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Mode-Filtered Fiber Amplifier

The Mode-Filtered Fiber Amplifier is a breakthrough technology
that enables fabrication of practical, high-power, high-
beam-quality laser sources that are compact, rugged, and
extremely efficient.

The first commercial license for this technology was granted in

2005, and the first commercial products were offered by
co-applicants Nufern and Liekki in 2006.
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Sandia National Laboratories and NRL do not sell commercial
fiber amplifiers; rather their government-owned technology is
licensed to commercial partners. Liekki and Nufern have
licensed the patent and manufacture a number of products
that employ the mode-filtering technology.These products
range from mode-filtered fiber coils (for incorporation into
lasers and amplifiers by other companies) to complete laser
systems. Liekki and Nufern also produce fibers whose design
is optimized for mode filtering; these fibers are sold to
manufacturers of lasers and laser-based instruments, as well
as to R&D organizations.

The patent related to this technology is U.S.6,496,301: Helical
Fiber Amplifier,invented by Jeffrey P. Koplow, Dahv Kliner,and
Lew Goldberg, issued December 17,2002 (see Appendix A for
an image of the first page).
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Product’s Primary Function Since their invention in 1963, fiber lasers have been recognized
as possessing extraordinary attributes that could revolutionize

the application of lasers to real-world problems by enabling
compact, rugged optical sources with high beam quality.
Fundamental limitations of previous fiber-based laser technolo-
gies, however, rendered impractical numerous high-power laser
applications.The Sandia/NRL Mode-Filtered Fiber Amplifier
enables dramatic power scaling of fiber lasers (by more than
100x), thereby addressing these long-standing limitations and
making real-world applications practical. In particular,
Mode-Filtered Fiber Amplifiers offer:

* High electrical efficiency (5x improvement over
conventional solid-state lasers);

* Low waste-heat generation and facile thermal
management;

* High optical gain;

* Broad wavelength coverage; and

+ Diffraction-limited beam quality (explained below)
that is insensitive to environmental or operating
conditions, such as vibrations, thermal fluctuations,
and optical power level.

— allin a package that is an order-of-magnitude smaller than
traditional solid-state laser sources. As a result of this unique

combination of characteristics, the Sandia/NRL invention has

been licensed and commercialized by five companies, including

co-applicants Liekki Corporation and Nufern Corporation.
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Product’s Primary Function

I Figure 1a: Key components of a high-power laser system.

Seed Laser
(optional)

Gain Medium (fiber)

How Fiber Lasers Work

Figure 1aillustrates the basic components of a high-power
laser system.In the case of a fiber laser, the gain medium is an
optical fiber, consisting of a glass core (typically fused silica)
doped with a rare-earth element surrounded by a glass

Polymer jacket

Chdding - cladding with a lower refractive index (Figure 1b). Typical

rare-earth dopants used in the core include ytterbium (Yb)
ions and erbium (Er) ions. The rare-earth ions are excited or
“pumped” by injecting light from an external pump source,

typically a laser diode, into the fiber; the pump light is absorbed
Figure 1b: Fiber gain medium by the rare-earth ions.When the excited rare-earth ions drop
back to the ground state, they emit light in specific wavelength
bands; that is, the excited ions provide “optical gain.” Coherent
laser light is obtained either by seeding the fiber amplifier with
a low-power laser (in a“master oscillator - power amplifier”
configuration, as shown in Figure 1a) or by incorporating the
gain fiber into a laser cavity (i.e., by providing feedback at the
fiber ends using mirrors or fiber Bragg gratings - as illustrated
in Figure 12).Yb-doped silica fibers provide gain in the ~1000-

1200 nm region, and Er-doped silica fibers provide gain in the

~1500-1600 nm “eye-safe” region.
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Product’s Primary Function The same functional description involving pump light, a gain
medium, and output light applies to any solid-state laser. Fiber
lasers represent an important step in the evolution of this class
of devices, providing the unique advantages listed above.

The characteristic of diffraction-limited beam quality is key to
understanding the significance of the Sandia/NRL mode-filtering
invention and requires additional explanation. The

theoretical limit for the spatial beam quality of a laser is known
as the“diffraction limit.” Diffraction-limited beams (also known
as“Gaussian” or “single-mode*” beams) provide the lowest
possible divergence and therefore the tightest possible focus.
These characteristics are crucial for delivering high intensities
(e.g., for materials processing) and small spot sizes (e.g., for
micro-drilling), as well as for projecting a laser beam over a
great distance with minimum spreading (e.g., for free-space
communication and remote sensing). A so-called “single-mode”
fiber supports only the “fundamental mode,” which is
diffraction limited; a single-mode fiber laser therefore produces
a diffraction-limited output beam. By contrast, conventional
multimode laser sources produce non-diffraction-limited out-
put beams that are unstable, irreproducible, undesirably struc-
tured, and excessively divergent. These concepts are made
more concrete in Figures 3 and 4, which show pictures of the
various fiber modes and examples of single-mode and multi-
mode beam quality.

How Mode-Filtered Fiber Amplifiers Work

The core of a single-mode fiber is relatively small (typically less
than 10 microns in diameter), which limits both the energy
storage and the power-handling capability of the fiber. Attempts

* “Modes” are the mathematical solutions to to increase power by increasing core diameter were met with
Maxwell’s Equations for light propagating in the fiber,
and a single-mode fiber allows only one solution (the
diffraction-limited fundamental mode). Multimode diameter cores operate on multiple modes - a fatal disadvan-
fibers (and multimode lasers in general) permit many
modes, most of which are not diffraction-limited, with
a consequent degradation in beam quality. were limited to low-power operation by fundamental physical

corresponding decreases in beam quality because larger-

tage in most applications. It was thus believed that fiber lasers

properties of the fiber.
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Fundamental mode
fransmitted through
_ fiber

High-order modes
lost from fiber

Figure 2: [llustration of the mode-filtering
technique. In an appropriately coiled multimode
fiber amplifier the undesired high-order modes are
radiated from the side of the fiber along its entire
length, whereas the desired fundamental mode is
transmitted without significant attenuation. This
“distributed spatial filtering”is accomplished by select-
ing a bend radius that permits propagation of the
fundamental mode but introduces substantial bend
loss for high-order modes. The figure is not drawn to
scale. Typical diameters are ~0.25 mm for the fiber
and ~50 mm for the coil, and the typical fiber length
is ~5m.
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The Sandia/NRL Mode-Filtered Fiber Amplifier technology
enables dramatic power scaling (by at least two orders of
magnitude) of diffraction-limited fiber sources by allowing a
highly multimode fiber to operate stably on a single mode. A
key breakthrough was made in 2000, when Sandia/NRL
researchers demonstrated that bend loss in a coiled fiber can
act as a form of distributed spatial filtering to suppress all but
the fundamental mode of a highly multimode (large core
diameter) fiber amplifier - yielding single-mode, diffraction-
limited operation with little or no loss in efficiency. By effectively
decoupling core diameter from beam quality, the mode-
filtering technique breaks the single-mode power limit on fiber

lasers and amplifiers without sacrificing the other key
advantages of fiber sources. At the time of its invention in 2000
and patent issuance in 2002, the Sandia/NRL approach
shattered conventional wisdom, which held that multimode

fibers could not produce high beam quality or, at best, were
extremely sensitive to handling and bending.

The principle of operation of a Mode-Filtered Fiber Amplifier is
shown qualitatively in Figure 2 and quantitatively in Figure 3.
Sandia/NRL’s coiling technique takes advantage of the fact that
the desired fundamental mode is the least sensitive to bend
loss (Figure 3); by strategically choosing the radius of curvature
(spool diameter), it is possible to introduce very high loss for
all high-order modes but negligible loss for the fundamental
mode - thus filtering out the high-order modes and extracting
all the light energy in the fundamental mode only. By suppressing
propagation of high-order modes along the entire length of
the fiber amplifier, the energy in the gain medium is left to be
extracted in the desired fundamental mode.Thus high-power,
single-mode operation is obtained without compromising any
other performance characteristics.
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Figure 3: Calculation showing the principle of
operation for mode filtering. The graph plots

the transmittance of some of the modes of a
multimode fiber as a function of spool diameter.
The fiber supports 14 modes, but only the low-

of each mode is shown, with the circle denoting
the fiber core (30 micron diameter). The desired
fundamental mode (LP,)is the least sensitive to
bend loss. As indicated by the yellow bar, coiling
the fiber on a spool with a diameter of 10-12 cm
will provide high loss (low transmittance) for all
undesired high-order modes while allowing the
fundamental mode to be transmitted with very
little attenuation. Note that the fundamental
mode has a Gaussian spatial profile, providing
diffraction-limited beam quality; the high-order
modes have more structured profiles and are not
diffraction-limited.

est four modes are plotted. The spatial pattern [

Figure 4: Experimental comparison of the output
beam from a fiber amplifier that is not mode
filtered (left) vs. mode-filtered (right). The fiber
supports 24 modes, and the core is denoted by the
circles in the lower panels (25 micron diameter).
The conventional unfiltered fiber amplifier produces
a beam that is highly multimode, exhibiting unde-
sirable structure and “hot spots”that vary with opti-
cal power level, vibration, time, handling of the fiber,
etc., as the fiber modes compete for the optical
gain; the beam is also highly divergent. In contrast,
the mode-filtered beam is unstructured and stable,
with diffraction-limited beam quality.

A
Transmittance
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The net result is shown in Figure 4, which displays photographs
of the output face of a fiber amplifier when operated
conventionally and when it is mode filtered using the Sandia/
NRL technique; the dramatic improvement in beam quality is
evident.

Recognition of the Significance of the
Sandia/NRL Advance

The significance of mode filtering was widely recognized in
the laser field and even in the broader scientific community.
Following publication in the premiere journal Optics Letters, the
invention was extensively covered in the leading laser and
optics trade journals (including Laser Focus World and Photonics
Online) and was selected as an “example of the most significant
recent research in optics and engineering,” and one of “the
‘hottest’ topics in current optics research” by the Optical Society
of America (Optics and Photonics News). It was also highlighted
in the“Editor’s Choice” column of the prestigious journal Science.
More importantly, the technique was adopted by R&D groups
worldwide. Breaking the single-mode power limit (along with
the availability of more powerful pump diode sources) led to
dramatic increases in attainable power from fiber lasers

(Figure 5) — a trend that continues today.

10/
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Product’s Primary Function

CW Fiber Lasers: diffraction-limited, single-fiber results
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Figure 5: Output
power of diffraction-
limited fiber lasers
as a function of time.
(Source: Nufern)
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Product’s Competitors As explained earlier under“Product Price,” the Mode-Filtered
Fiber Amplifier technology is licensed to users rather than
manufactured by Sandia/NRL, and products competitive with
the fibers, components, lasers, and laser systems that use it
are broad and varied. Nevertheless, we provide a competitive
comparison of mode-filtered fiber lasers vs. conventional laser
systems in the next section.
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Figure 6: Comparison of laser system attributes.
(Source: High-power fiber lasers gain market
share, Industrial Laser Solutions, February 2006,
reprinted with permission.)
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We first provide a general comparison of the performance
characteristics of fiber lasers with competing laser technologies.
We then compare the specifications of a commercial mode-
filtered fiber laser with two commercial solid-state lasers in
order to quantitatively illustrate the benefits of the Sandia/NRL
invention.

Recently, manufacturers have prepared a number of
comparisons of the performance of fiber lasers vs. high-power
lasers traditionally used in materials processing (the laser
application with the largest market share). Information that
appeared in Industrial Laser Solutions (February 2006)
summarizes the main attributes and illustrates the commanding
lead now held by fiber lasers (Figure 6).

@Best (OWorst it

Fiber laser

0
€O, (gas) O ¢
N s cratel | ) | ®

e

Diode-pumped
Nd:YAG (solid-state)

Disk lasers
Yh:YAG (solid-state) O e

Discussion of Advantages

Power & Footprint: As discrete lower-power units are
coupled together, it is now possible to deliver >30 kiloWatts
(kW) of optical power from a fiber laser, rivaling the output of
traditional solid-state units. Owing to more compact packaging
and lower cooling requirements, however, fiber lasers range
from 3x smaller than disk lasers (their nearest competitor) to
>20x smaller than Nd:YAG sources (the dominant solid-state
laser technology); the advantage over gas lasers (e.g., CO,) is
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(8 years in use)
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even greater. A multi-kW fiber laser system can reduce floor
space requirements (footprint) from 10 square meters to less
than 1.5 square meters.

Beam Quality: The fundamental design of mode-filtered fiber
lasers provides diffraction-limited beam quality (Figure 4),
which does not degrade as power levels increase.The beam
divergence of a fiber laser is one-tenth that of a CO, laser with a
similar spot size,and it is significantly less than that of competing
solid-state sources, even at power levels of <1 kW.

Wavelength Flexibility: The broad gain bandwidth of
Yb-doped fiber allows lasing anywhere from 1000 to 1200 nm,
and depending on the dopant used, fiber lasers can provide
coverage across the spectrum from 1000 to 2000 nm.
Furthermore, the infrared output of fiber lasers

can be efficiently frequency-converted to

& Welding and other wavelengths, such as the ultraviolet (UV).
—_— laser gas
30 —f\ﬁ"_- Floor space . .
i I\H"ﬁ T Maintenance & Operating Co§ts:
§ 20 | - Electric Because there are no external optics to replace

CO; NdYAG Fiber Disk

%

Figure 7: Comparison of operating costs for
4 kW lasers.

(Source: “High-power fiber lasers gain
market share,” Industrial Laser Solutions,
February 2006, reprinted with permission.)

e Replacement parts

Depreciation
and interest

Source: Indudtrial Laser Solutions, Feb. 2005 and IPG Photonics

or align, and cooling requirements are minimal,

fiber lasers require significantly less
maintenance than conventional lasers. Now
that high-power fiber-laser products have
broken into manufacturing environments and
have generated sufficient operating

history for realistic comparisons to be made, it has been shown
that operating costs are roughly a factor of two less than CO,
lasers and nearly a factor of four less than other solid-state
systems (Figure 7).
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p

Figure 8: Comparison of a
commercial mode-filtered
fiber laser vs. two
commercial solid-state
lasers.
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Specific comparisons of a Nufern mode-filtered fiber laser to

traditional solid-state lasers are given in Figure 8 and discussed

below.

Mode-Filtered Nd:YAG Laser Nd:YVO, Laser
Fiber Laser
Manufacturer Nufern Spectron EdgeWave
Output power (W) 180 40 200
Beam quality (M?) <1.1 <13 <2

Operating mode

continuous wave

continuous wave

continuous wave

Pump source diode lasers diode lasers diode lasers
Electrical power (W) 640 1000 1500
Electrical efficiency 28% 4% 13%
Volume, including 6750 44,700 193,000 including
power supply (cm?) chiller
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For the purpose of this application, this section might be more
appropriately labeled “How our invention improves on
competitive products or technologies” because the Mode-
Filtered Fiber Amplifier opened the door to a wide range of
high-power fiber-laser products, allowing them to compete
with numerous traditional solid-state laser systems. Fibers
designed for mode filtering and licensed products incorporating
mode-filtered fiber amplifiers form the basis of the business
plan and product roadmap of co-applicants Nufern and Liekki,
and three other companies recently signed licenses for the patent.

Figure 8 compares some of the key specifications of three
commercial products: a mode-filtered fiber laser,a Nd:YAG
laser,and a Nd:YVO, laser.The most important specifications of
a laser system are application dependent, and a large number
of optical and physical specifications are required to completely
characterize the system. Furthermore, mode-filtered fiber
amplifiers are incorporated into a wide range of products
(continuous wave and pulsed, various power levels, various
wavelengths, etc.). Any comparison thus provides only a
“snapshot” of the technologies, but the data given in Figure 8
are representative and clearly illustrate the advantages of the
mode-filtered fiber laser over previous solid-state laser
technologies. Following a detailed comparison of these
products in the two paragraphs below, we discuss the
advantages of mode-filtered fiber lasers more generally.

As illustrated in Figure 8, the Nufern mode-filtered fiber laser
delivers high power and simultaneously high beam quality
(expressed here as the value M?, where M? = 1.0 denotes the
diffraction limit). The Spectron Nd:YAG laser was chosen for
comparison because it provides near-diffraction-limited beam
quality, although its power level is significantly lower (40 W vs.
180 W). Despite having nearly a factor of five higher output
power, the mode-filtered fiber laser has a volume that is
approximately one-sixth that of the Nd:YAG laser (i.e., the
volume per Watt of output power is a factor of 30 better for the
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How Our Product Improves upon mode-filtered fiber laser). Furthermore, the electrical efficiency
Competitive Products or Technologies of the mode-filtered fiber laser is dramatically higher — a factor
of 7 improvement. Stated differently, despite consuming 1.6x

the electrical power of the mode-filtered fiber laser, the Nd:YAG
laser produces only 22% of the output power.

The Nd:YVO, laser was chosen for comparison because its output
power is comparable to that of the mode-filtered fiber laser
(although it does not achieve diffraction-limited beam quality)
and because this bulk crystalline gain medium represents the
latest advance in efficiency among diode-pumped solid-state
lasers. Although the efficiency of the Nd:YVO, laser is 3x that of
the Nd:YAG laser, the mode-filtered fiber laser is still a factor of
2 more efficient; furthermore the beam quality of the fiber laser

is better by a factor of 2 at a comparable power level. (An exact

comparison of size could not be given here because the power
supply in the Nd:YVO, laser is integrated with the chiller.
However, the laser head without the power supply is already
twice as large as the mode-filtered fiber laser including the
power supply, still highlighting the inherent advantage of the
mode-filtered fiber laser.)

Compared to Nd:YAG lasers (the dominant solid-state laser
source), specific benefits of mode-filtered fiber-laser
technology include:

+ A 5-fold increase in wall-plug efficiency (from typically
<5% to ~25%).

* Elimination of external cooling - further reducing cost
and bulk and increasing reliability.

+ Stable, diffraction-limited beam quality that is insensitive
to external perturbations or optical power level —
allowing delivery of laser power with the smallest
possible spot size.

* Ability to incorporate optical components
monolithically into the fiber, thereby replacing free-
space optics, eliminating alignment problems and

increasing system ruggedness and reliability.
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+ Continuous tunability and wavelength agility for
targeting specific molecules or absorption features.

Each of these benefits is discussed below.

High Electrical Efficiency

Simply stated, fiber lasers operate much more efficiently than
conventional gas or solid-state lasers.The inherent efficiency
of the fiber laser is unrivalled when compared to existing laser
technologies (see Figure 9).

Optical-Optical Efficiency Electrical Efficiency *

Lamp-pumped Nd:YAG 4% 1%
Diode-pumped Nd:YAG 40 % 16 %
Yb:YAG Disk 40 % 16 %
COo, N/A 10 %
Yb-doped fiber 75 % 30%

* Electical efficiency = optical-optical efficiency x diode efficiency.

AN

Figure 9: Laser efficiency by
type. The electrical efficiencies
given in the table do not include
the power requirements of the
cooling system, which can be
significant (e.g., the wall-plug
efficiency of a diode-pumped
Nd:YAG laser is typically <5%).
(Source: Nufern)

Figure 10: lllustration D "i .
of quantum efficiency. E
(Source: Nufern)
ir[:s:il;: 1080 nm
808 nm : 976 nm emission
pump : Pump .
_ o TEd] 't d

Nd:YAG Laser (76%)

Low Waste Heat Generation

Figure 10 shows the energy levels associated with pumping
and lasing in Nd:YAG and Yb-doped fiber lasers,

illustrating that the “quantum defect” (difference between
pump and emission energy) is smaller for the Yb-doped fiber
laser so less heat is generated. Because less heat is generated
per pump photon in a fiber laser, the lasing efficiency is
correspondingly higher.In the example shown in Figure 10, the
waste heat is reduced by a factor of 2.4 (from 24% to 10%).

Yh:Glass Fiber Laser (90%)




2007 rsp 100 Award Entry Form MO D E — F I LT E RE D
FIBER AMPLIFIER

How Our Product Improves upon Low Loss from the Gain Medium

Competitive Products or Technologies| With fiber lasers the pump absorption is distributed over the
entire fiber length, and the pump light is never lost because it

is confined and guided by total internal reflection in the fiber,
with virtually no attenuation. In a typical solid-state laser, the
pump and signal beams propagate and diffract freely rather
than being confined to the gain medium. As a result, the gain
that can be extracted from the system is relatively low (~107),
and the net wall-plug efficiency (amount of electrical

input energy that is ultimately converted to output light) is
typically less than 5%.The vast majority of the input energy is
thus not converted to light, but rather is wasted as heat energy
that must be removed. In fiber lasers, the fiber gain medium
acts as a“light pipe” that confines the pump and signal beams,
effectively allowing more pump energy to be captured and
converted.This unique feature of fiber lasers results in much
higher gain (~10* - 10°) and dramatically higher efficiency — as
high as 40% wall-plug efficiency in laboratory systems
demonstrated by Sandia/NRL researchers.

Stable Diffraction-Limited Beam Quality

The next important fundamental fiber property to consider is
the ability of single-mode fibers to support only the
fundamental mode (LP_ ), resulting in a stable, diffraction-
limited beam (see explanation presented earlier under
“Product’s Primary Function,” especially Figure 4).In contrast,
the free-space cavity design of a conventional laser system
makes it difficult to achieve diffraction-limited beam quality - the
beam quality is sensitive to alignment, vibration, temperature
shifts, and optical power level, which contributes to unstable
beam quality and variations in optical power.In essence, the
beam quality of a fiber laser is engineered into the gain

medium, whereas that of a conventional laser system is subject
to the influence of a multitude of environmental and
operational variables. Figure 4 shows a comparison of a single-
mode, diffraction-limited beam and a multimode beam.

15/
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Figure 11: Fiber Laser I>

Thermal Management.
(Source: Nufern)
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Facile Thermal Management

Another distinguishing feature of optical fibers is their high
surface-area-to-volume ratio, resulting in facile heat removal

— allowing fiber lasers to be air-cooled. In addition to efficiently
confining light and producing desirable beam quality, optical
fibers have a high surface-area-to-volume ratio, resulting in
facile heat removal - allowing fiber lasers to be air-cooled. By
contrast, the bulk gain media (e.g., Nd:YAG rods or Yb:YAG disks)
employed in typical solid-state laser systems have relatively
little surface area, making heat removal difficult, as illustrated

in Figure 11.
Fiber Rod Disk
T = Fiber Laser Advantages
s Air cooled
* No thermal loading
* No thermal role-over
z » No thermal lensing
Parameter Rod Disk Fiber
Iypcal length (mm) 150 015 20,000
Cuter diameter (mm}) g9 10 0135
Yolume [mm3) 9,538 12 245
Cooled surface (mm2) 4,239 29 7.850
Cooled surface/ volume (1/mm) 0.44 333 32

Solid-state laser systems using bulk crystalline gain media must

generally be intensively water-cooled, adding to system bulk,
complexity, instability, and cost of operation. It should be noted
that the fundamental inefficiency of conventional laser systems
is greatly reinforced by the heat-removal problem - not only
does a bulk medium produce far more heat than a fiber, but it

is also significantly more difficult to remove that heat. Further-
more, thermal effects in the bulk gain medium can substantially
degrade the beam quality, exacerbating the problems of these
technologies.
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Figure 12: High-power, mode- [

filtered fiber laser with optics
embedded monolithically into
the fiber.

MODE-FILTERED
FIBER AMPLIFIER

Monolithic System Architecture

Another attractive design feature of fibers is the ability to
monolithically incorporate optical components directly into the
fiber (such as lenses, mirrors, and gratings). This capability
enables a hermetically sealed, alignment-free optical path,
thereby increasing system reliability and ruggedness. By
contrast, non-fiber systems direct a free-space beam through
discrete optical components, which are subject to misalign-
ment, contamination, and damage. Figure 12 illustrates how
optical elements can be incorporated into the fiber to create a
laser cavity (rather than the “master oscillator — power
amplifier” configuration depicted in Figure 1a). Note also that
the fiber is coiled at a strategically chosen diameter to effect
mode filtering, as described earlier.

Active Gain Fiber

\ / ! Laser
output
Photosensitive Fibers
(Bragg Gratings)

Broad Wavelength Coverage

Finally, gain media based on crystalline materials (e.g., YAG, YLF,
YVO,, etc.) are characterized by sharp optical transitions, which
result in an output of discrete operating wavelengths. Rare-
earth-doped fibers exhibit broad optical transitions, which
result in a wide range of operating wavelengths and continu-
ous tunability. The advantage of this wavelength agility and
tunability is that the laser system can produce a range of
desired wavelengths on demand, which is useful in a number of

applications discussed below.
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Principal Applications Prior to 2002, the initial application of fiber lasers occurred in
the telecommunications sector, where the primary advantage

was that laser light could be amplified within an optical fiber.
Traditionally, optical signals propagating in a fiber had to be
removed from the fiber, converted to an electrical signal,amplified,
converted back into an optical signal, and then re-injected into
the communications fiber — an extremely cumbersome and
inefficient process that had to be repeated at regular

intervals as transmission degraded over distance.These
traditional “repeaters” were replaced by “optical repeaters”
based on fiber amplifiers, which directly amplify the optical
signal in the fiber, thereby eliminating the electrical-optical
conversion steps, electrical amplification, and re-injection of the
amplified signal. This advance enabled the optical
telecommunications revolution. Telecommunications provided
the proving ground for fiber lasers, allowing the technology to
demonstrate its practical advantages, to mature, and then to
achieve the explosive growth that is the hallmark of a
game-changing technology.

As noted earlier under“Product’s Primary Function’ fiber lasers
were limited to low-power applications until the invention of
the Mode-Filtered Fiber Amplifier by Sandia/NRL broke this
barrier, providing the technology with entry into mainstream
applications. Foremost among these is materials processing,
where fiber lasers have already begun to capture a significant
share of this >$1.7B market. Overall fiber laser sales exhibited a
growth rate of 55 percent between 2005 and 2006 (to >$199M).
(Source:“LASER MARKETPLACE 2007: Laser industry navigates
its way back to profitability,” Laser Focus World, January 2007.)

The workhorse of the solid-state commercial materials
processing market is the Nd:YAG laser, operating at a
wavelength of 1064 nm.Yb-doped fiber lasers currently

offer a direct replacement at this wavelength. Fiber lasers have
penetrated materials processing applications so quickly that it

is expected that sales in this segment will comprise >$187M in

22/
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2007, nearly 75% of all sales of fiber lasers.The dominant
applications within materials processing are marking, cutting,
cladding, drilling, and welding. Of these, the lowest-power
application is laser marking, where fiber lasers already
comprise >20% of the market and are displacing Nd:YAG units
at an astonishing rate. Similar gains are expected in the remaining
applications as available power levels continue to increase.
Beyond these entry-level uses (where fiber lasers replace
existing devices), continued development of pulsed fiber lasers
- which deliver very short, intense bursts of light rather than

a continuous stream of energy - is expected to open up more
advanced application areas, such as semiconductor processing,
high-aspect-ratio drilling, and processing of refractory
materials. Note that the Sandia/NRL mode-filtering technique
is equally enabling for both pulsed and continuous-wave fiber
lasers, and the first two Sandia/NRL publications on the
technology (Appendix B) demonstrated both modes of
operation.
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Owing to the wavelength agility cited earlier, fiber lasers are
not limited to a few fundamental wavelengths. Sandia/NRL’s
mode-filtering technique has recently enabled generation of
high peak powers (in excess of 1000 kW), which provide
efficient conversion to other wavelengths - the ultraviolet (UV)
region is of particular interest.The ability to deliver >10 Watts
of UV power opens up applications in the electronics industry,
especially semiconductor processing for manufacturing memory
and computer chips (e.g.,“link blowing” for maximizing yield in
the production of semiconductor wafers), via drilling in circuit
boards, electronics prototyping via subtractive board
fabrication, and photolithography.

Compact, reliable laser sources are also in demand in the field
of sensing — applications include:

*ranging and altimetry;

» three-dimensional mapping using laser radar (ladar);

* remote physical sensing, such as light detection and
ranging (lidar);

* real-time, in situ and remote detection of chemical and
biological compounds, (e.g., for pollution detection
and prevention, and for process control in the energy
and semiconductor industries); and

» medical diagnostics (e.g., breath analysis).
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Despite great advances in spectral coverage and output power,
high-power lasers remained predominantly laboratory tools
that were bulky, fragile, inefficient, and/or provided poor beam
quality. Massive investments (billions of dollars) in various laser
technologies failed to overcome these limitations,and numerous
potential applications of lasers were thus rendered impractical.
Fiber lasers offered the possibility to unlock the full technological
potential inherent in lasers and laser-based instruments, but
fundamental limitations constrained this technology to low
output powers and pulse energies. Sandia/NRL's Mode-Filtered
Fiber Amplifier solved this long-standing problem, finally
unlocking the full potential of fiber lasers.

Sandia/NRL’s Mode-Filtered Fiber Amplifier technology
represents a breakthrough that enables miniature, ultra-
efficient, high-power laser sources that are revolutionizing the
application of lasers to real-world problems.The Mode-Filtered
Fiber Amplifier is an enabling technology that is elegantly
simple but that shattered conventional wisdom by effectively
decoupling fiber core size (power-generating capability) from
beam quality.

Prior to its invention, operating a highly multimode fiber
laser efficiently and stably on a single mode was considered
a contradiction in terms.The solution - strategically coiling a
fiber - is simple, contributes to compact packaging, and does
not increase either the cost or the complexity of the laser
system. It is this practical simplicity that makes the technology
such a game-changer in so many application areas, and thus
has led to the explosive growth described in this R&D 100
Award application.

The Sandia/NRL mode-filtering technique has been adopted
by both academic and industrial R&D groups worldwide to
achieve record-setting power levels from diffraction-limited
fiber sources, and it has become the de facto standard for
power scaling of pulsed and continuous-wave fiber lasers and
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amplifiers.The technology has been licensed and
commercialized by five companies in the U.S. and other

countries.The invention is universally applicable across many
fiber types and touches virtually every application area where
lasers may be used.



2007 rsp 100 Award Entry Form MODE-FILTERED
FIBER AMPLIFIER

Contact Person to Handle All Robert W. Carling
Arrangements on Exhibits, Director

Banquets, and Publicity Sandia National Laboratories

P.O.Box 969, Mail Stop 9405
Livermore, CA 94551-0969, USA
925-294-2206 (phone)
925-294-3403 (fax)
rwcarli@sandia.gov




2007 rsp 100 Award Entry Form MODE-FILTERED
FIBER AMPLIFIER

Appendix A: Front-Page Patent Image

an United States Patent am Patent No.:  US 6,496,301 Bl

Koplow et al. {45) Date of Patent: Dec. 17, 2002

(54} HELICAL FIBER AMPLIFIER OTHER PUBLICATIONS
(75} lnventors: .]’l‘:ﬂ:l'i.'}' P K""’P!“““: I""fr“"".hi“g-l""'r ]}F Palai et al, Opt. Fiber Tech: Matenials, Devices, & Sysiems,
(US) Dahy Klioer, San Ramon, CA val, 1, #4, pp 341-345; Absl, Only Herewith, Ot 1995,%

(USk Lew Goldberg, Fairfax, VA (LS)
Suoel al, Oplees Communications, vol, 114, Roo 34, pp

(73} Assignee: The United States of America as 255-261; Absiract Only Herewith, Feb, 1, 19495.*
represented by the Secretary of the

Navy, Washington, D0 (US) Sharma 1 al, Optics Communications; vol. 111, Mo, 1-2, pp

127-131; Absi. ﬂllﬂ}' Herewiih, HL'J:I. 15, 1944,

[ * Maolice: Sulyjeet 1o any disclaimer, the ferm of this Sehwierz ef al, Electronics Lottlers, vol, 23, # 24, pp 1296-8;
patent s extended or adjusted woder 35 Abst, Only Herewith, Mo, 19, 1987,
LLSCL 154 () by D) days

* giled by ¢xaminer
(21} Appl. Moo AWS23 215

(22} Filed: Mar. 10, 2400 Prinary Examiner—Nelson Moskowiz
(51} DAL CL7 oo GD2R G120; HONS 307 DP9 Adtarney, Agent, or Firmi—John 1. Rarasck; Dorolhy L
(52) US. Cl oo, 359337, 359357.1; 3503372, DecKer
3393410; 385104 (5T ABSTRACT
(58)  Field 0f SEarCh oo 3577337, 341,

357/MES, 337.1, 337.2, 341.1; 38571, 104 Acmulti-mode gain fiber is provided which atfords subsian-
1l |-|'|'||_'||.‘-::-'\.-'|.'|||-\.'|:|1.‘-. m o the maxinmem EIIIlH.' EIHETEY, |'|I.'i|]t
(56} References Cited powver handling capabilitics, average output power, and/or
o o |1ur'|'||_“|i1|¥,-;|'ﬁ|:i|_'m_'}' of fibwer ;n1|:“||'i1i.1.:r andl laser aonirces while
U5, PATENT DOCUMENTS maintaining good beam quality {comparable o thal of a
ATEET A % BIHEE PRI e, 350ERS convenlional single-mods fiber source), These benelits are
ADAELST A% TIH0 Reading oeeneen, 3540 realized by coiling the muolieode gain fiber to induce
o o o significant bend loss loc all but the lowest-order modeds),

FOREIGN PATENT DOCUMENTS

EP 442533 M- TR 20 Clalms, & Drawing Sheets

N
P2—

OR
Cw
LIGHT
SOURCE

PULSED p— J "

P3
P1




2007 rep 100 Award Entry Form M O D E - F I LT E RE D
Appendix B: Front-Page Papers F I B E R A M P L I F I E R

and Articles

Key papers and articles are listed below. A front-page image from each source is supplied on the pages fol-
lowing the list.

Selected archival papers written by the team:

+“Single-mode operation of a coiled multimode fiber amplifier,” Koplow, JP; Kliner, DAV;
Goldberg, L; in Optics Letters; April 1,2000; v.25,n0.7, p.442-444,

- “Diffraction-limited, 300-kW peak-power pulses from a coiled multimode fiber amplifier,”
Di Teodoro, F; Koplow, JP; Moore, SW; Kliner, DAV; in Optics Letters; April 1,2002;v.27,n0.7, p.518-520.

+“High-Peak-Power (>1.2 MW) Pulsed Fiber Amplifier,” Farrow, RL; Kliner, DAV; Schrader, PE.;
Hoops, AA; Moore, SW; Hadley, G R and Schmitt, RL; Proc. SPIE Vol.6102,61020L, Fiber Lasers ll:
Technology, Systems, and Applications; February 2006.

Technical articles written by the team:
+“Single-transverse-mode operation of a coiled multimode fiber amplifier,” Koplow, JP; Kliner,
DAV; Goldberg, L; in Optics and Photonics News; December 2000;v.11,n0.12, p.21-22.
* “Fiber Laser Technology Reels in High Power Results,”Kliner, DAV Koplow, JP and Di Teodoro, F;
oe magazine, January 2004.[Available at http://oemagazine.com/fromthemagazine/jan04/tutorial.
html ]

Articles recognizing the invention of the Mode-Filtered Fiber Amplifier:

« "Optics in 2000,” Optics and Photonics News, issue 11,n0 12, p. 16, December 2000.

+“CLEO 2000: Coiled fiber amplifiers produce high power single-mode pulses,”

Yvonne Carts-Powell, Photonics Online, May 12,2000. [Available at http://www.photonicsonline.com/
content/news/article.asp?docid={988b6850-275d-11d4-8c3¢c-009027de0829} ]

*“FIBER AMPLIFIERS: Coiling boosts single-mode power in multimode fiber,” Hassaun Jones-Bey,
Laser Focus World, August 2000. [Available at http://Ifw.pennnet.com/articles/article_display.cfm?
Section=ARCHI&C=News&ARTICLE_ID=79975&KEYWORDS=koplow&p=12 ]

+“Coiled fiber amplifier delivers high-power signal,” Hassaun A.Jones-Bey, Laser Focus World, June
2002. [Available at http://Ifw.pennnet.com/articles/article_display.cfm?Section=ARCHI&C=0ptWr&
ARTICLE_ID=145099&KEYWORDS=koplow&p=121]

«“APPLIED PHYSICS: Powering Up in Single Mode,”lan S.Osborne, et al., Editor’s Choice section in
Science 296, 17b, April 5,2002.
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Other references:

+“LASER MARKETPLACE 2007: Laser industry navigates its way back to profitability,” Kathy Kincade
and Stephen Anderson, Laser Focus World, January 2007. [Available at http://Ifw.pennnet.com/dis-
play_article/282527/12/ARTCL/none/none/LASER-MARKETPLACE-2007:-Laser-industry-navigates-
its-way-back-to-profitability/ ]

+“Fiber Laser Technology Review,” a webcast presentation by Andrew Held of Nufern, May 17,2006.
[This webcast — audio and slides -- may be accessed from http://www.smalltimes.com/webcast/dis-
play_webcast.cfm?id=200]
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Single-mode operation of a coiled multimode fiber amplifier

Jeffrey P. Koplow
Naval Research Laboratory, Washington, D.C. 20375
Dahv A. V. Kliner

Sandie National Laboralories, Livermore, Culifornio 94551

Lew Goldberg

Naval Research Laboratory, Washington, D.C. 20375

Received Novernber 3, 1999
We report a new approach to obtaining single-transverse-mode operation of a multimode fiber amplifier in which
the gain fiber is coiled to induce significant bend loss for all but the lowest-order mode. We demonstrated
this method by constructing a coiled amplifier using Yb-doped, double-clad fiber with a core diameter of 25 um
and a numerical aperture of ~0.1 (V =~ 7.4}, When the amplifier was operated as an amplified-spontaneous-
emission source, the outpul beam had an M? value of 1.09 = 0.09; when seeded at 1064 nun, the slope elficiency
was similar to that of an uncoiled amplifier. This technique will permit scaling of pulsed fiber lasers and
amplifiers to significantly higher pulse energies and peak powers and cw fiber sources to higher average powers
while maintaining excellent beam quality. © 2000 Optical Society of America
OCIS codes:  060.2320, 140.3510, 140.4480, 140.3570.

Single-mode (SM), rare-earth-doped fiber lasers and
amplifiers are finding widespread use in applica-
tions that require compact, rugged optical sources
with diffraction-limited beam quality. The advent of
double-clad fibers has allowed these sources to hbe
scaled to average powers of =100 W.! For applica-
tions that require high-energy pulses, however, use of
fiber-based systems has been limited by the relatively
low pulse energies available compared with those of
bulk lasers. This pulse-energy limitation arises from
low energy storage and the onset of nonlinear pro-
cesses in the fiber. The energy-storage capacity of a
fiber is determined by amplified spontaneous emission
(ASE), which limits the maximum population inver-
sion.* The most important nonlinear processes that
limit the pulse energy and peak power are stunulated
Raman scattering (SRS) and stimulated Brillouin scat-
tering (SBS).? For cw applications that require nar-
row linewidth, the maximum power is limited by SBS.
Two approaches to overcoming these limitations
have been reported. Taverner and colleagues de-
veloped large-mode-area, Er-doped SM fibers with
numerical apertures (NA's) of 0.066-0.08 and core
diameters of 14—17 pgm (V = 2.2-2.4).** Decreasing
the NA (relative to standard telecommunication values
of ~0.15) allows the core size to be increased while
maintaining SM operation. The resultant increased
mode-field area raises the threshold for nonlinear pro-
cesses. In addition, the lower NA reduces the fraction
of spontaneous emission captured by the fiber, thereby
increasing energy storage.® Several groups have used
multimode (MM} fiber amplifiers and have obtained
various levels of suppression of high-order modes
by adjusting fiber index and dopant distributions,™®
cavity configurations,*® or launch conditions of the
seed beam.”’"® In all these approaches, increasing
the rare-earth-dopant concentration permits the use
of shorter fibers, which proportionally increases the

threshold power for SRS and SBS.

0146-9592/00/070442-03$15.00/0

We report a new approach to obtaining SM opera-
tion of a laser or amplifier using MM fiber. By wrap-
ping the gain fiber around a cylindrical mandrel whose
radius is chosen to provide low loss for the funda-
mental mode (LPu) and high loss for LP11 and the
other high-order modes, hend loss can be used as a
form of distributed spatial filtering. This technique
exploits the fact that LPy; is the least sensitive to bend
loss and that, for all modes, the bend-loss attenua-
tion coefficient («, in decibels per meter) depends ex-
ponentially on the radius of curvature.'® Using bend
loss to discriminate against high-order modes allows
the core diameter to be increased significantly be-
yond the SM limit (i.e., the restriction V < 2405 is
eliminated), thereby allowing fiber lasers and ampli-
fiers to be scaled up to much higher peak and aver-
age powers. Furthermore, for a double-clad fiber with
a given inner-cladding area, the pump absorption co-
efficient increases quadratically with core diameter,
permitting the use of shorter lengths of fiber; alter-
natively, increasing both the core and inner-cladding
sizes permits the use of larger, higher-power pump
sources without the need for prohibitively long fibers.
Although this approach is fully compatible with (and
may be extended by) other methods for suppressing
modes above LPy1, it does not require that the launch
conditions and mode quality of the seed beam be care-
fully matched to LPy;, nor does it require exotic fiber
designs, to obtain diffraction-limited performance.

The mode-filtering effect that is the basis of the
coiled amplifier is shown in Fig. 1. Following the
analysis of Marcuse,’® we calculated the attenuation
for LP11 (y11 = eniL, where L is the fiber length) as
a function of fiber core diameter for specified values of
LP,; attenuation (yq;). This calculation applies to a
step-index fiber with a NA of 0.08 (a typical value for
a low-NA fiber) and L = 10 m. The attenuation coef-
ficients for modes of order higher than LP;; are larger
than «4;, and these modes will therefore be even more

@ 2000 Optical Society of America
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“Diffraction-limited, 300-kW peak-power pulses from a coiled multimode fiber amplifier,” Optics Letters; April 1 2002;v.27,
no.7,p.518-520.

2007 rsD 100 Award Entry Form

Appendix B: Front-Page Papers
and Articles

518 OPTICS LETTERS / Vol. 27, No. 7 / April 1, 2002

Diffraction-limited, 300-kW peak-power pulses from a coiled
multimode fiber amplifier

Fabio Di Teodoro, Jeffrey P. Koplow, and Sean W. Moore

Division of Optical Sciences, Naval Research Laboratory, 4555 Overlook Avenue, SW, Washington, D.C. 20375-5672

Dahv A, V. Kliner

Sandia National Laboratories, Livermore, California 94551-0969

Received October 26, 2001
We report a multimode, double-clad, Yh-doped fiber amplifier that produces diffraction-limited, 0.8-ns pulses

with energies of 255 pJ and peak powers in excess of 300 kW at a repetition rate of ~8 kHz.
transverae-mode operation was obtained by bend-loss-induced mode filtering of the gain fiber

cal Society of America

OCIS codes:

Single-mode (SM) rare-earth-doped fiber lasers and
amplifiers are compact, rugged optical sources with
diffraction-limited beam quality, but their use for
pulsed applications is hampered by the low pulse ener-
gies available compared with those for bulk solid-state
lasers. Two factors limit pulse energy: low energy
storage owing to amplified spontaneous emission® and
the onset of nonlinear pmccssns,"} such as stimulated
Brillouin scattering (SBS) and stimulated Raman
scattering (SRS). The simplest way to overcome both
limiting factors is to increase the fiber core diameter
(dcore), Which results in a smaller fraction of spon-
taneous emission being captured by the core in the
fundamental mode and in a higher threshold power for
SBS and SRS. In addition, as the pump absorption
coefficient increases quadratically with d... for a
given inner cladding diameter, shorter lengths of fiber
can be used, which proportionally raises the threshold
power for SBS and SRS.

Taverner et ol obtained SM operation of an
Er-doped fiber amplifier with d .. of 17 pwm by lower-
ing the numerical aperture to 0.066—0.08. An upper
limit to the value of dg,. in SM fibers is imposed
by the unacceptably high bending sensitivity at low
N.A.  Alternatively, several groups used multimode
(MDD fibers in which they suppressed the propagation
of transverse modes other than the fundamental
(LPo1) mode by suitably designing the fiber index and
dopant profiles,*® by introducing special cavity config-
urations,” by tapering the fiber ends,” or by adjusting
the seed launch conditions.® Koplow et al. showed
that one can recover diffraction-limited beam quality
by ecoiling a MM fiber to induce substantial bend loss
for all transverse modes except LP;." Important
practical advantages of this technique are that it is
easy to implement, does not require the seed mode
quality to be carefully matched to LPy;, and does not
rely on complex fiber designs.

A great deal of research has been devoted to
continuous-wave and mode-locked fiber lasers, and
both have proved useful in a variety of applications.

0146-9592/02/070518-03$15.00/0

Single-
© 2002 Opti-

060.2320, 140.3510, 140.4480, 140.3570, 060.4370.

The focus of the present study is on nanosecond-
duration pulsed fiber sources. The most commonly
used nanosecond sources are €-switched solid-state
lasers with pulse durations of 0.5-20 ns. These
lasers are used in applications that have one or more
of the following requirements: high peak power (e.g.,
nonlinear frequency conversion), narrow linewidth
(e.g., laser spectroscopy), and large pulse energy (e.g.,
lidar). For transform-limited pulses with durations
in excess of ~10 ns, the threshold power for SBS in a
fiber is more than 2 orders of magnitude lower than
that for SRS,* and SBS imposes severe limitations on
the peak power that can be transmitted through the
gain fiber. As the pulse duration is decreased below
10 ns, the threshold for SBS increases steeply because
(1) the linewidth of a transform-limited pulse exceeds
the Brillouin gain bandwidth (typically 50 MHz),
(2) the spatial overlap of the optical pulse and the
counterpropagating SBS wave becomes shorter than
the length of the fiber amplifier, and (3) the highest
peak powers are not generated until the pulse has
propagated through most of the amplifier (because
of the approximately exponential growth of the pulse
along the fiber, the effective interaction length for
SBS is inversely proportional to the gain per unit
length of the amplifier). For transform-limited pulses
of less than ~1-ns duration, SRS thus becomes the
dominant nonlinear process. Any further decrease in
pulse duration does not necessarily result in higher
peak powers and is undesirable if the pulse energy
is to be maximized or the spectral linewidth iz to be
minimized.

In this Letter we report the first realization of
a coiled MM fiber amplifier for pulsed operation
with SM output. We used 7.0 m of the Yh-doped,
double-clad (DC) fiber described in Ref. 10. The
core diameter and N.A. were 25 pm and —~0.10, re-
spectively, which correspond to V = 7.4 at 1064 nm.
For bend-loss mode filtering we used two eylindrical
spools of 1.67-vm diameter, each wrapped with 3.5 m
of DC fiber. The spools were oriented orthogonally

© 2002 Optical Society of America
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“High-Peak-Power (>1.2 MW) Pulsed Fiber Amplifier,” Proc. SPIE Vol.6102,61020L, Fiber Lasers llI:
Technology, Systems, and Applications; February 2006.

High-peak-power (>1.2 MW) pulsed fiber amplifier
Roger L. Farrow.” Dahv A. V. Kliner." Paul E. Schrader.® Alexandra A. Hoops."
Sean W. Moore.” G. Ronald Hadley.” and Randal L. Schmitt®
*P. O. Box 969, Sandia National Laboratories, Livermore, CA 94551
®P. 0. Box 5800, Sandia National Laboratories, Albuquerque, NM 87185

ABSTRACT

We report results from Yb-doped fiber amplifiers seeded with two microchip lasers having 0.38-ns and 2.3-
ns pulse durations. The shorter duration seed resulted in output pulses with a peak power of >1.2 MW and
pulse energy of 0.67 mJ. Peak power was limited by nonlinear processes that caused breakup and
broadening of the pulse envelope as the pump power increased. The 2.3-ns duration seed laser resulted in
output pulses with a peak power of =300 kW and pulse energy of =1.1 mJ. Pulse energies were limited by
the onset of stimulated Brillouin scattering and ultimately by internal optical damage (fluences in excess of
400 J/em® were generated). In both experiments, nearly diffraction-limited beam profiles were obtained.
with M? values of <1.2. Preliminary results of a pulse-amplification model are in excellent agreement with
the experimental results of the amplifiers operating in the low-to-moderate gain-depletion regime.

Keywords: fiber amplifier, pulsed fiber amplifier, high-peak-power fiber amplifier, bend loss, mode
filtering. large-mode-area amplifier, Yb

1. INTRODUCTION

Numerous applications of lasers require optical pulses with high beam quality, mulliJoule pulse energies.
and nanosecond pulse durations, including materials processing, remote sensing (chemical and physical).
and nonlinear frequency conversion. These applications have traditionally employed diode-pumped solid-
state lasers, but recent advances in rare-carth-doped fiber lasers offer the possibility of meeting the
requirements with smaller, lighter, more efficient. and more reliable fiber-based sources. In particular,
bend-loss-induced mode filtering has allowed pulsed fiber lasers and amplifiers to be scaled to mJ pulse
energies and MW peak powers while maintaining diffraction-limited beam quality. This method permits
the use of multimode fibers with large core diameters, which are able to generate higher pulse energies and
peak powers, by making use of the strong inerease in bend loss with mode order. LA spooling diameter is
chosen such that the LPy; fundamental mode has an acceptable (often negligible) attenuation. while the
higher order modes are nearly eliminated.’ Using this technique. Di Teodoro and cowor kers’ obtained dif-
fraction-limited, 0.8-ns duration pulses with energies >255 uJ and peak powers =305 kW from a single 25-
pm core-diameter Yb-doped. double-clad (DC) fiber. Although not diffraction limited (M? = 6.5), Cheng
and coworkers* obtained a record peak power of 2.4 MW from 4-ns duration pulses with energies of 9.6
m], using a multi-stage setup ending with a mode-filtered 200-pm diameter Yb-doped fiber.

Torruellas and coworkers’ have developed custom-fabricated. non-step-index fibers designed to support a
large area, flattened mode with an effective area of 2075 pm-. In a two-stage amplifier setup, they obtained
1.5-MW peak power, 25-GHz linewidth. pulses with energies up to 0.75 mJ, pulse durations of <0.5 ns, and
M- <2,

Another approach providing mode selection in large core-diameter fibers uses microstructured materials to
create so-called holey fibers that inherently support only the fundamental mode. Di Teodoro and Brooks®
recently reported diffraction-limited. 0.45-ns duration pulses from a holey fiber with an LPy mode
diameter of 33.5 pm. Peak powers of 1.1 MW with pulse energies of 540 uJ were obtained: some self-

" email: farrow(@sandia.gov, tel: 925-294-6136
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“Single-transverse-mode operation of a coiled multimode fiber amplifier,” Optics and Photonics News;

December 2000;v.11,n0.12, p.21-22.

Interference Imaging
For Aspheric Surface Testing

By Paul E. Murphy, Thomas G. Beown,

and Duncan T. Moore

Asplieric optical surfaces provide superior performance
Im the d.n:‘-lHn o] '.lr‘-h ad svalems Yet their |1r-|.1\|. dppixa

teoes requires effective design, febrcation, and metrolo-
gy. Powerful computers and slgorithms allow use of
aspheres in lens design software. Modern com puter-
controlbed fabrication processes automaticolly gencrae
aspheres, and determindstic polishing processes, such as
magnetorheological Anshing (MRF), finish the par.'
The lack of flexible metrology, however, remains a
msipor bottleneck to many cost-cfiective solutions, Null
interferometry is an sccurate wol for the testing of
spherical surfuces. Extending this capability 1o aspheres.
hovever, requunes the design amd fabrication of specal
null optics.

Testing aapheres in a nall configuration is both
inflexible znd expensive, therely limiting thar use in
praciical system designs. The ability to measure an
asphere withour corrective optics would alleviate this
problem. Soch non-null tests, however, have |nirinsic
Barriers 1o implementation. Two effects in particular si-
fle non-null interferametry: the density of the imlerfer-
ence frimges and the failure of the common-path
assumption. OF these two problems, the common-path
fatlure is more pervasive, leading 1o retrace errors th
mtroduce bias inio the mcasurement. ]im'pi_]’iq’_.ﬂ tech
miques demonstrate some capability of predicting (amd
thizs remarving) such errors bt do not indicate whether
anotber interferameter design mighs perform betrer.™

A more fundamental model gives insight inta the
cffects that drive the inerference TG EInE errars, “l.-lillE
analytically postulated the effects of same aberrations in
¢ Faean imtericrometer and illustratod distortion exper
imentally.' We explore the cffect of coherent fringe
imaging in detall under 4 peometrical-optics frame
wark.” Ome I'.ﬂl contribution is a gensral cxpresston for
interference imuging errors as 2 function of the imaging
syste’s vonveniiceal parameters. The ermory are sub-
classified into phase and mapping and are predicted
from the wavefront abervation of the imaging system
Figures 1{a) and L{b) Mlustrate the concept of phase and
mapping erroes. Our methed predicts these erroes from
the imaging system parameters and the dope departure
af the test wavefront (from the reference). Analyiic
resulls are obtxined through aberration theary, present-
ing a powsrful framework for describing noa-nall inger-
ferenvce. Experiments on tilted and delooued 5-.PI|.|_'I'[‘,L:?IF
e of a sungle-dement imager demanstrated agreement
wth the theary to betier than tenth-wave on some forty
waved of defocus.”

General predicnon of imerferometer errors has sev
eral important applications. The smount of measure
ment &rTor ¢an be quickly estimated. Better still, the
errors can be removed, although uncertainties in the
imaging aberration valees limit such a correction
Unknown tilt and decentration of the individual imag-
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ing elements introduce svstensatic errors in the aberra-
tions, although even this problem can potentially be
asddressed with system calibration. Another application
of the analvsis is in the design of interforonseters. Con
ventionil aralyes methods typically apply only to o par-
ticular interferometer, and thus comparison between
desipms i quite tedious. The methods presented n this
rescarch are hased om the comentional aberration char-
achoristics of the interferometer Imaging system, Inas-
much 4s the Imaging ermor prodictions are general. they
in be optimized. The manifold 1008 of lkas disign
become availsble 10 non-null interferameter design,
rather than I'EI\ N OE Al Bt ||'|.'1J‘1|..-|._|.1
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LASERS

Single-Transverse-Mode Operation of a Coiled
Multimade Fiber Amplifier

By Jeffrey I' Koplow, Dabv A. V. Kliner, and Lew
Guoldberg

Single-mode (5M), rare-carth-doped fiber lasers and
amplibers are widely wsed in welecommunications and
olher applications requiring compact, rugged optical
soaarces with diffraction-lmited beam quatity. For appli
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“Single-transverse-mode operation of a coiled multimode fiber amplifier,” Optics and Photonics News;
December 2000;v.11,n0.12, p.21-22.
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MM ampllfier for the Indizeted spoal dismetens.

cations requiring high- peak-power pulses or narrow
linewidth, however, use of fiber-based systems has been
limired by the relatively low energy-storage capacity of
5M fibers and by the onset of nonlinecr processes in the
fiber. These problems can be mitigated by incressing the
core diameter of the fiber, but eventually the fiber will
support higher-order modes; such multimode (MM
fibers are generally characterized by poor beam quality,
which restricts their use in applications such as nonlin-
ear frequency conversion, pumping of optical parametric
oscillators and amplifiers, lidar, and materials processing,

Two approaches to overcoming these limitations
have been reported. Taverner et al developed erbium-
doped fibers with low numerical apertures, which
allowed the core size to be increased while maintaining
5M operation.! Alternatively, several groups using MM
fiber amplifiers have obtained varying levels of suppres-
sion of high-order modes by adjusting the launch con-
ditions of the seed beam? or the fiber refractive-index
and rare-earth-dopant distributions.?

In a recent paper,® researchers at the Naval Research
Laboratory and Sandia National Laboratories reported
a new approach to obtaining M operation of a laser or
amplifier employing MM fiber. This technique exploits
the fact that the fundamental mode (LF,, | is least sensi-
tive to bend loss when the fiber is coiled. Thus, by wrap-
ping a gain fiber around a cylindrical mandrel whose
radius is chosen to provide low loss for LP,, and high
loss for higher-order modes, bend loss can be used a5 3
form of distributed spatial filtering to suppress all but
the fundamental mode of a MM fiber amplifier,

The technique was demonstrated by construction of
an ytterbium-doped fiber amplifier using MM fiber
with a core diameter of 25 wm (more than three times
the diareeter of a comparable SM fiber). The Bber was
end pumped with 3.5 W at 975 nm, and the copropagat-
ing amplified-spontaneous-emission (ASE) power and
near-field sparial profile {intensity versus position at the
fiber output face) were measured to determine the opti-
mum spool diameter (ASE uaiformly excites all modes
of the MM fiber). Figure | shows the near-field spatial
profile for several spool diameters and demonstrates the
suppression of higher-order modes before the onset of
significant loss for LF,, (whose spatial profile is nearly
Gaussian), Measurements with a 1.58-cm spool diame-

ter demonstrated a rigorously diffraction-limited outpw
beam and, when the amplifier was seeded at 1064 nm, 4
slope efficicncy that was nearly unchanged from that of
an uncoiled amplifier, A maximum output power of 4.1
W was obtained with 11 W of pump power,

This new approach does not increase system com.
plexity, is inexpensive to implement, and is compatible
with {and may be extended by) other methods for sup-
pressing modes above LPy,, It will allow for scaling of
pulsed fiber lasers and amplifiers to significantly higher
pulse energies and peak powers and ow fber sources 15
higher average powers while maintaining excellent beain
quality.
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Gain Switching and Active Mode Locking
Of Mid-infrared Quantum Cascade Lasers

By Roberto Paiella, Federico Capasso, Claire Gmaclil,
Clyde G. Bethea, Harold Y. Hwang, Debarah L. Siven,
James N. Baillargeon, Albert L. Hutchinson, Alfred Y.
Cha, and H. C. Liu

Quantum cascade (QC) lasers! are light sources based
on optical transitions between quantized states of the
conduction band in semiconductor nanostructures.
These devices emit in the mid-infrared spectral region,
which is known as the molecular fingerprint repion,
because many chemical and biological species have it
telltale abserption features at these wavelengths. This
spectral range is characterized by the lack of convenient
laser sources of ultrashert pulses. On the other hand,
these sources would be quite desirable for several appli-
cetions, ranging from time-resolved spectroscopy to
coherent control. Recently, we demonstrated the genera-
tion of picosecond mid-infrared pulses with gain-
switched and actively mode-locked QU lasers.

Gain switching consists of driving an injection Lisen
blased belew threshold, with short electrical pulses 1
generate even shorter optical pulses. In particular, we
used a commmerciz! step-recovery diode (comb penera-
tor) that produced voltage pulses of approximately 90 p.
at a repetition rate of 100 MHz to gain switch smr‘i.
QC lasers, properly packaged for high-speed operation-”.
A typical output pulse from an 8-jum devics is shown in
the left-hand panel of the figure, as measured with &*
high-speed quantum-well infrared photodetectof
(QWIP).* A pulse duration of §9 ps s directly obtained
from this trace; accounting for the finite response time
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“Fiber Laser Technology Reels in High Power Results,” oe magazine, January 2004.

TUTORIAL!

Fiber Laser
Technology

Reels In

By Db Kliner, Sandia
Hatianal Laboratomes;
and Jeffrey Koplow,
Fabio Di Teadora, and
Sean Maoore, Maval
Risearch Laboratony

By using bending loss to'suppress higherorder modes in multimode
fiber, researchers have achieved high power output from fiber lasers.

ingle-meade, rare-earth-doped fiber lasers and ampli-
flers are widely wsed in telecommunkeations ancd
oiler applications requiring compact, fugaed opti-
val soawrees witls Bigh Bearn quality. Fiber soumess provide
high etectrical-to-optical effickency lup to 39% for Yhe
doped fiber amplifiers), soall-signal gains as high as 10°,
aned lew-theeshold operation. The devices can acieve
diffraction-linited bearn quatity [W° = 1) that is defined
by the refraceive-index profile of the fber and &5 thos
mersitive Lo thermal of mechanical Noctoations o opti-
cal power level, The glass host broadens the optical
transitions in the rare-earth jon dopants, yielding contin-
ucus tunability, moreover, the variety of possible
rare-earth dopants such as Th, Er. and Tm vields broacl
wavelergth coverage I the near-1R spectral region. Fiber
lasers can De dicde pamped and fumler aller low Deat
dissipation and Eeeile heat removal [high surface-ares-to-
vedume ratic) and room-temperature operation, T hey
alsn regjuire no consumables other than electrical posver.
Llnitil recennly, fibser sources had been linvited to rela-
rively lew output powers, preventing their use in a
nurnber of important applications that demaned high
average power, peak power, and/or pulse energy, Becent

32| SPIE's pemagazine |lanuwary 2004

advances, however, have enabibed dramaric power scaling
af continuaus-wave (CW) and pulsed fiber sources,
bringing the benelits of this veclosclogy 1o a wids rangs
al appliciticns. previomsly dominsted by otler lser sys-
tems: materials processing. lidar, and sonlinear
frequency conversion, for examgde, Tlese developiments
B led 0o @ surge of inberest in fiber-based laser systems
for Bath industrial ansd milicary use.

Power Limitations
A idealized stepeindex fiber has uniform refractive
indices in both the core {r_, ] and the cladding (i)
Such a fiber will guide cnly the fundamental mode
LBy if the nommalized frequency [F) s = 2.4, where
F= & dy MAL, A d, s the core diameder, & is
e wavelengtl, and the numerical aperuce MA_,, is
given by V.= Typical singlemode filers oper-
ating in the near-1F spectral region have o, values
af & 1o 8 pm and A values of about (15,
High-power fiber sources incorporate deuble-clad
fiber {see figure 1), in which the rare-earth-coped core is
swrrounded by a much larger and higher-MA inner
cladding. Light from ligh-power multimode punig



2001 rsp 100 Award Entry Form M O D E — F I LT E RE D
Appendix B: Front-Page Papers F I B E R A M P L I F I E R

and Articles
"Optics in 2000,” Optics and Photonics News, issue 11,no 12, p. 16, December 2000.

Guest Editor: Bob D. Guenther
Physics Department, Duke University

xamples of the most significant recent research in optics and engineering are
Epu blished each year in the December issue of OPN. This issue is comprised

of short descriptions of the "hottest” topics in eurrent optics research. Selec-
tion criteria applied ta submissions are as follows:

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

* the work must be illustrated in a clear, concise manner, comprehensible to the
at-large optics community;

* the topical arca as a whole must be described, and the importance of the
research must he detailed,

There are no requirements in the selection process for inclusion of specific top-
ical areas. When a large number of submissions are received for a specific area, this
is taken as evidence that the topic has been fertile ground for activity and research
over the course of the preceding year. OPN strives to ensure that engineering, sci-
ence, and technology are all represented. The number of papers accepted overall is
limited by space.

With 33 papers accepted, 2000 has proven to be another successful year. OPN
and O5A would like to thank the hundreds of researchers from all over the world
who submitted summaries to Optics in 2000

18 optics & Pholonics Mews / Doacembar 2000
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“CLEO 2000: Coiled fiber amplifiers produce high power single-mode pulses,” Photonics Online,
May 12,2000.
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CLEO 2000: Colled fiber amplifiers produce high power single-mode pulses
SA22000 Bending multimode fiber ampliffers filters out higher-order modes without significantly
reducing efficiency.

By: Yvonne Carts-Powel

Han Francisco, CA—The high ntensity in fiber cores allows fiber lasers to produce nonlinear effects at
relatively low powers, which is a boon for those who want to exploit these effects, but the bane of users who
rnerehy want high-power pulses from the relatvely compact fiber lasers. Resaarchers at the Maval Research
Laboratory (Washington, D) and Sandia National Laboratories (Livermone, CA) have developed a simple
methed that allows more powerful single-transverse-mode pulses from mullimode fiber amplifiers. The work
is attractive because it uses a relatively commen fiber design and it is both inexpensive and straightfonrsand
to implement: bend the amplifier. 1

How it works

The work is basad on an interesting property of fiber—all the modes propagating in fiber see bending loss,
but the fundamental mode is the least sensitrve to it Jafirey Koplow, and Lew Goldberg at NRL and Dahy
Kliner at Sandia calculatad 1.58 em as an optical radius of curvature at which the lowest order mode (LPO1)
has minimal bending loss but all the higher order modes are high loss. Wrapping the gain fiber around a2
cylinder of this radius thus provides a form of distributed mode filtering

One side-benefit of this method s that it can be used alone or combined with another method for Increasing
the output power of iber amplfiers: using Nbers with larger-than-normal cores and lower-than-nomal
numencal apertures (NAs). Just like with single-mode fibers, reducing the NA and increasing the dopant
concantration in the multimada amplifier increases tha storad enargy and ability of the fiber 1o handla high
peak power pulses,

“Exploiting bend loss to discriminate against higher-order modes allows the cone diameter to be increased
significantly beyond fhe single-mode Bmid,” say the researchers, “aliowing fiber lasers and amplifiers to be
scaled up to much higher peak and average powers”

Klirer explains that by also using double-clad fiber, the pump absorption coefficient ncreases quadratcally
with core diameter. This allows users to either decrease the length of fber or use larger higher-power pump
sources without requinng much konger fibers.

Experimental system

The researchers constructed a coiled amplifier using double-clad fiber with a cone dianeter of 25 pm, a core
NA& of abowt 0.1, and a ytterbium concentration of about 1.5% by weeght, The 200-pm-dia. hexagonal mner
cladding layer (through which the punp ight propagates) had a numencal aperture of 0.47, and the
absorption coafficient at 975 nm was about 7.6 dB/m. The davice was pumped by imaging the cutput of a
fiber-coupled 974-nm diede amay (with a 250-mm diameter and NA of 0.22) onto the polished end face of
the fiber. The launched pump power was measured to be about 7.3 W,

According to the group, with the amplifier operated as an amplfied spontanecus emission source, the M2 of
the output beam reached 1.05 + 0.09, which is fairly choss 1o diffraction-limited operation (an M= value of 1).
VWhen the caoiled amplifier was seeded wath 1064-nm light from a single longiludinal mode neodymium-
doped yitrium aluminum gamet (NG YAG) laser, the slope efficiency was similar to that of an uncoiled
amplher,

The technigque allows researchers o scale pulsed fber lasers and amplifiers to significantly higher pulse
energies and peak powers, without trading higher power for lower beam gquality. It could also be applied to
raising the average power of CW fiber sources.

Reference
1. Jeffrey Koplow, Daky Kliner, and Lew Goldberg, "Use of bend loss to obtain single-transyerse-mode
operation Df a rnlj_lirmde fiber,” Conference on Lasers and Electro-Optics (CLEO 2000}, paper # CWJE
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FIEER AMPLIFIERS: Coiling boosts

single-mode power in multimede fiber m Egﬁ I.HS-EFF[IBUSW[“.M

Click here for a
FREE Subzcription

Researchers from Sandia National Laboratories (& (= FRINT Thigf
(Livermare, CA) and the Naval Research Laboratory (MRL;
Wwashington, DC) presented a technigue for exceading the current W-number limit of 2,405 for

canstrecking a single-mode optical amplifier. The researchers sxpect the technigue to allow - lHﬂEranl'I'qu'lﬂ
scaling of pulsed fiber lasers and amplifiers te much higher powers than are currently Laser mrm it H||J
attainable due bo pulse-energy limitations caused by low energy storage and nonlinear ) w

5| lrtiers
processes n fiber. L

The potentially ameliorative technigue consists of
coiling a multimode fiker and adjusting the radivs of
curvature be introduce a bend loss that I

i Pl |
e, I!:‘f-'! 5:
preferentially suppresses signal modes of arider _A A \".u_m... Click Here

higher than the fundamental. "1If you strategically
choose the radius of curvature, you can discriminate
between the higher-order modes and the
fundamental mode," said Dahy Kliner, a senior
resaarch scienkist at Sandia who collaborated with

Jaffrey Koplow and Lew Goldberg at the NRL to ik o

develop the bechnigue. "So you can introduce a Aprrnaliie btk indieat mulli-fodi S9eratian in
significant amount of loss for LPLL, which is the first untcibad funeh o bl Ascending cures
mode above the fundamental mede, and get a prograssivaly taka on smocth Gaussin symrdin
substantial suppression of LPL1 and all higher-arders wilh dagrcasing ool damand unlil suppiasscn of
modes compared bo the fundamental mode LPO1.® fuidarssinlal oot beooiies eitanl i upsr cuive.

Click here to enlargs imags

In their experiments, described during a technical presentation at the annual Confersnce on
Lasers andl Electro-Optles (CLED; San Franclsco, CA) Im May, the researchers used a G-m
length of yiberblum-doped doukle-clad fiber with a core diameter of 25 pm and numerical
aperture of 0.1, which vielded a V-number of 7.4 for a 1064-nm signal. & pump of 974 nm
was used im the testing. Pump power was set at 2.9 W, and the near-field spatial profile of
the copropagating amplified spontanecus emission (A%E) was measurad by a linear diode
array. ASE uniformly excites all mocles of the filber, & coll diameter of 1,58 cm enabled single-
made operation without excessive suppression of the fundamental mode {see figure),?

In comparing the slope efficiency of coiled and uncoiled versions of the amplifier seeded at
1064 nim, the researchiers found a 2% difference, Kliner said. “In other words, we had not
significantly compromised the performance of the amplifier, We had mot induced significant
bend loss to the lowest-order mode, so the slope efficiency was not changed.” The amplifier
threshold did change by about half a watt, he said, probably dus to the filkering effect of
removing the higher-order modes. They also measurad a value for M2 of 1,00 £0.00 for the
ASE source, essentially indistinguishable frem unity within the accuracy of the measurement.
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“Coiled fiber amplifier delivers high-power signal,” Hassaun A.Jones-Bey, Laser Focus World, June 2002.

Laser Focus World
Coiled fiber amplifier delivers high- G e mss

power signal

by Hassaun A. Jones-Bey =4

Single-mode, rare-earth-doped fiber lasers and amplifiers are widely used in optical
telecommunications and other applications reguiring compact, rugged, eficient light sources
with diffraction-limited beam guality. Use of these sources for pulsed applications has been
hinderad, howsver, by the low pulse energies available comparsd 1o bulk solid-state lasars.

=i | T=

"Pecple have gone a long way toward
scaling up the continugus-wave power
of fber sources but thoss sources are
stil limited for pulsed applications, in
terms of how much peak power you can
get out,” according to Dahv Kliner at
Szndia Nationzl| Laboratories
[Livermore, CA}, "&nd a lot of
zpplications such as nonlinear
frequency conversion, materizls

processing and licar (lighs detaction and
ranging ) reqguire high-energy pulses.”

Mormally, pulse energy in fiber is

limited by ‘ow energy storsge as a
lﬁ f:.;‘::}._fg_ result of amplified spontaneous
L — emission and by the onsst of nonlinear
www.gs-scanners.com processes in the fiber. The simplest

method to overcome both limitations is
to increase the core size of the fiber, but thiz approach is restricted by the need o maintain
single-transverse-mode cperation, In practice, the upper limit for the core diameter of a
single-mode fiber is about 10 ym for wavelengths near 1 ym.

Other methods for getting a multimede fiber to run single mode include contrelling launch
conditions or laser cavity configuration to preferentially excite the lowsst-order mode; as well
as controliing the copant profile to preferentially amplify the lowest-order mode. "Thezs
methods aren't all necessarily competitive,” Kliner said. "You can do several things at once.
You can control the launch conditions as well as contrel the refractive-index profile 1o obtain
even greater suppression of high-order modes,”

Bend-loss approach

Several research groups are focusing on a range of approaches to the problem. Kliner, zlong
with colleagues at the Navel Research Laboratory (Washington, DC). is investigating bend
loss a5 3 form of distributed spatial filtering. By strategical'y choesing the radius of curvature
to discriminate aganst the higher-order modes, attanzb e pulse energy can be increased by



2007 reD 100 Award Entry Form

MODE-FILTERED
AppendixaBr:dF;\?r:\itc-lzige Papers F IBER A MPLIFIER

“APPLIED PHYSICS: Powering Up in Single Mode,” Editor’s Choice section in Science 296, 17b, April 5,2002
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positive effects of estrogen on spatial
keaming and that its absence may increase
the negative consequences of estrogen by
remaving a suppressive effect on ER-
t-mediated activities.— LDC

Froc, Natd, dcad, 5o LLS.A. §0, 3006 (2002),

BIOMEDICINE
All Over the Joint

Pheumatoid arthritis is a debilitating and
costly disease that affects over 2 million
people in the United States; it is character-
ized by chronic inflarmmation of the symovial
lining of the joints, which can ultimately
lead to destruction of the joint and sur-

GM [green) on the cortilage surface [cart)
Lining the articular cavity (ac).

rownding tissue, This inflammation is
thought to be an autoimmunea reaction, and
the glycolytic enzyme glucose-6-phasphate
somerase (GPI) has been fingered as a likely
target antigen. However, GH is expressed in
all tissues, so it has been difficult to eoplain
winy the immune attack is directed specifi-
cally to the jelnts.

Misw insight inta this puzzle eménges
fram Matsumato ez al., who show that in

Sk

wwnw.stheong Chang

wzalthy mice, GPI from the Blosdstream
selectively accumulates on the cartilage
surface lining the joints. These joint-specific
deposits of GPl were greatly amplified in a
mouse model of thevmatoid arthritis. In
complemmentany work, also with mice, Wig-
ke et al. found that systemically injected
antibodies against GPl localze within min-
utes to the peripheral joints and that this
localization persists for at least 24 hours.
These rasults support a madel inwhich GPI
[ other target antigens) expesed on the
cartilage surface serves as a target for
pathogenic autcantibodies, which in turm
trigger an inflammatony cascade that pro-
oeeds unimpeded because cartilage lacks
the nerrmal cellular inhibitors of antibody-
triggered immune attacks, — FAK

Natore! mmonod. 3, 360; 366 [2002]).

AFPLIED PHYSICS

Powering Up in
Single Mode

FRare earth—doped optical fibers are com-
pact and rugged light sources used in the
telecommunication industry as lasers and
optical amplifiers. For higher powered
pulsed applications, their utility is some-
what hampered by the limited power they
cam carry and emit. One obvicus alterna-
tive, increasmg the diameter of the fiber,
has the disadvantage of allowing light to
propagate via mary transverse modes. D
Teodore et al. provide a simple sclution by
intreducing a bend in the fiber of just the
right geometry that suppresses propagation
of the higher order modes.An ytterbium-
doped multimade fiber 17 micrometers in
diamater can operate in single mode when
coiled arcund a 1.67-micrometer diameter
spool and can achieve peak power in excess
of 300 kilowatts, — 150

Ot Lot 27, 518 [200:2],

Fatty Acids and Synaptic Strength

es at synapses in the brain are thought to provide the

cellular basis for learning and memory. The AMBA-type (-
amino=3=hydroxy =5 -methylisoxazole-4-propionic acid) receptors for the excitato-
ry transmitter glutamate are anchored In place at synapses through Interactions
with a scaffelding protein Enown as postsynaptic density protein—95 (PSD-95),
which is known to be posttranslationally modified by addition of the fatty acid
palmitate. El-Husseini et al. report that synaptic activity {currespmdlng to release
of glutamate by the presynaptic neuron] enhances palmitate cyding on PSD-95 in
cultured hippocampal neurons. Pharmacological inhibition of palmitoylation
breaks up FSD-95 clusters and reduced AMPA receptor—mediated signaling. Thus,
activity-dependent depalmitoylation of PSD-95 provides a new mechanism for
the regulation of synaptic function. — LER

Cold 108 B4 (200:2)
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“LASER MARKETPLACE 2007: Laser industry navigates its way back to profitability,” Laser Focus World,
January 2007.
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s bean & few vears in the making, but 2006 yielded

soMme very positive redwns. - [iSErFocusWorld
L &ser o world
KATHY KINCADE AND STEPHEN G, ANDERSON C N e e

Thara's nothing quite like teking & calculated risk-marrying indting with intellect-and
watching It pay off, ‘Whather In business, Investment, R&D, sports, or e, we surround
oursghvas with the right togls, data, and people Lo endere an oplimal relurs, Even 0, al the
and of tha day, It's all Still & kit of & pamble. For the last hve yebrs Uhis Industry hes worked
hard ta strike the dght balance between the “sure thing” sad the "next big thing“-and this Click Hexe
fecusad affort appears to be ylelding some positive returns, Alter a lacduster 2005, the
wirldwide lagar busingss experianced & surprisingly strong 2006-thanks in large part Lo
battar-than-expected parfarmance by the semitonducior industny and to the continuing
rebaund ef optical communications, among other factors. Looking lorward, the indusiry's
ruged Sgarms to be one of optimism tempered by concern céntered around Lhe level of
Investrent in the semicanductor arena for 2007 and general waringis related to economic
candithns,

v advartisarnant v 1AL first glance the results of our survey
might appesr Lo conlradict this
scenario. Global revenue growth for all
laders for 2006 over 2005 was just 2%,
Hewrever, & look at the undertying detail
reveals that nondiode laser sales
aclually gained 11% for this perisd and
thal pasilive unit growth for diode
lagers into 2006 was in fact offsst by
m Everage poice declines-produding &
revenue change of -4%. For 2007, we
expeit & ghobal revenve incresse af 5%
fer Detalls for all lasars with total sales exceeding

$5 billion fer the first time (see Fig. 1)

We should note loo that (because we
@ L repot revenue in cament LS. dallars)
. S price changes can resull from exchange-

- rate Bochealions that oo during the:
Www.Qs-scanners.com year __ _and in lact some of the diode-

' laser revenpe decline results fram the
decling in the valua of the HE agail"lS! the dollar. AL the <ame e, mﬂ. the S, dollar is
currently 8t a 20-manth low 2gainst the aurs, creating the oppesite sffect for lasers
manufactured in Eurs-2ome counkries.
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“Fiber Laser Technology Review,” a webcast presentation by Andrew Held of Nufern, May 17, 2006.

IFib-u' Lasers - Technology B Applications

Originally Broadcast: May 17, 2006
Mo available on Demand

Lengths: 1 heour, imcluding Gt

Speakers: Andy Held, WP Sales/Marketing, Muferm
REGISTER

Overview:

FIBER LASERS are being commercially adopted at a rate faster than any previous laser technology, with “real world®
lapplications ranging frem marking to remaobe sensing. In this Webcast Andy Held, WP Sales and Marketing at Mufern {East
}aranbey, CT) will review the technelogy underpinning of fiber lasers and the characteristics that make them such an attractive
pealue proposicion, He will then foous on current applications trends -- from the growing acceptance of high-power fiber lasers
for industrial applications, to the many emerging oppartunities in applications like medicine and the graphic arts. Technical
khallenges as well as market issues will be covered,

lrout the Presenters:
Il Click presenter's name for more information)

by Held

VP Sales/Marketing
Mufern

Fiber Laser Technology Review

Dr. Andrew Held

Vice President of Sales and Marketing
Nufern

.nufern.com :K—
NUFERN

Driven To Light.
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