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1.2W laser amplification at 1427nm on the *Fasz
to “l43,2 spectral line in an Nd** doped fused
silica optical fiber

JAY W. DAwSON,> PAUL H. PAx,* GRAHAM S. ALLEN,* DERREK R.
DRACHENBERG, VICTOR V. KHITROV,! Nick SCHENKEL,* AND MICHAEL J.
MESSERLY?

! Lawrence Livermore National Laboratory, L-479, P.O. Box 808, Livermore, CA 94550
* dawsonl7@lInl.gov

Abstract: A 9.3dB improvement in optical gain and a 100x improvement in total optical
power over prior published experimental results from the “Fs, to “ly5, transition in an Nd**
doped fused silica optical fiber is demonstrated. This is enabled via an optical fiber
waveguide design that creates high spectral attenuation in the 1050-1120nm-wavelength
range, a continuous spectral filter for the primary *F, to *l,1, optical transition. A maximum
output power at 1427nm of 1.2W was attained for 43mW coupled seed laser power and
22.2W of coupled pump diode laser power at 880nm a net optical gain of 14.5dB. Reducing
the coupled seed laser power to 2.5mW enabled the system to attain 19.3dB of gain for
16.5W of coupled pump power. Four issues limited results; non-optimal seed laser
wavelength, amplified spontaneous emission on the “Fsy, to *lg, optical transition, low
absorption of pump light from the cladding and high spectral attenuation in the 1350-1450nm
range. Future fibers that mitigate these issues should lead to significant improvements in the
efficiency of the laser amplifier, though the shorter wavelength region of the transition from
1310nm to >1350nm is still expected to be limited by excited state absorption.

OCIS codes: (140.3510) Lasers, fiber; (140.3530) Lasers, neodymium; (140.3280) Laser amplifiers; (060.2320)
Fiber optics amplifiers and oscillators.
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1. Introduction

Fiber lasers and amplifiers are the subject of significant research and have been since
University of Southampton demonstrated the potential for low loss rare earth doped optical
fibers in 1985 [1] and subsequently gain and lasing in both Neodymium and Erbium doped
silica optical fibers [2, 3]. The primary driver of research efforts in optical fiber amplifiers in
the late 1980s and early 1990s was the major impact on bandwidth of fiber optic
communication systems enabled by wavelength division multiplexing and erbium fiber
amplifiers. Optical fiber amplifiers enable long haul transmission of many optical channels
without the high cost of detecting each individual channel, electronically amplifying and then
modulating a laser and recombining the channels every 15-20km. Instead, a single erbium
fiber amplifier restores the optical signal power across all transmission channels in a single
compact, efficient and low cost device. C and L band erbium fiber amplifiers provide
amplification across 1525 nm to 1620 nm. WDM channel spacing as small as 50 GHz enables
a single optical fiber to achieve an information carrying capacity on the order of Th/s. Early
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research in erbium fiber amplifiers is well summarized in a number of books specifically on
this topic [4-6] and these amplifiers are now technologically mature.

During the same time period when erbium fiber amplifiers were being developed
significant R&D was also put into developing a rare earth doped fiber amplifier in the 1300-
1500nm-telecom window referred to as the O, E and S-bands. However, amplifiers in this
wavelength range have not had the same commercial impact due to efficiency concerns or
because they are based upon non-fused silica glasses, which are generally perceived to be
more difficult to integrate into the fiber optic network due to differences in the material
properties between them and the fused silica material of the rest of the network.

Fiber amplifiers at wavelengths from 1300 nm to 1530 nm fall into several categories.
Raman amplifiers [7] are the top contenders and can attain a wide array of wavelengths as
amplification occurs 13.2 THz from the pump wavelength, which can be picked arbitrarily.
However, Raman amplifiers require long fiber lengths and high power pump lasers. S-band
fiber amplifiers based upon erbium and thulium have been studied extensively [8, 9]. In the
erbium case, depressed well fiber geometries are employed to suppress the much higher gain
at >1530 nm, but require operating at very high inversions as the emission cross section is
significantly less than the absorption cross section at these wavelengths in addition to added
losses and fabrication challenges imposed by the depressed well waveguide design. In the
thulium case R&D has focused on non-fused-silica fibers as the decay from the upper level
laser state is faster than the decay from the lower state making this laser transition self
terminating in fused silica. Recently, bismuth doped fiber amplifiers have emerged as a
possible fiber amplifier in the 1320-1360nm region [10, 11]. However, these amplifiers
remain relatively low in optical efficiency and require long fiber lengths. Praseodymium and
neodymium were extensively researched [12] for amplification in the E and O band (1300-
1450nm). Praseodymium worked well only in fluoride based fibers.

Neodymium doped fiber lasers and amplifiers in the 1320-1450nm-wavelength range
[13] would appear to have some significant attractions as this transition line *Fa to “l13; is a
4-level laser line and thus has no ground state absorption issues. Figure 1 below, a simplified
energy level diagram of the relevant Nd** transitions, is included for easy reference.
However, this transition also has significant drawbacks that have limited its utility. First in
fused silica as well as other materials there is a well-known excited state absorption (ESA)
from the *F4, state [14-16] that creates a net optical loss when the laser amplifier is pumped,
especially in the region from 1300-1350nm. The status of the 1350-1390nm region is less
clear as it appears to be convolved with the 1380nm spectral absorption due to OH in many
reports. Even with these limitations, net gain (10 dB) and lasing (~10mW) has been
demonstrated [13, 17-21] though positive gain occurs well beyond the fluorescence peak
where the emission cross section is highest. The lower cross sections complicate the other key
challenge of operation on the “F4, to *I13, transition, which is competition from the preferred
transitions “Fa, to “lg;and “Fay, t0 *l14,. It has been proposed [22-24] that spectral filtering of
the “Fa;, to “ly4, transition would improve performance of a neodymium-doped fiber on *Fs,
to “l15, transition, but to our knowledge spectral filtering has never before been demonstrated
experimentally for this transition.

In this paper we report the first experimental demonstration of a neodymium doped fused
silica optical fiber amplifier operating on the *Fg, to *l13, transition employing a continuous
spectral filter of the *F4, to “lyy, transition while still guiding light in the wavelength range
from 1300-1500nm. To the best of our knowledge, the 1.2W amplified power at 1427nm
reported here is two orders of magnitude greater than prior published fiber lasers operating on
this transition [17, 20]. Further, the 19.3 dB small signal gain reported here is 9.3dB higher
than the best previous neodymium fiber amplifier result [18] on this transition.

The above review of the literature has predominantly discussed telecom applications. The
fiber amplifier reported in this work is a double clad Nd** optical fiber with a 20um core. This
design is not consistent with a telecom type amplifier that would optimally have a smaller
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core diameter and operate at lower power levels and shorter amplifier lengths. The fiber
reported upon in this work was originally intended for generation of high power light in the
wavelength range from 900 nm to 940 nm and its operation in this wavelength range is
reported in detail elsewhere [25]. During the course of testing this fiber for its originally
intended purpose, significant amplified spontaneous emission was observed in the 1400 nm
wavelength region. Based upon the prior reports [13-21], it was recognized that this behavior
was not expected. To that end, a set of experiments to investigate the potential for gain in this
region was designed, executed and are reported on here. We recognize that this fiber is not
suitable for use as a telecom amplifier as built. In particular, the overall efficiency of the fiber
is too low for this purpose. However, the results reported here suggest that an optimized fiber
with significantly lower background loss, a 2-4x smaller core diameter and additional
waveguide features to eliminate amplified spontaneous emission from 850 nm to 1150 nm
may perform significantly better from the standpoint of efficiency. Such a fiber might be
directly core pumped and attain significant gain over a much shorter length. Note these
potential benefits are speculative at this point in time. The remainder of this paper reviews our
fiber design and current limitations and the experimental set-up employed to demonstrate gain
and amplification at 1427 nm.
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E & 8 I N 3
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Fig. 1: Simplified energy level diagram for Nd* in fused silica. Each energy level is a
homogeneously broadened multiplet of states. The absorption and emission wavelengths are
denoted as a band rather than only noting the peak in order to reflect the wide wavelength
range of emissions represented by each pair of energy levels.

2. Nd* optical fiber with continuous spectral filtering

The results presented here employ a Nd** doped optical fiber developed for amplifiers and
lasers in the 900-930nm wavelength range [25]. We have been seeking to improve over prior
designs that rely either upon large core to clad ratio [26, 27] or a depressed well geometry
[28, 29]. The large core to clad ratio scheme is limited in overall pump cladding size by the
requirement the pump cladding diameter not be much bigger than 4x the core diameter. The
depressed well scheme is limited to <10um in core diameter by the requirement the 1um light
be able to tunnel through the depressed well into the cladding. Thus as the pump cladding is
progressively increased the fiber becomes progressively longer in order to be efficient. Our
design uses recent advances in micro-structured optical fibers to overcome these limitations.

A picture of the end face of our fiber is shown in fig. 2 below. The overall fiber is round
and the outer glass diameter is 240um, the inner pump cladding is hexagonal with a face-to-
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face dimension of 118um and a corner-to-corner dimension of 136um. The core is also
hexagonal with a face-to-face dimension of 21um and a corner-to-corner dimension of 24um.
The micro-structure comprising the core and pump cladding was fabricated from a stack of
217 canes, 17 canes corner to corner that are surrounded by tubes that are pressurized with air
during the draw process to form a pump cladding with an NA of 0.4 at 880nm. As fabricated
the pitch of the micro-structured elements is 8um.

The inner rod and 1% inner ring (7 elements) is Nd** doped glass matched in refractive
index to fused silica. This was achieved by procuring a Nd** doped preform with large core
to clad ratio from Optacore SA that had an initial doping level corresponding to 200dB/m of
absorption at 808nm and likely in the realm where there is significant concentration clustering
of the Nd** ions [30]. Canes drawn from this preform were incorporated into a stack and draw
preform that contained additional silica and fluorinated rods drawn from other preforms. This
assembly was designed such that the area weighted refractive index of all components was
matched to that of the refractive index of fused silica to <10, though we lack the ability to
verify the end product via measurement and rely solely upon the design to estimate the index.
The assembly was then drawn into rods, restacked and drawn again to further reduce the
feature size. The final rods were incorporated into the preform that produced the fiber in fig.
2 and we estimate that the feature sizes of the final rods are on the order of 125nm. We
estimate the effective concentration of Nd* ions was reduced by 5x due to this process i.e.
40dB/m at 808nm. It is not known whether the process had any impact on the probable
clustering we suspect existed in the original preform.

The next four rings of the microstructure are a combination of fluorinated depressions and
GRIN inclusions. The fluorinated depressions are 0.533 center to outside ratio with an index
depression of -0.0068 relative to fused silica and are incorporated in lieu of air holes making
the structure easier to fabricate and easier to handle as the final structure has the potential to
be all-solid. The fluorinated depressions define the waveguide and are seen in fig. 2 as
darkened spots. The 18 bright spots radiating from the corners of the core are GRIN
inclusions fabricated from a commercial GRIN preform suitable for fabricating 62.5/125um
standard multimode GRIN fiber. These inclusions are resonant with the core in the 1020-
1130nm wavelength range and draw light at these wavelengths out of the core and leak it into
what is effectively a reservoir of a large number of modes formed by the outer three rings of
the pump cladding. The rods that form the fluorinated depressions and the GRIN inclusions
were obtained as bulk preforms fabricated via plasma chemical vapor deposition (PCVD)
from Prysmian and drawn into canes for incorporation into the final preform. The outer
region is formed from Hereaus F300 fused silica rods.

The filtering effect of the GRIN inclusions is subtly different from traditional all-solid
photonic band gap structures [31]. We note the design is similar in structure to hybrid
photonic crystal fibers [32]. Hybrid photonic crystal fiber theory [32] suggests the GRIN
inclusions act as an Anti-Resonant Reflecting Optical Waveguide (ARROW), where light in
resonance is coupled out of the core and is reflected back into the core if it is anti-resonant.
The design here is subtly different than the hybrid photonic crystal fiber in that a fluorinated
barrier is included between the core and the first GRIN inclusion. Our view [25] is that the
mode is stably guided by these fluorinated depressions, except at certain wavelengths where a
resonant bridge is formed by the GRINs between the core and the reservoir formed by the
pure silica region between the waveguide structure and the pump cladding. Scattering of the
light in this reservoir mixes it into many modes reducing back-coupling into the core via the
same route. The mechanism of resonant coupling of certain wavelengths in the core to the
outer reservoir creates high loss in the range from 1050 nm to 1120 nm, reducing the build-up
of amplified spontaneous emission on the 1064 nm line.

The microstructure is surrounded by a final ring of capillary holes that can be pressurized
during the draw process to enable the formation of a pump cladding with a numerical aperture
of ~0.4 at 880nm. Fiber samples with and without capillary holes were drawn. The samples
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without capillary holes were useful for assessing core spectral attenuation. The samples with
capillary holes were used in the laser and amplifier experiments described below. As the
filtering aspect of the waveguide does not rely upon air-holes, replacement of the air-holes for
the pump cladding with a standard low-index polymer coating would enable this design to be
all-solid, which would have significant handling advantages.

GRIN Elements
NA =0.2678

Fluorine-doped rods,
index depressions

Nd** doped core
rods index
matched to SiO,

Fig 2. End-face of Nd** doped fused silica fiber employed in this work

Figure 3 shows the measured spectral attenuation of the single clad version of the fiber
shown in fig. 2 above. The attenuation below 950nm was too high to measure due to the Nd**
ground state absorptions. The spectral attenuation was measured using a super-continuum
white light source, a monochrometer, a lock-in amplifier and photo-detectors via the standard
cut-back technique with the exception that the end face was imaged onto an iris preceding the
photo-detector that blocked light guided by the GRIN inclusions. Two measurements were
made; the red line in fig. 3 was derived from a cutback on a short piece of fiber that permitted
assessment of the high (~10dB/m) attenuation region between 1020nm and 1130nm. A
cutback on a longer piece permitted assessment of the losses outside this region, blue dotted
line. For reference the black solid line with greater dynamic range is the theoretical estimate
of the anticipated attenuation of the waveguide in the 1020-1130nm wavelength region.

In addition to the desired high spectral attenuation in the 1020-1130nm-wavelength range,
the fiber exhibits an abnormally high 1380nm OH peak of 1dB/m or 1000dB/km. The
original Optacore Nd** doped glass did not contain an OH peak of this magnitude. We
estimate the OH peak of the starting glass to be much smaller (<50dB/km). We believe the
core glass was contaminated with OH during the extensive processing to match its index to
fused silica. We do not believe this contamination is intrinsic to the process and are
examining our procedures to minimize this contamination in future fibers. We strongly
believe the high OH peak is preventable and is limiting the results reported below. The
spectral attenuation measurement suggests a core loss of 0.27dB/m at 1427nm (the
wavelength at which our amplifier experiments below are performed). However, a direct
cutback using the seed laser suggests the actual losses are closer to 0.18dB/m at this
wavelength. We believe this discrepancy to be within the error of our loss measurement,
which was done on a relatively short length of fiber (~100m). The loss (equivalent to
180dB/km) is still extremely high for an optical fiber and certainly limiting the laser amplifier
results in a number of ways.
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Fig. 3: Spectral attenuation of core of Nd* doped optical fiber (red line) short cutback 1020-
1130nm, (blue dotted line) long cutback, (black solid line) theoretical model.

The pump cladding absorption was measured via the cutback technique on a double clad
sample of the fiber and the results are shown in fig. 4 below. The absorption is roughly 1/3™
of what we estimate it should be based upon the expected core absorption and the pump
cladding-to-core area ratio of 31. One may be concerned the GRIN inclusions are trapping
pump light. However, the GRIN inclusions are only 1% of the total effective area of the pump
cladding region. The low pump absorption is suspected to be a result of light being partially
trapped in the silica region between the outermost ring of fluorinated depressions and GRIN
inclusions and the air cladding. This effect is discussed in greater detail elsewhere [25].

The 808 nm absorption peak, the most common Nd** pump wavelength, is 0.39 dB/m. A
30m length of fiber will absorb roughly 11.7dB of 808nm pump light. The 880nm absorption
peak which absorbs light directly into the “Fy, upper level laser state is only 0.2dB/m
absorption meaning a 60m piece of fiber is required to attain the same small signal pump
absorption. It will be shown in the next section that despite the longer length, the 880nm
pump absorption peak is preferred in this fiber for lasing on the “Fs, to “ly3, transition
because it reduces the average inversion of the fiber, which minimizes amplified spontaneous
emission on the *Fy, to *lg;, transition at 900-940nm, which is a limit on our current results.
Once this transition is also suppressed, in the next fiber iteration, the 808nm pump line may
be preferred as fibers % the length can be employed to attain the same pump absorption. Also
called out in fig. 4 is the pump absorption at 913nm. We attempted core pumping of the fiber
with 2W of pump at both 910nm and 923nm using a separate piece of this fiber lasing at these
wavelengths. However, we saw no signs of gain on the *F, to *l15, transition when the fiber
was pumped at these wavelengths. We tentatively conclude that the attainable inversions at
these wavelengths are insufficient to provide enough gain to overcome the 0.17dB/m core
loss in this fiber sample. To this end, we considered, but did not attempt cladding pumping of
the fiber at 915nm.
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Fig. 4: Measured absorption of the pump cladding.
3. Amplified spontaneous emission vs. pump power

Figure 5 illustrates the baseline experimental set-up for testing the fiber. We performed two
sets of tests. Reported in this section are measurements of the fluorescence spectrum from the
core of the fiber as a function of coupled pump power. Reported in the next section (section
4) are gain and power measurements from the seeded fiber amplifier. The fiber was pumped
with an 880nm Dilas laser diode coupled to a 200um/0.22NA multimode optical fiber. A
40mm focal-length plano-convex lens from Thorlabs with a B-type AR coating collimated the
output of this diode. The pump light was passed through an iris to limit the numerical aperture
of the light coupled to the fiber. The pump light was then reflected off two Semrock long pass
filters at 35° angle of incidence in order to separate the output of the fiber from the pump light
and minimize transmission of light from the fiber back into the pump laser diode. At 35°
angle of incidence, the Semrock filter’s 50% reflectivity point is at 900nm. The pump light
was then coupled into the neodymium fiber using a 20mm focal length aspheric lens from
Thorlabs again with a B-type AR coating that we measured to have transmission of 88% at
1427nm.

We prepared the pump end of the neodymium fiber by collapsing the air holes forming the
pump cladding using an optical fiber fusion splicer and then angle cleaving (~10°) the fiber as
close as possible to the end of the region with inflated holes. Coupled pump power was
determined via direct measurement by cutting the fiber to 2m at the completion of testing.
Due to the method by which the fiber input was prepared, the output from the fiber core was
not well collimated by the input lens when the pump coupling was optimized. To compensate
for this, an additional 500mm focal length C-coated biconvex lens from Thorlabs was
positioned approximately 355mm from the 20mm input lens. This re-imaged the fiber end
onto the first iris at approximately 520mm from the 500mm lens. This iris was employed to
screen out fluorescence guided by the pump cladding. A second iris 250mm further down the
beam path was employed to block non-core light making it through the first iris. For the
purpose of the experiments reported in this section (section 3), the core light was then coupled
into an SMF-28 fiber using an 8mm Thorlabs C-coated asphere and connected to an optical
spectrum analyzer for assessment of the fluorescence spectra of the fiber. The output end of
the fiber was terminated similar to the input end and a power meter was employed to optimize
the pump coupling. The rest of the experimental set-up will be described in the next section.
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Note that fig. 5 shows the core beam as being coupled to a power meter, however this was
done for the power and gain testing, not for the fluorescence measurements.
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Fig. 5: Block diagram of experimental set-up

Figure 6 plots the fluorescence spectra as function of coupled 880nm pump power from
the output of a 60m-neodymium fiber sample. As expected for this fiber, a strong increase in
the 930nm fluorescence as a function of pump power is observed. The fluorescence intensity
at 930nm for 12.7W pump power is 1860x stronger than the fluorescence intensity at 0.37W
pump power. As the pump power has increased by only 34.3x this is a clear sign of amplified
spontaneous emission at 930nm. In the 1050-1150nm wavelength range a similar comparison
of fluorescence intensity reveals only a 56x increase in fluorescence intensity suggesting little
or no net gain in this region. (There was some regrettably unavoidable alignment drift
between the neodymium fiber and the single mode fiber coupling light to the core during the
measurement due to heating of the fiber mount by uncoupled pump light. The curves were
taken starting with the highest power and then successively decreasing the power. Thus
alignment was best at the highest power and likely slightly worse at the lowest power. We
believe this to be the reason the fluorescence intensity appears to increase slightly faster than
the pump power across the spectrum.) This is consistent with our assertion that the waveguide
design has spectral attenuation in the 1050-1150nm wavelength range sufficient to fully
suppress the expected gain. Similarly the fluorescence peak at 1337nm shows only a 56x
increase in total intensity again consistent with no net gain, this is most likely due to excited
state absorption [14-16]. However, the wavelength region from 1380-1450nm is evolving
very differently from the 1330-1380nm wavelength region. The fluorescence spectra in this
region is clearly increasing non-linearly with pump power and at both 1400nm and 1420nm
the fluorescence increases by 186x compared to the initial fluorescence power. This is 10x
less than the increase at 930nm, but still sufficiently high to conclude there is amplified
spontaneous emission (ASE) in this wavelength region.
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Fig. 6: Core fluorescence as a function of coupled 880nm pump power
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Fig 7: Increase in fluorescence in the 1300-1500nm wavelength region for an increase in pump
power of 34.3x (0.37W to 12.7W coupled pump at 880nm into a 60m long fiber), black line.
The core transmission of a 60m long fiber (red line) is plotted on the second y-axis to illustrate
the rapidly changing fiber loss in this wavelength region. We assert that an increase of >60 in
fluorescence in this fig. is convincing evidence of net gain.

Figure 7 plots the ratio of the fluorescence intensity measured at 12.7W coupled pump
power to the rolling average of the measured fluorescence intensity at 0.37W of coupled
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pump power (black line, left vertical axis, linear range). In order to highlight the effect of the
OH induced loss in this particular fiber sample, the spectral attenuation data from fig. 3 was
used to calculate the net transmission of a 60m length of this neodymium fiber (red line, right
vertical axis, logarithmic range). Based upon our estimates of the increase in the fluorescence
in the regions where we do not expect net gain is ~56x, we assert that regions of the plot
where the increase in the fluorescence intensity is >60x denotes the region of positive gain.
Note there is a strong correlation between the rising gain from 1370nm to 1414nm and the
exponentially rising fiber transmission in the same region. This suggests an improved fiber
with reduced OH will be capable of significant gain possibly as short at 1360nm. Thus an
improved neodymium fiber based upon this design may have an amplification window as
large as 80nm.
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Fig. 8: Comparison of neodymium fiber fluorescence for 808nm and 880nm pumping at same
nominal pump power and same nominal small signal absorption from the cladding (~11.7 dB).

We conclude this section with fig. 8, which compares the fluorescence spectrum from the
core of this fiber for 4.32W coupled pump power at 880nm into a 60m long fiber (note this
curve was taken on a different day than the fig. 7 data) to the fluorescence spectrum from the
core of another piece of fiber that is 30m long and pumped with 4.5W of coupled 808nm
diode laser light. In this case, the Dilas laser diode in fig. 5 was replaced by a LIMO laser
diode (LIMO25-F100-DL808). The LIMO laser diode was coupled to a 100um/0.22NA core
fiber and the Semrock filters were adjusted to 45° angle of incidence to move the 50%
transmission point to 875nm. The different neodymium fiber lengths were chosen in order to
equalize the pump absorption in the two cases. As the fluorescence spectra were taken on
different days using different experimental arrangements, we normalized both curves to 1 at
their fluorescence peaks and then uniformly attenuated the 880nm data in order to align the
fluorescence power from the two curves in the region between 975nm and 1300nm. Figure 8
illustrates clearly that the 900-950nm fluorescence peak is much stronger for the 808nm
pump than the 880nm as one would expect due to both improved transmission of the dichroic
filter and due to the higher average inversion in the fiber. However, the fluorescence spectrum
between 1380nm and 1450nm shows superior gain on the *Fa, 10 *liz, line for the 880nm
pump. We attribute this to lower average inversion and thus less power is lost to the *Fg, to
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*lg» transition improving the gain on the transition we are investigating. We contend an
improved fiber with deliberate spectral attenuation from 850-1150nm, when combined with
reduced OH as discussed above, will enable significant gain in the 1360-1440nm range.

4. Direct measurement of gain and power at 1427 nm

Referring again to fig. 5, once the fluorescence spectrum measurements shown in fig. 6 were
completed, a 1427nm diode laser source was launched into the core of the 60m piece of
neodymium fiber counter-propagating to the direction of the pump laser. An optical isolator
was not available for this diode laser. In order to protect the laser from significant backward
propagating light in the 900-950nm wavelength range the output of the diode laser was fusion
spliced to a standard 980/1550nm telecom wavelength division multiplexer (WDM) used for
the construction of erbium doped fiber amplifiers. The measured insertion loss of the WDM
was 3dB at 1427nm and 1.2dB at 905nm. The 980nm port of the WDM was aligned to an
optical power meter to permit a relative assessment of backward propagating light in the 900-
950nm region during the tests. The output of the WDM was fusion spliced directly to the
neodymium fiber and the splice was potted into a copper V-groove using a high index optical
quality polymer. This assembly provided a convenient place to dump excess pump light
transmitted through the neodymium fiber. We note that the WDM is made from HI 1060
FLEX fiber which is not well mode-matched to the 20um, low NA core of this neodymium
fiber. Thus we anticipated and measured very high splice loss. The splice loss was calibrated
at the end of the measurement campaign by cutting the fiber length back to 2m and measuring
the collimated 1427nm signal using the fiber launch, lenses and irises shown in fig. 5.
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Fig. 9: Power and gain vs. coupled pump power for 43mW of 1427nm launched signal light.

As noted in fig. 5, the light from the output of the neodymium fiber was stripped of stray
cladding light using two irises and then measured with an optical power meter. Output power
vs. pump power was measured both with and without a Semrock LP02-980RS-25 long pass
filter, which has 50% transmission at 980nm for 45° angle of incidence. This filter enabled
measurement of only power longer than 980nm eliminating the strong ASE in the 900-950nm
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wavelength region observed at high pump power. When the Semrock filter was not in line, an
uncoated fused silica wedge was put in its place and the light from the front surface reflection
was coupled to an SMF-28 fiber and then to an optical spectrum analyzer.

Figure 9 plots measured power vs. coupled pump power for the case of the LP02-980RS-
25 filter in place (blue line, 1427nm power) and the case of the uncoated wedge in the filter’s
place (red line, All power). The loss of these filters was accounted for in the data analysis.
The gain was then computed based upon the launched 1427nm power of 43mW. The
maximum output power was limited by the onset of parasitic lasing at 930nm. The 1427nm
power effectively clamped at this point and we did not proceed to increase the pump power
further due to concerns about damaging the seed laser. Points containing 930nm parasitic
lasing are not plotted. The backward propagating 900-950nm light measured out of the
980nm port of the WDM was 45mW at the max output power. This is an uncalibrated value
and may contain significant 1120nm power. Figure 10 plots the spectra for selected points
shown in fig. 9 as well as the integrated power vs. wavelength for the 1205mW (highest
power) data point. We see from fig. 10 that ~20% of the power at the highest measured value
was in the 920nm ASE consistent with the ~25% difference between the blue and red curves
in fig. 9.

The 1.1um wavelength band is <1% of the total power and thus even though the 980nm
edge filter does not block this light, the contribution of 1.1um light to the measured 1427nm
power is negligible. We note that at the very highest power, there appears to be some
increased ASE at 1120nm. This particular piece of fiber was transitioning slightly in
diameter during the draw process. The next piece of fiber cut from the spool preferentially
lased at 1120nm. The pitch of the microstructure was changing in this region of the draw and
became too small to completely suppress the 1120nm gain. It is likely that the fiber we report
on here was similar near the input end and that significant excess ASE formed at this end of
the fiber. However, this 1120nm parasitic light was attenuated by the portion of the fiber
nearer the pump source, which was correctly filtering the light at these wavelengths. No
significant amount of 1120nm light reached the power meter measuring the 1427nm signal.
This was verified by collecting light from the spectral reflection off the power meter using a
multimode fiber and monitoring the spectra with the optical spectrum analyzer, which showed
the 1120nm ASE was <1% of the 1427nm signal.

Figure 11 plots amplifier gain as a function of pump power for three different launched
signal powers at 1427nm. The amplifier appears to attain transparency at 4W of coupled
pump power. The 11dB of fiber loss is observed for the highest launched signal power, but
lower launched powers are not plotted below the lower limit of the power meter ~3mW. We
note the gain at 23mW and 43mW launched power is not significantly different, this may
suggest that 20mW was sufficient to saturate the amplifier, though this conclusion is
somewhat in doubt given the strong parasitic ASE at 930nm. For 2.5mW launched signal
power, a maximum gain of 19.3dB is measured. The measured 1120nm ASE is approximately
10x higher at this point than in the 43mW launched power case, but still <1% total power
when integrated across the spectrum.

For completeness, we also characterized the 30m, 808nm pumped amplifier. 11.6 dB of
gain was attained for 24mW of launched signal power (splice loss was worse in this case) or
346mW of total signal power. The maximum 808nm coupled pump power was 12W prior to
the onset of parasitic lasing at 920nm. At 12W coupled pump power and 346mW signal
power, there was 1236mW of total power out of the amplifier. That is, ~3/4™ of the total
power was at 920nm. This is significantly worse than the 880nm pump case and further
illustrates the need to continuously spectrally filter the 900-950nm-wavelength band in order
to attain good amplifier performance from 1360-1440nm.

We have not measured the beam quality to date. However, at 920nm the M? was less than
1.3 [25]. Our calculations indicate the mode field diameter at 1427nm to be 22um and the
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loss of the next higher order mode to be 0.5dB/m. Future work in this area will include a
beam quality measurement of the amplified light at 1427nm.
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Fig. 10: Measured output spectra of 1427nm amplifier at selected power.
20 T
15 +
10 +
m 5
z
£
S 0
-5
-10 &
_15 . + + + + i + 4 + 4 4 + + + + 4 4 + + + 4 + + + + {
0 5 10 15 20 25

Coupled Pump Power (W)
Fig. 11: Amplifier gain as a function of launched signal power.
5. Conclusions

We have experimentally demonstrated 1.2W output power at 1427nm and 19.3dB of gain at
this wavelength in a neodymium fiber amplifier with a microstructure waveguide design that
creates high spectral attenuation in the region from 1050-1120nm. To the best of our
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knowledge this result is 100x higher than the highest average power previously attained from
a neodymium fiber amplifier or laser [17, 20] and the attained gain is 9.3dB higher than any
prior measurements [18]. Further our data clearly shows the potential for significant
improvement in the performance of this amplifier. Key areas for future improvement are
reduction of OH reducing background loss in the amplifier, expanding the waveguide spectral
attenuation to cover all wavelengths from 850-1150nm, addressing the low absorption from
the pump cladding (possibly by core pumping) and seeding the amplifier at a wider range of
wavelengths.
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