfire

®

 Ace
™

.

©2012 Newport Corporation

Long Term Stability
Spitfire Ace long term SHG and fundamental power stability, ΔT >6ºC

Pointing Stability
Spitfire Ace beam pointing performance, ΔT >6ºC

We understand that measuring ultrafast dynamics requires an outstanding 
research team and reliable measurement tools. And when your experiments 
become increasingly noise sensitive with lower signal levels, data acquisition 
becomes more challenging. The new Spitfire® Ace™ ultrafast amplifier 
overcomes these challenges by providing rock solid operation, low optical noise 
and the industry’s most stable output – guaranteed under varying environmental 
conditions and over extended time periods. 

The Spitfire Ace is equipped with our proprietary XPert™ stabilization technology 
that eliminates output instabilities such as pulse breathing, peak power 
fluctuations and beam pointing drift. Looking for expert level performance? 
The Spitfire Ace delivers an industry leading 5W of average power with TEM00

mode quality making it the most technically advanced and highest performing 
regenerative amplifier ever developed. Another “First” from Spectra-Physics.

Call your local sales representative, call 800-775-5273 or visit 
www.spectra-physics.com/Spitfire-Ace5

0.48% rms

0.84% rms
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SPRING 2012
A SUPPLEMENT TO

Brightest in the world: 
10W 200um 808nm Thick C mount!

Axcel Photonics
page 3

Mini-Lite Wideband Light Source
BaySpec, Inc.

page 5

Miniature Linear Stages
Aerotech, Inc.

page 8

Pulse Selection System
ConOptics, Inc.

page 3

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=16857&adid=PFOP_1A1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo


Online Buyers Guide

• Improved search function, making 
it easier for you to fi nd the products 
you need

•  Relevant news articles from www.
laserfocusworld.com

•  Side-by-side product and 
company functionality

•  Easier navigation through LFW’s 
unique laser specifi cation tables

• And much more!

Log on to www.laserfocusworld.com to access the Buyers Guide today! 

Laser Focus World’s online Buyers Guide continues to bring you the most comprehensive 

information on optoelectronics and photonics products and services, PLUS:

SEARCH

COMPARE 

CONTACT 

BUY
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New High Power UV Ultrafast Laser for 
Industrial Applications
The new Talisker™ 500 
delivers over 10 Watts of 
ultraviolet output at 355 nm. 
This next generation laser 
also increases repetition 
rate to 500 kHz enabling 
even higher throughput rates 
than earlier models, making 
it ideal for precision high-
throughput micromachining 
applications in several 
industries, particularly those involving delicate and thin fi lm materials.  

Tech.sales@coherent.com • 800-527-3786 • www.coherent.com/talisker

New Paladin 24W Laser for LDI 
The new Paladin™ Advanced 355 is a mode-locked, frequency tripled, 
diode-pumped, solid-state 
laser that delivers over 
24W of output power 
at 355 nm. This higher 
power Paladin delivers 
higher throughput for 
Laser Direct Imaging 
(LDI) which enables the 
production of printed 
circuit boards without 
the complexity and 
registration issues of using traditional fi lm-based artwork.

Tech.sales@coherent.com • 800-527-3786 • www.coherent.com/paladin 

New Orange OPSL for Life Sciences 
The new Sapphire™ 588 LP 
lasers offer orange output which 
is particularly well matched for 
exciting a number of fl uorescent 
dyes used in life sciences. 
Sapphire 588 LP features output 
powers of up to 100 mW at 
588 nm, high pointing stability 
<5 μrad/°C, and low noise 
(0.25% rms from 20 Hz to 2 MHz).  

Tech.sales@coherent.com • 800-527-3786 • www.coherent.com/sapphire

Pulse Selection System
CONOPTICS’ PULSE 
PICKER allows you to 
select from single shot to 
30MHz rep rate for mode 
locked lasers running as 
high as 100MHz. Minimal 
dispersion, compatible 
with fsec pulses, no 
spatial dispersion. Optical 
transmission > 80%. 
Available for TI: Sapphire 
and OPO’s 700 to 
1600nm.

ConOptics, Inc.
19 Eagle Rd., Danbury, CT 06810 • (p) 800-748-3349 
sales@conoptics.com • www.conoptics.com

MedPac, a high power IR source with 
an aiming beam
Sheaumann’s MedPac 
is great for medical and 
defense applications. 
It features two diodes, 
one consisting of a high 
power infrared source of 
980 or 808nm, and the 
other a red aiming beam. 
The two diodes are 
individually addressable as well, allowing you to utilize both the aiming 
and high powered beam together or separately. The compact module 
can reach up to 7W of power out of a 980nm wavelength, 200μm 
aperture emitter. They are a fi ber module with an internal thermistor, 
photodiode, and a detachable ST fi ber connector. Please contact us for 
more information on this product.

(p) 508-970-0600 • sales@sheaumann.com • www.sheaumann.com
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Published since 1965 Laser Focus World is a global resource for engineers, researchers,

scientists, and technical professionals providing comprehensive global coverage of

optoelectronics technologies, applications and markets. Each month, Laser Focus World

reports on and analyzes the latest developments and significant trends in both technology

and business in the worldwide optoelectronics and photonics industry. Laser Focus World

offers greater technical depth than any other publication in the field.

International resource for technology and
applications in the global PHOTONICS INDUSTRY
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Custom OEM Optics and Coatings
OptoSigma offers a wide selection of optical
components ranging from simple lenses and
mirrors to high power laser focusing lenses
and beamsplitter cubes. We also offer a broad
selection of prisms, windows, filters, polarizers
and apertures. In addition to standard catalog
offerings, OptoSigma can supply custom
designs and OEM quantities.

Thin film coatings can be applied to
catalog, custom or customer supplied optics.
Reflective coatings can be applied to uncoated
substrates to make mirrors, beam splitters,
polarizers or filters. In addition to our wide
variety of standard coatings, our coating engineers can design a
custom coating to meet most requirements.

www.optosigma.com

Ultralong Working Distance Motorized-Zoom
Microscope
•  Compact and lightweight

zoom module

•  12× zoom range

•  500mm WD Low
magnifi cation model 0.23×

- 2.74×

• 100mm WD High
magnification model 1.25× - 15×

• Equipped with co-axial epi-illumination port

• Manual and Motorized models available

www.optosigma.com

Low Profile Motorized Actuator
• Direct replacement for standard micrometer heads (9.5mm or 3/8")

•  3 micron sensitivity

•  13mm travel

• Simple DC motor
drive with current
limit detection for
end of travel

•  Single handed
manual operation

•  Optional RS232C
and USB interface

www.optosigma.com

Fiber Laser Focusing Lenses
• Optimized to reduce the effects of thermal expansion at high power

levels

• Suitable for solid state
lasers such as Yb fiber
laser, YAG laser and YV04
laser

•  Optimized AR coating
from 1040nm - 1150nm

• Diffraction limited at f# >2
(NA < 0.25)

www.optosigma.com
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Siskiyou’s SM-CFTx fi ber coupler 
Siskiyou’s SM-CFTx fi ber coupler uses the optical lever arm effect, and 
a diffraction-limited asphere, to 
make single mode coupling easier 
than ever. The basis of this design 
is our vibration-resistant OTX.5 
series multi-axis optics positioner, 
which can take a 3G jolt without 
moving. 100 thread per inch 
(TPI) adjustment screws are used 
to ensure accurate sub-micron 
translation. The Y axis knob uses 
a unique capture screw design to 
ensure no drift due to overloading 
in that axis. For added stability, 
each SM-CFTx motion axis is fi tted 
with a non-infl uencing axis lock, 
maintaining alignment in challenging environments.

Get the full details at 
www.Siskiyou.com • (877) 313-6418

Beam Cube for Consistent Medical Device 
Manufacturing
Ophir-Spiricon, the world’s 
leading provider of laser 
measuring equipment, introduces 
Beam Cube to monitor laser 
beam quality in medical device 
applications, ensuring consistent 
and documentable manufacturing 
quality in precision welding and 
cutting results. Beam Cube 
measures beam profi le, temporal 
pulse shape, focal spot position, 
and power up to 150W for 
Nd:YAG and diode lasers.

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

Visible and Infrared Absorbers
Exciton’s new absorbing dyes, or “absorbers,” can provide selective 
or broadband light 
fi ltering throughout the 
visible and near infrared. 
Absorbers with relatively 
narrow absorption bands, 
such as those shown 
in the graph, fi lter out 
IR light with low visible 
color even at high optical 
densities. They can be 
used for selective laser 
wavelength fi lters and 
for security applications. Narrowband absorbers can be combined with 
visible light-absorbing dyes to create sharp cutoff, longpass fi lters. See 
our website for the latest information.

Exciton, Inc.
PO Box 31126, Dayton, OH 45437 
(p) 937-252-2989, (f) 937-258-3937, www.exciton.com

Mini-Lite Wideband Light Source
BaySpec’s MiniLite™ Series fi ber-coupled Wideband Light Sources 
are designed to enhance Spectral Domain 
OCT, Medical Imaging, Fiber Optic 
Sensing, Analytical Spectroscopy, and 
Test & Measurement capabilities in the 
800nm~1650 nm wavelength region. 
Devices benefi t from low-cost fi eld proven 
telecommunication components.

Key Features:
•  Fiber optic coupled, wide spectral coverage
•  Compact size with 5V wall power plug-and-play
•  Solid state light source, reliable operation in harsh environments
•  Operates over wide 0 to +70°C temperature range
•  Operates in high +85% relative humidity environments
•  Customizable wavelength ranges from 800~1650 nm

1101 McKay Drive, San Jose, CA 95131 USA • (408) 512-5928
www.bayspec.com • sales@bayspec.com

Brightest in the world: 10W 200um 808nm 
Thick C mount!
Axcel Photonics is a 
semiconductor laser 
manufacturer specializing 
in making high power 
diode lasers. Our product 
lines include lasers for 
solid-state laser pumping, 
printing, medical and 
dental, telecommunication, 
imaging, laser display, and 
spectroscopy applications. 
The lasers are available as 
chips, chips on sub-mount, 
and packaged modules. All wavelengths (780–1070nm) come with an 
option of single or multi mode up to 35W of power.

Axcel Photonics
www.axcelphotonicsinc.com • sales@axcelphotonics.com

Polarization Maintaining Fiber Components
OZ Optics is the fi rst and leading 
manufacturer for Polarization 
Maintaining Components & Test 
Equipment

Polarization Maintaining 
Patchcords, Splitters, Combiners, 
Fused PM Fiber Couplers, PM 
Fiber Directional Taps/Monitors, 
PM Fiber Optic 1x2 Switches, PM Fiber Isolators, Circulators, PM 
Fiber Faraday Rotators/Mirrors, All Fiber Manual or Electrically Driven, 
Polarization Controllers, Polarization Rotators/Analyzers, Polarization 
ER Meters, Highly Polarized Sources, PDL Emulators, Polarizers, 
Optical Delay Lines, PM Fiber Collimators/Focusers, PM Tapered/
Lensed Fibers, Mode Field Adaptors, PM Fiber Hermetic Feedthrus, 
High Power PM Fiber Components.
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U P C O M I N G  E V E N T S

APRIL 2012
April 9–13 Materials Research Society Spring Meeting 2012 MRS  San Francisco, CA, USA  www.mrs.org

April 11–13 Photonix Expo & Conference 2012 Reed Exhibitions Japan  Tokyo, Japan    www.photonix-expo.jp/en/

April 16–20 SPIE Photonics Europe 2012 SPIE  Brussels, Belgium  http://spie.org/photonics-europe.xml

April 17–19 Smart Fabrics 2012 IntertechPira  Miami, FL, USA  www.smartfabricsconference.com

April 18–30 ECIO 2012 – 16th European Conference on Integrated Optics ICFO  Barcelona, Spain  www.ecio2012.com

April 23–27 SPIE Defense, Security + Sensing SPIE  Baltimore, MD, USA  http://spie.org/defense-security-sensing.xml

April 28–May 3 SVC TechCon 2012 – Society of Vacuum Coaters 55th Annual Technical Conference SVC
Santa Clara, CA, USA  www.svc.org

MAY 2012
May 6–11 CLEO 2012 – Conference on Lasers and Electro-Optics OSA  San Jose, CA, USA  www.cleoconference.org

May 9–11 AKL – International Laser Technology Congress Fraunhofer ILT  Aachen, Germany  www.lasercongress.org

May 20–23 Optical Interconnects Conference IEEE Photonics Society  Santa Fe, NM, USA  www.photonicsconferences.org

May 22–25 Optatec 2012 P.E. Schall GmbH & Co.  Frankfurt, Germany  www.optatec-messe.com/en/optatec

JUNE 2012
June 1–2 2012 International Conference on Solid State and Materials ICSSM  Los Angeles, CA, USA  

www.hkedu.biz/icssm2012/index.htm

June 3–8 Display Week 2012 SID  Boston, MA, USA  www.sid.org

June 4–8 2012 International Workshop on EUV Lithography EUV Litho Inc.  Maui, HI, USA  www.euvlitho.com

June 6–8 Photonics North 2012 SPIE/ICIP  Montreal, QC, Canada  www.photonicsnorth.com

June 11–14 QIRT 2012 – Quantitative Infrared Thermography Conference University of Naples Federico II
Naples, Italy  www.qirt2012.unina.it

June 19–21 AATExpo 2012 – Assembly & Automation Technology Expo UBM Canon  Chicago, IL, USA  
www.canontradeshows.com/expo/aatexpo11/

JULY 2012
July 1–6 SPIE Astronomical Telescopes and Instrumentation 2012 SPIE  Amsterdam, the Netherlands  

http://spie.org/astronomical-instrumentation.xml

July 9–11 Summer Topicals 2012 IEEE  Seattle, WA, USA  www.sum-ieee.org

July 10–12 Semicon West 2012 SEMI  San Francisco, CA, USA  www.semiconwest.org

July 10–12 Intersolar North America 2012 Solar Promotion International GmbH  San Francisco, CA, USA  www.intersolar.us

July 25–27 MATADOR Conference University of Manchester  Manchester, England    
https://www.meeting.co.uk/confercare/matador2012/
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Miniature Linear Stages
Aerotech’s MPS50SL miniature linear stage is perfect for the laboratory 
while retaining 
the high reliability 
required in 
production 
environments. It 
is an ideal choice 
for measurement, 
testing, 
alignment and 
component 
assembly in 
any space-
constrained 
applications.

Aerotech, Inc.
www.aerotech.com

Announcing the Release of TracePro 7.1
TracePro 7.1 now features dramatic new 3D illuminance, CIE and true 
color maps displayed 
directly on curved 
and planar parts to 
show uniformity and 
color. The new ray 
path sorting feature 
in this version lists 
and displays every 
possible path that 
light can take in a 
design, a diagnostic 
tool to track down 
problematic paths both quantitatively and visually.

sales@lambdares.com 
www.lambdares.com/software_products/tracepro/tracepro/

High Speed 2.0um Detectors
EOT is offering its ET-5000 series 2.0um photodetectors. These 
products feature 
a rise time of 
<35ps and a fall 
time of <35ps 
and an operating 
wavelength range 
of 900-2200nm, 
making them ideal for 
monitoring the output 
of Tm and Ho lasers. 
Models are available 
with free space or 
FC/PC input and include their own internal bias supply.

Electro-Optics Technology, Inc.
www.eotech.com • sales@eotech.com 

Heavy Duty Laser Shutter
•  Multimillion 

cycle life

•  Fail-safe 
magnetic return

•  No separate 
controller 
required

•  High LDT blade 
coating

www.cvimellesgriot.com/Products/SafeClose-Laser-Shutters.aspx

Miniature Stepper Shutter for IR Cameras
•  Low power 

consumption

•  Low impact / 
Low wear

•  Shock and 
vibration 
resistant

•  Operates from 
-40°C to +70°C

www.cvimellesgriot.com/Products/Stepper-Shutters.aspx

CVI Melles Griot Infrared Filters
Maximize performance for gas analyzers, Nondispersive or Fourier 
transform instruments, spectrometers and biomedical devices. 

•  Optimized transmission

•  Broad blocking

•  Abrasion resistant

•  Environmental durability

•  Standard and custom 
geometry

www.cvimellesgriot.com/IR_Gas_BandFilters

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=16857&adid=PFOP_8E1
http://www.qmags.com/clickthrough.asp?url=www.cvimellesgriot.com/Products/SafeClose-Laser-Shutters.aspx&id=16857&adid=PFOP_8A6
http://www.qmags.com/clickthrough.asp?url=www.eotech.com&id=16857&adid=PFOP_8A5
http://www.qmags.com/clickthrough.asp?url=www.cvimellesgriot.com/Products/Stepper-Shutters.aspx&id=16857&adid=PFOP_8A4
http://www.qmags.com/clickthrough.asp?url=www.lambdares.com/software_products/tracepro/tracepro/&id=16857&adid=PFOP_8A3
http://www.qmags.com/clickthrough.asp?url=www.cvimellesgriot.com/IR_Gas_BandFilters&id=16857&adid=PFOP_8A2
http://www.qmags.com/clickthrough.asp?url=www.aerotech.com&id=16857&adid=PFOP_8A1
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo
http://www.lfw-subscribe.com
http://www.qmags.com/clickthrough.asp?url=www.laserfocusworld.com&id=16857&adid=logo

	Zoom In: 
	Contents: 
	Zoom Out: 
	Search Issue: 
	Next Page: 
	Front Cover: 
	Previous Page: 
	http://www: 
	qmags: 
	com/clickthrough: 
	asp?url=www: 
	laserfocusworld: 
	com&id=16857&adid=logo: 





	Subscribe: 
	Page 9: 
	Page 10: 
	Page 11: 
	Page 14: 
	Page 16: 
	Page 13: 
	Page 72: 
	Page 71: 
	Page 68: 
	Page 7: 
	Page 23: 
	Page 70: 
	Page 52: 
	Page 48: 
	Page 25: 
	For navigation instructions please click here: 
	p1: 
	POP-UP: 
	Page 31: 
	Page 39: 
	Page 56: 
	Page 61: 
	Page 43: 
	Page 19: 
	FOP_3: 
	FOP_5: 
	See Previous Page: 
	Page 32: 
	Page 34: 
	Page 64: 
	Page 45: 
	FOP_8: 


