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We design and demonstrate a fiber-based amplified sponta-
neous emission (ASE) source with low spatial coherence,
low temporal coherence, and high power per mode. ASE is
produced by optically pumping a large gain core multimode
fiber while minimizing optical feedback to avoid lasing.
The fiber ASE source provides 270 mW of continuous wave
emission, centered at A = 1055 nm, with a full width at
half-maximum bandwidth of 74 nm. The emission is distrib-
uted among as many as ~70 spatial modes, enabling efficient
speckle suppression when combined with spectral com-
pounding. Finally, we demonstrate speckle-free full-field
imaging using the fiber ASE source. The fiber ASE source
provides a unique combination of high power per mode
with both low spatial and low temporal coherence, making
it an ideal source for full-field imaging and ranging appli-
cations. © 2015 Optical Society of America

OCIS codes: (140.3510) Lasers, fiber; (060.2320) Fiber optics
amplifiers and oscillators; (030.6140) Speckle.
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Traditional amplified spontaneous emission (ASE) light sources
combine broadband emission, similar to a light emitting diode
(LED), with high spatial coherence and high power per mode,
similar to a laser. This combination, realized in both fiber-based
ASE sources [1] and semiconductor-based superluminescent
diodes (SLD) [2], has made ASE sources increasingly popular
for a range of applications including spectroscopy [3], optical
coherence tomography (OCT) [4], fiber sensors [5], and gyro-
scopes [6]. However, the high spatial coherence of existing ASE
sources has precluded their use in full-field imaging applications,
where spatial coherence introduces artifacts such as speckle. By
comparison, traditional low spatial coherence sources such as
thermal sources and LEDs do not provide the required power
per mode for high-speed, full-field imaging applications [7].
Recently, there have been several demonstrations of multimode
lasers that combine low spatial coherence with high power per
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mode, including dye-based random lasers [8,9], powder-based
random Raman lasers [10], solid-state degenerate lasers [11,12],
semiconductor-based chaotic microcavity lasers [13], and semi-
conductor-based large-area vertical cavity surface emitting lasers
(VCSELs) [14-16] and VCSEL arrays [17]. However, an optical-
fiber based light source with low spatial coherence has not been
demonstrated. In addition, each of these previous demonstrations
of low spatial coherence lasers provided narrow bandwidth emis-
sion with relatively high temporal coherence, precluding their use
in ranging applications such as OCT [18] or frequency resolved
lidar [19].

In this Letter, we present a novel fiber-based ASE source that
combines low temporal and low spatial coherence, similar to an
LED, with the high power per spatial mode associated with
lasers and traditional single spatial-mode ASE sources. The
fiber ASE source provides 270 mW of continuous wave (CW)
emission centered at A = 1055 nm with 74 nm 3 dB bandwidth
(full width at half-maximum). The emission is distributed among
as many as 70 spatial modes, enabling efficient speckle suppres-
sion when combined with spectral compounding. We also
demonstrate speckle-free full-field imaging using the fiber ASE
source. By providing broadband, speckle-free emission with
~40 dB higher power per mode than an LED, the fiber ASE
source is ideally suited for high-speed, full-field imaging and
coherent ranging applications.

To achieve highly multimode emission from an optical fiber,
we used a recently developed optical fiber with an extra-large
mode area (XLMA) gain core [20]. The basis of the XLMA de-
sign is synthetic fused bulk silica doped with ytterbium (Yb) and
other codopants that form the active core of the fiber. This rare-
earth-doped bulk silica is commercialized by Heraeus Quarzglas
(Kleinostheim, Germany). The XLMA fiber used in our ASE
source has a 100 pm diameter, a Yb-doped core with numerical
aperture (NA) of 0.1 that is surrounded by a 400 pm diameter
octagonal inner cladding, and a 480 pm diameter outer cladding
(Nufern XLMA-YTF-95/400/480). A Yb concentration of
1000 ppm in the core results in 7.8 dB/m absorption at 972 nm.
The inner cladding provides guiding for the pump light, thus it


http://dx.doi.org/10.1364/OL.40.004607

4608 Vol. 40, No. 20 / October 15 2015 / Optics Letters

!— 480um —{  (c) -36 A=1055 nm
i Faooumd i B Deyy=74nm
Piplood 2 e

n

2

E -bbr} ]

1000 1050 1100 1150 1200 1250 1300
Wavelength [nm]

Pump Diode: (b) XLMA Angle cleave
915 nm 20 W C (

Pump Diode: /

SRl 2O \ Passive Collimator Dichroic

Multimode Fiber

Fig. 1. (a) Cross section of the Yb-doped XLMA fiber.
(b) Schematic of the ASE source. (c) The emission spectrum from
the fiber ASE source.

is also called the pump core in contrast to the gain core that
guides the emitted light. A schematic of the XLMA fiber cross
section is shown in Fig. 1(a). We estimated the number of trans-
verse spatial modes supported in the Yb-doped gain core of the
fiber to be M = 16R*(NA)?/2*> =360 at A= 1050 nm,
where R is the core radius [21]. The XLMA fiber was optically
pumped using two 20 W laser diodes operating at 4 = 915 nm.
A fiber combiner was used to couple the output beams from the
two pump diodes into the pump core of a 4.4 meter long piece
of XLMA fiber, as shown schematically in Fig. 1(b). The end of
the fiber was cleaved at an angle of 4° to minimize feedback,
which could lead to lasing. Minimization of feedback ensured
that the fiber operated as a broadband ASE source with low tem-
poral coherence [22]. Emission from the end of the XLMA
was then collimated, and the remaining 915 nm pump light
was filtered out by a dichroic filter.

We then characterized the emission of the fiber ASE source
using a power meter and an optical spectrum analyzer. The
fiber ASE source produced 270 mW of CW emission with
a center wavelength of 1055 nm and a 3 dB bandwidth of
74 nm, as shown in Fig. 1(c). The emission power exhibited
a supetlinear increase with pump power above a threshold of
~22 W. We did not observe saturation in the output power at
the maximum pump power of 40 W, indicating that higher
emission should be possible by incorporating additional pump
diodes. The relatively low quantum efficiency of the current
fiber ASE source is due to a mode mismatch between the pas-
sive multimode fiber of the combiner and the octagonal pump
core of the XLMA fiber, which significantly reduced the
amount of pump light coupled into the XLMA fiber. In addi-
tion, approximately half of the fiber ASE was in the counter-
propagating direction of the pump light and not collected in
our experiments. Nonetheless, the 270 mW emission in the
co-propagating direction is sufficient for many imaging appli-
cations and allowed us to characterize the spatial and temporal
coherence of the XLMA fiber ASE source. Moreover, the fiber
ASE source already provides ~4 mW /nm, which is compa-
rable to commercially available supercontinuum sources [23].

We then characterized the ability of the fiber ASE source to
suppress speckle formation. Speckle is a coherent artifact
known to corrupt image formation and can be characterized
by the speckle contrast C = o6;/(I), where o; is the standard
deviation of the intensity and (/) is the average intensity [24].
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A recent study on the human perception of speckle found that
speckle with contrast below ~0.04 could not be detected, pro-
viding a guideline for the development of a light source with
sufficiently low spatial coherence for imaging [25].

To measure the speckle pattern formed by a light source, we
collimated the emission, forming a2 mm diameter beam onto a
ground-glass diffuser and recorded images of the transmitted
light within +8° on a CCD camera (Allied Vision Mako-
G125B) positioned ~3 cm behind the diffuser. For compari-
son, we first measured the speckle pattern formed by light from
one of the 915 nm pump diodes. As shown in Fig. 2(a), the
spatially coherent 915 nm pump diode produced a clear speckle
pattern with contrast of ~0.46. The speckle contrast was less
than unity since the pump diode consists of a few separate
emitters coupled into a multimode fiber. We then repeated
the experiment while illuminating the diffuser with emission
from the fiber ASE source, which produced the image shown
in Fig. 2(b). The uniform intensity across the image confirmed
that the fiber ASE source efficiently suppressed speckle forma-
tion. Based on the image in Fig. 2(b), we calculated a speckle
contrast of ~0.02, below the threshold required to avoid
human detection in an imaging setting.

In addition to the 100 pm diameter XLMA fiber, we tested
speckle formation using two additional ASE sources: a fiber
ASE source based on a 30 pm diameter, 5 meter long,
Yb-doped fiber (Nufern LMA-YDE-30/400-VIII, NA = 0.06;
East Granby, Connecticut, USA) that supports ~10 spatial
modes at 4 = 1050 nm [21] and a commercially available,
semiconductor-based multimode superluminescent diode
(Superlum M-381). The 30 pm diameter fiber ASE source pro-
duced moderately broadband emission with a 3 dB bandwidth
of ~20 nm; however, as shown in Fig. 2(c), the emission also
produced speckle with contrast of ~0.42. The multimode SLD
provided ~150 mW of power at 4 = 800 nm with a 3 dB
bandwidth of 40 nm. Nonetheless, emission from the SLD still
produced speckle with contrast of ~0.2. Thus, the XLMA fiber
ASE source was the only ASE source that has been realized
so far that suppressed speckle to acceptable levels for full-field
imaging applications.

The speckle contrast depends on the number of mutually in-
coherent spatial modes present in the illumination. Different
spatial modes produce distinct speckle patterns, which sum in
intensity, thereby reducing the speckle contrast to C = M~/2,
where M is the number of spatial modes [24]. Of course, even
if the XLMA fiber ASE was distributed equally among all ~360
passive modes of the fiber, we would naively expect the speckle
contrast to be reduced to only 3607!/2 = 0.05. However, the
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Fig. 2. Speckle formed by light incident on a camera after passing
through a diffuser. (a) The pump diode used to pump the fiber ASE
source produced speckle with contrast of 0.46. (b) The 100 pm diam-
eter gain core, XLMA fiber ASE efficiently suppressed speckle, with a
measured contrast of 0.02. (c) ASE from a fiber with a 30 pm diameter
gain core produced speckle with contrast of 0.42. (d) ASE from a mul-
timode SLD produced speckle with contrast of 0.2.
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measured speckle shown in Fig. 2(b) had a lower contrast of
0.02, indicating that additional effects were present. The ASE
was unpolarized; thus the two independent polarization states
reduced the speckle contrast by a factor of 271/2 = 1.4.
Moreover, the broadband ASE enabled spectral compounding,
as different spectral modes can also contribute to the speckle
reduction. Still, it remains difficult to estimate just how many
spatial modes are excited from the spectrally integrated speckle
patterns measured above. Also the number of spatial modes at
any given wavelength is important for applications such as spec-
tral-domain OCT, in which a spectrally resolved detection would
limit the effect of spectral compounding.

To separate the effect of averaging over the spatial modes
from the effect of spectral compounding, we then measured
the speckle pattern at individual wavelengths using an imaging
spectrometer (Acton Research SpectraPro 300i). To do this, we
coupled the emission from the fiber ASE source to a passive, 1
meter long multimode fiber (105 pm-diameter core, NA =
0.22). The distal end of the multimode fiber was then colli-
mated onto the entrance slit of an imaging spectrometer. At
the exit port of the spectrometer, a CCD camera (Andor
Newton) recorded the spectrally dispersed 1D speckle. In the
2D image taken by the CCD camera, the horizontal axis
corresponded to wavelength, and the vertical axis corresponded
to space. In this measurement, the multimode fiber played the
role of the diffuser, producing distinct speckle patterns for
different spatial modes of the ASE source, while efficiently cou-
pling light into the entrance slit of the spectrometer. However,
the speckle patterns formed at the end of a multimode fiber are
known to vary as a function of wavelength [26], and a suffi-
ciently long multimode fiber, combined with a broadband light
source, can effectively reduce the spatial coherence [27,28].
To confirm that the multimode fiber did not reduce the mea-
sured speckle contrast for individual spectral channels resolved
by the spectrometer, we first coupled a spatially coherent super-
continuum source (Fianium WhiteLase SC400-4) into the
multimode fiber. As shown in Fig. 3(a), the supercontinuum
source produced high-contrast speckle in space at each wave-
length. The spectral correlation of the speckle pattern (corre-
sponding to the spectral correlation of the multimode fiber)
was readily resolved by the spectrometer, indicating that the
spectral correlation width of the fiber (~0.8 nm) is larger
than the spectral resolution of the spectrometer (~0.2 nm).
Moreover, the contrast of the speckle produced by the super-
continuum emission coupled through the multimode fiber was
~0.5, corresponding to the average of four speckle patterns.
These four speckle patterns were produced by the two polari-
zation states of the supercontinuum emission (which is unpo-
larized), each of which was then scrambled by the passive
multimode fiber to produce two distinct speckle patterns with
orthogonal polarization. This confirms that the multimode
fiber will not reduce the contrast of the spectrally resolved
speckle pattern produced by the fiber ASE source.

We then repeated the experiment using the fiber ASE
source. The spectrally dispersed speckle pattern formed by the
fiber ASE source is shown in Fig. 3(b). The speckle contrast at
any given wavelength is clearly reduced in comparison to the
supercontinuum source due to the presence of many spatial
modes in the fiber ASE. Based on the image in Fig. 3(b),
we then calculated the spectrally resolved speckle contrast, as
shown in Fig. 3(c). From this contrast, we then estimated
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Fig. 3. (a) Spectrally dispersed speckle pattern formed by coupling
emission from a supercontinuum source through a multdmode fiber
into an imaging spectrometer. The spectrometer is able to resolve the
spectrally varying speckle, confirming that the fiber does not reduce the
measured speckle contrast at a given wavelength. (b) Spectrally dispersed
speckle pattern formed by the fiber ASE. (c) Spectrally resolved speckle
contrast calculated from the 1D speckle pattern at each wavelength in
(b). (d) The number of spatial modes present at each wavelength calcu-

lated from the spectrally resolved speckle contrast.

the number of spatial modes present at each wavelength,
M = C2/2, where the factor of 2 accounts for polarization
mixing in the multimode fiber. Figure 3(d) shows that the
number of spatial modes increased with wavelength from ~25
at A =990 nm to almost 75 spatial modes at 4 = 1050 nm,
near the peak of the emission spectrum. This also explains the
low speckle contrast shown in Fig. 2(b). Because the spectral
correlation width of the ground-glass diffuser was ~6.7 nm in
our experiment, the emission was distributed in ~11 spectral
channels, each of which had, on average, ~50 spatial modes
and two polarization states. In total, ~1,100 uncorrelated
speckle patterns were generated, giving a speckle contrast of
~0.03, which is close to the experimentally measured contrast
of 0.02. Note that, due to the responsivity of the Si CCD
camera used to record the spectrally dispersed speckle patterns,
we were unable to measure the number of modes present in the
long-wavelength half of the emission spectrum. Nonetheless,
Fig. 3(d) illustrates that the number of spatial modes increases
from the tail to the center of the gain spectrum. We also note
that although the XLMA fiber supports ~360 passive modes,
the emission was distributed among less than one-fourth of
these modes, even at the peak of the gain spectrum. This could
be the result of increased bending loss experienced by the
higher order modes and/or the mode competition for gain.
Nonetheless, the XLMA fiber ASE source distributed emission
among many more spatial modes than the multimode SLD,
enabling efficient speckle suppression where the SLD did not.

In addition to the low spatial coherence, the temporal coher-
ence of the fiber ASE source is also low, which is well suited for
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Fig. 4. (a) Spatial profile of the output beam from the fiber ASE
source. (b) An image of a US Air Force resolution chart illuminated
in transmission by the fiber ASE source.

ranging applications such as OCT or frequency-resolved coher-
ent lidar [19]. For example, the 3 dB bandwidth of 74 nm would
provide an axial resolution of 6.6 pm in OCT (assuming a re-
fractive index of 1). In addition to providing both low spatial and
low temporal coherence, the fiber ASE source also exhibits high
directionality, with a divergence angle of less than 6° (dictated by
the NA = 0.1 of the fiber). Despite the participation of many
spatial modes, the spatial profile of the output beam from the
fiber ASE source is smooth and well suited for illumination
in imaging applications, as confirmed by the image of the
collimated beam in Fig. 4(a). Finally, we used the fiber ASE
as an illumination source to image a US Air Force resolution
chart through a static ground glass in transmission mode. A
speckle-free full-field image was obtained as shown in Fig. 4(b).

While the fiber ASE source provides speckle-free illumina-
tion similar to a thermal source or LED, it also produces much
higher power per mode, which could enable high-speed imag-
ing or illumination at large distances. As a quantitative com-
parison, we calculated the photon degeneracy, which describes
the number of photons per coherence volume. The photon
degeneracy parameter is represented by & = (Pdz)/(hvcM),
where P is the emission power, dz is the temporal coherence
length, Av is the photon energy, ¢ is the speed of light, and
M is the number of spatial modes [29]. Based on our measure-
ment shown in Fig. 3, revealing that the fiber ASE is distributed
on average among ~50 spatial modes, we calculated a photon
degeneracy of 6~ 600. This is more than four orders of
magnitude higher than the photon degeneracy of a thermal
source (e.g., at 4000 K temperature and 4 = 1050 nm, 6 ~
1072 [29]) and a bright LED (5 ~ 1072). It is also competitive
with a recent demonstration of a relatively narrowband, low-
spatial-coherence chaotic microcavity laser (6 ~ 100) [13]. In
addition, the high-power commercial SLD shown to produce
speckle of contrast ~0.2 in Fig. 2(d) exhibits similar degeneracy
of 6 ~ 600, despite maintaining relatively high spatial coher-
ence and a low number of spatial modes.

In summary, we have demonstrated a fiber ASE source
that combines high power per mode with low spatial and
low temporal coherence. The ASE source provides 270 mW
of CW emission with 74 nm 3 dB bandwidth centered at
A =1055 nm. We characterized the spatial coherence and
found that the emission is distributed among as many as
~70 spatial modes. A further increase of the number of spatial
modes is possible by increasing gain or using a fiber with a
larger gain core. The emission exhibits a small divergence angle
and uniform spatial profile, making it well suited as an illumi-
nation source in full-field imaging and ranging applications.
In the future, we expect the pump efficiency and output power
of the fiber ASE source will be dramatically improved by
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matching the geometry of the passive multimode fiber to the
pump core of the XLMA fiber.
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