An Alternative to LEDs
for Full-Field Imaging

A broadband fiber amplified spontaneous emission light source delivers the
brightness and low spatial and temporal coherence required for optical coherence
tomography and ranging applications.

BY BRANDON REDDING, U.S. NAVAL
RESEARCH LAB; PEYMAN AHMADI,
NUFERN INC.; and HUI CAO, YALE UNIVERSITY

For some applications, the de-
fining attributes of traditional lasers — high
spatial and temporal coherence — can have
an adverse effect. High spatial coherence in-
troduces artifacts such as speckle in imaging,
which degrades the image. As a result, low-
spatial coherence sources such as thermal
sources or LEDs are still used in most full-
field imaging systems, despite their limited
brightness. Low temporal coherence is also
desirable in optical coherence tomography
(OCT) or frequency resolved lidar, since it
provides depth information or ranging.

While thermal sources and LEDs have
both the low spatial and low temporal
coherence required for applications, they
do not provide the laser-level brightness
needed for high-speed parallel imaging
systems or imaging with the intense op-
tical scattering common for biomedical
imaging.
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Figure 1. Light sources are categorized in terms of their spatial coherence, temporal coherence and power

per mode. Low spatial coherence sources enable speckle-free imaging while low temporal coherence sources

enable ranging applications. The recently developed fiber ASE (amplified spontaneous emission) source

uniquely combines low spatial and low temporal coherence while maintaining high photon degeneracy.
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Figure 2. Cross section of the Yb-doped XLMA fiber (a). The fiber consists of a 100-um-diameter, Yb-doped gain core with NA=0.1 surrounded by an octagonal

400-pum pump core and a 480-pum outer cladding. The multimode gain core provides amplified spontaneous emission (ASE) in many spatial modes simultaneously (b).
Schematic of the fiber ASE source (c). The emission spectrum from the fiber ASE source is centered at 1055 nm with a 3-dB bandwidth of 74 nm (d).

46 Photonics Spectra May 2016

All images courtesy of Nufern.

www.photonics.com



Brightness can be quantified by a pa-
rameter called photon degeneracy, which
is defined as the number of photons per
coherence volume and is equivalent to the
spectral radiance or power per mode of a
light source. In a laser, the photon degener-
acy is usually much greater than unity; for
example, a typical HeNe laser has a photon
degeneracy of about 10°. In contrast, tradi-
tional low coherence sources such as ther-
mal sources and LEDs have a degeneracy
of less than 1. In recent years a number
of light sources have been developed that
maintain high photon degeneracy, while
providing either low spatial coherence or
low temporal coherence — but not both.

A research team from Yale University
and Nufern Inc. recently categorized dif-
ferent light sources in terms of their spatial
coherence, temporal coherence and photon
degeneracy () (Figure 1). Traditional lasers
combine both high spatial and high tem-
poral coherence along with high photon
degeneracy (which is color-coded in the
figure). While this combination has made
lasers a powerful tool for a wide variety of
applications, the high spatial coherence has
limited the adoption of lasers in parallel
imaging and projection applications. The
high temporal coherence limits use in rang-
ing applications, including OCT or frequen-
cy resolved lidar. Superluminescent diodes
(SLDs) and supercontinuum light sources
have low temporal coherence, enabling
ranging applications, while maintaining
high spatial coherence and high bright-
ness. These sources have been widely used
in OCT, but are poorly suited for full-field
imaging due to their high spatial coherence.

Recently, several multimode lasers that
combine low spatial coherence with high
brightness required for speckle-free imag-
ing have been developed, including dye-
based random lasers', powder-based ran-
dom Raman lasers?, solid-state degener-
ate lasers®, semiconductor-based chaotic
cavity lasers?, and semiconductor-based
large-area vertical-cavity surface-emitting
lasers (VCSELs)> and VCSEL arrays®.
While these light sources enable speckle-
free imaging with a high brightness
source, they maintain relatively high tem-
poral coherence and are not suitable for
ranging applications.

The Yale/Nufern team recently devel-
oped a fiber amplified spontaneous emis-
sion (ASE) source that combines low spatial
coherence with low temporal coherence,

while maintaining high power per mode’.
Although thermal sources and LEDs also
combine these characteristics, the fiber
ASE sources provide orders of magnitude
higher brightness. It is also the first dem-
onstration of a high-brightness, speckle-
free fiber-based light source that provides
many of the same advantages inherent to
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traditional fiber lasers, such as excellent
beam quality, emission directionality and
robustness.

To achieve low spatial and low tempo-
ral coherence, the researchers needed a
fiber source that provided emission in a
large number of spatial modes over a wide
spectral band. To accomplish this, they
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Figure 3. Emission from the pump diode (a) and the 100-um core fiber ASE source (b) is collimated onto

a ground glass diffuser and the transmitted light is recorded on a camera. The spatially coherent laser

light from the pump diode produces a speckle pattern with contrast of about 0.46, whereas the low spatial

coherence fiber ASE source efficiently suppresses speckle, resulting in uniform illumination on the camera

with a contrast of about 0.02. A 30-um core fiber ASE source (¢) and a multimode SLD (d) were also tested;

however, neither source supported enough modes to effectively suppress speckle formation.
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Figure 4. A speckle-free image of a resolution chart illuminated in transmission through a scattering film with

the fiber ASE source (a). The spatial profile of the collimated fiber ASE output beam (b).

PHOTONICS) VEDIA

May 2016 Photonics Spectra 47



Fiber ASE Source

HeMe Laser

Fiber ASE

Figure 5. A resolution chart was imaged under illumination from a standard HeNe laser and the fiber ASE

source. The fiber ASE source suppresses the formation of speckle, which has historically precluded imaging

with laser and ASE-based light sources.

used a recently developed fiber with an
extra-large mode area (XLMA) gain
core. The XLMA fiber used in the initial
demonstration had a 100-pm-diameter,
Yb-dopedgaincoresurroundedbya400-pm
diameter pump core, and a 480-pm
diameter outer cladding (Nufern XLMA-
YTF-95/400/480) (Figure 2a). The large
gain core supported about 360 spatial
modes providing the potential for low
spatial coherence. To achieve broadband
emission with low temporal coherence, the
spontaneous emission is amplified in the
fiber and lasing is avoided by minimizing
feedback from the end facet of the fiber
with an angled cleave.

The fiber ASE source provided emission
in many spatial modes simultaneously
(Figure 2b); additionally the source emis-
sion was quite broadband, indicative of
low temporal coherence (Figure 2d).

The light source produced 270 mW of
CW emission with a center wavelength
of 1055 nm and a 3-dB bandwidth of
74 nm. While higher output power can be
expected in the future, this first-generation
fiber ASE source already provides about
4 mW/nm, comparable to commercially
available supercontinuum sources®.

Suppressing speckle formation

The researchers then assessed the fiber
ASE source’s ability to suppress speckle
formation. To do this, they collimated the
emission onto a ground glass diffuser and
recorded images of the transmitted light
with a camera. As a reference, they first
measured the intensity pattern formed by
laser light from one of the 915-nm pump
diodes, which produced a high-contrast
speckle pattern (Figure 3a). Repeating the

experiment with the fiber ASE source pro-
duced a uniform image (Figure 3b).

To quantify the speckle suppression,
they calculated the speckle contrast of the
two images. The pump diodes produced
a contrast of about 0.46 (less than unity
due to the use of multiple pump diodes),
whereas the fiber ASE source produced a
speckle contrast of only about 0.02.

The researchers also compared the
speckle formation using two additional
ASE sources: a fiber ASE source based
on a 30-pm diameter gain core and a
commercially available semiconductor-
based multimode super luminescent
diode (Superlum M-381) (Figure 3c, d).
The 30-pm diameter fiber ASE source
produced relatively broadband emission
with a 3-dB bandwidth of about 20 nm
centered at about 1055 nm; however,
the emission still produced speckle
with a contrast of about 0.42. The multi-
mode SLD (which also operates based on
ASE) provided about 150 mW of power
at A=800 nm with a 3-dB bandwidth of
40 nm. Nonetheless, the SLD also
produced speckle with contrast of about
0.2. Thus, the XLMA fiber ASE source
was the only ASE source that suppressed
speckle to acceptable levels for full-field
imaging applications.

Initially, it was surprising to find that
the multimode fiber ASE source supported
such a large number of spatial modes,
whereas the ASE produced by a semicon-
ductor-based multimode SLD maintained
relatively high spatial coherence and pro-
duced high-contrast speckle. In addition,
previous studies found that mode com-
petition in multimode Fabry-Perot lasers
limited lasing to only a few modes, even

in waveguides supporting several hundred
transverse spatial modes®.

The researchers suggested two factors
that could enable the fiber ASE source to
support a large number of modes. First,
the SLD and the multimode Fabry-Perot
laser both used semiconductor quantum
wells as gain materials, which allow for
efficient carrier diffusion. This has the ef-
fect of increasing the mode competition'’.
In contrast to a quantum well, the Yb dop-
ants in the XLMA fiber are spatially lo-
calized, leading to spatial hole burning,
which can reduce the effects of mode com-
petition. Second, the fiber bending and im-
perfections in the XLMA fiber can intro-
duce mode coupling such that a mode that
initially experiences strong gain may cou-
ple into a mode with lower gain, thereby
equalizing the gain experienced by differ-
ent modes over the length of the fiber. The
reduction of mode-dependent gain in the
multimode fiber favors multimode opera-
tion'’. Thus, the fiber medium may be par-
ticularly well-suited to the development
of highly multimode ASE appropriate for
speckle-free imaging.

The researchers then used the fiber ASE
source to illuminate a U.S. Air Force reso-
lution test chart, which was imaged in
transmission mode. A speckle-free, full-
field image was obtained (Figure 4a). In
addition to providing the low spatial co-
herence needed for imaging, the low tem-
poral coherence (broad emission spec-
trum) makes the fiber ASE source a good
candidate for ranging applications such as
OCT. For example, the 74-nm emission
bandwidth would provide an axial reso-
lution of 6.6 pm in OCT. The fiber ASE
source also exhibits high directionality,
with a divergence angle of less than 6°. De-
spite the presence of many spatial modes,
the spatial profile of the output beam from
the fiber ASE source is smooth and stable
— ideal for illumination in imaging appli-
cations, as confirmed by the image of the
collimated beam (Figure 4b).

In addition to producing speckle-free il-
Jlumination like a thermal source or LED,
the fiber ASE source also provides much
higher brightness, useful for high-speed
imaging or imaging through scattering
samples. As a quantitative comparison, the
team estimated the photon degeneracy of
the fiber ASE source to be about 10?, as
compared with LEDs and thermal sources,
which are limited to a photon degeneracy
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well below unity. The fiber ASE source
also provides a comparable level of photon
degeneracy to recently developed low-spa-
tial coherence lasers, as shown in Figure 1.

The fiber ASE source uniquely combines
high power per mode with both low spa-
tial and low temporal coherence. The ASE
source produces 270 mW of CW emis-
sion with a 74-nm 3-dB bandwidth cen-
tered at A = 1055 nm. Highly multimode
emission, combined with spectral com-
pounding, enables speckle-free imaging
while the broad emission spectrum also
makes it an attractive light source for
ranging applications. The researchers ex-
pect that increasing the size of the gain
core could enable emission in more spatial
modes while also providing the potential
for higher power. As such, the XLMA-
based fiber ASE source could enable new
applications in high-speed parallel imag-
ing, projection and ranging.
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