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Abstract. Novel transverse techniques for measuring the refractive in-
dex profile and spontaneous emission of high-power optical fibers are de-
scribed. These techniques are particularly attractive for measuring fiber
samples incorporating axial variations, such as mode transformers, grat-
ings, fusion splices, tapers, taps, or couplers. Computerized tomogra-
phy of spontaneous emission is demonstrated as the first nondestructive
method for estimating the spatial distribution of gain in a rare earth—doped
fiber, which can be particularly useful when exploiting a spatially inhomo-
geneous dopant profile. © 2011 Society of Photo-Optical Instrumentation Engineers
(SPIE). [DOI: 10.1117/1.3609812]
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1 Introduction

For the past 15 years, the maximum output power of rare
earth—doped optical fiber lasers and amplifiers has been
growing at the remarkable rate of ~2 dB/yr.! This remark-
able growth is partly due to novel fiber designs, fiber-based
components, and innovative fiber manufacturing techniques
that in turn, benefit from fiber measurement and charac-
terization technologies. In this paper, we discuss two new
transverse approaches for characterizing high-power optical
fibers and fiber-based components: multiwavelength inter-
ferometry (MWI) and computerized tomographic imaging
of spontaneous emission (SE) from rare earth—doped fibers.
These new measurement techniques will contribute to the
design and fabrication of new high-power optical fibers and
fiber-based components.

Although powerful approaches exist for characterizing
both the refractive index and gain dopant distribution of op-
tical fiber performs,” characterization techniques for drawn
fibers remains critically important because (i) many high-
power fibers are assembled by a stack-and-draw method on
a draw tower and, therefore, no preform is available for mea-
surement; (i7) manufacturers of high-power optical fibers
typically do not share proprietary preform measurements
with their customers; and (iii) the fiber draw process has
been shown to strongly affect the properties of the resulting
fiber.>?

The effectiveness of high-power optical fibers depends
primarily on the transverse distribution of refractive index
in the fiber, often termed the refractive index profile (RIP).
The RIP determines the transverse spatial distribution of any
guided modes as well as their response to external perturba-
tions such as coiling. Early fiber designs (both single- and
multimode) were simple step-index structures comprised of
only a single core surrounded by a lower index cladding.
Contemporary fiber designs exploit complex structures, of-
ten including annular trenches and rings, and even nonaz-
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imuthally symmetric RIPs, to achieve desired performance.
Material dispersion is known to affect the RIP, manifesting
itself as a spectral dependence that can be quantified with
multiwavelength interferometry.*>

In an analogous fashion, the amplifying properties of a
rare earth—doped optical fiber are affected by the transverse
distribution of rare-earth dopant and its host glass composi-
tion, which can be termed the spontaneous emission profile
(SEP). In parallel to early passive fibers, early telecom fiber
amplifiers consisted of a step-index rare earth—doped core
amplifying a single guided mode. Recently, far more complex
rare earth—doped fiber designs have been proposed, includ-
ing designs in which the rare-earth dopant is confined inside
the center of the core,%!? in a ring outside of the core,'* !> or
as part of a complex higher-order mode waveguide.'® These
new fiber designs demand new techniques for measuring a
fiber’s transverse gain distribution, or SEP.

In addition to fiber designs that exhibit complex trans-
verse profiles, high-power fiber sources and amplifiers typ-
ically incorporate various fiber-based devices such as mode
transformers, pump combiners, couplers, gratings, physical
tapers, taps, and fusion splices. The RIP or SEP of such
axially inhomogeneous fiber-based components can only be
assessed by techniques that operate transversely through the
side of the fiber. For this reason, most new fiber character-
ization techniques, including the ones described here, are
based on transverse arrangements'’~?° that can optically sec-
tion the fiber sample. One disadvantage of transverse fiber
characterization is the need to utilize some type of comput-
erized tomography when the sample is not azimuthally sym-
metric. Fortunately, computerized tomographic technologies
originally developed for medical applications have been ap-
plied to the problem of optical fiber characterization.?!??
Because the measurement techniques described here do not
require access to the end of the fiber under test (FUT), they
could even be performed on a live fiber carrying an op-
tical signal, although the removal of the coating and im-
mersion in oil would pose difficulties for cladding pumped
fibers.
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Fig. 1 Schematic illustration of experimental apparatus used to mea-
sure the SEP of optical fiber samples. Note that the lower oil-
immersion objective lens serves as a mechanical substrate for the
immersion oil and does not participate in the measurement.

2 Experimental Methods

The experimental apparatus used for MWI has been previ-
ously described.*> Data were obtained on high-power rare
earth—doped optical fibers by combining this approach with
computerized tomography.*?!-?? Unlike the approach advo-
cated by Bachim et al.,”* phase data were acquired at every
5 deg over only 175 deg (36 total scans), which significantly
accelerated data acquisition and processing time. Further-
more, axial sections of fiber only 1.5 um long were analyzed
by restricting the data analysis to eight rows of the CCD
camera in which each CCD row corresponded to ~0.185 um
of axial fiber length.

A diagram of the experimental apparatus employed for
SEP measurement is shown in Fig. 1.2° The FUT is positioned
in the focal plane of an infinity-corrected oil-immersion mi-
croscope objective and pumped transversely, rather than ax-
ially. The cleaved end of a single-mode pump launch fiber
is inserted into the meniscus of immersion oil and launches
continuous-wave pump laser light (~130 mW at 976 nm
from a QPhotonics fiber-coupled laser diode) from the side.
Because the pump launch fiber is mounted on a three-axis
translation stage its position is optimized based on the inten-
sity of the detected SE. The optimum distance between the
pump launch fiber tip and the FUT was found to be ~1 mm,
and because the pump launch fiber’s mode field diameter is
~7 pum, it casts an ~100-pm-diam Gaussian spot on the core
of the fiber under test (Fig. 2). The single-mode fiber source
emits a spatially coherent spherical wave in its far field that
ensures the pumping is spatially homogeneous. In princi-
ple, graded-index fiber lens tipped fibers®* could be used to
provide a larger, more planar pumping, although that was
not implemented for the experiments described here. Typical
rare-earth core diameters are between 5 and 50 um in diam-
eter, and therefore, the pump energy is negligibly depleted
when traversing such microscopic distances, again ensuring
spatial homogeneity of the pump source.

The refractive index oil ensures that the reflectance expe-
rienced by the laser pump is negligible and that the cladding
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Fig. 2 Sample SEP intensity image showing the SE from the
25-um-diam core of the FUT (Thorlabs Yb1200-25/250DC). The
FUT is oriented vertically in this image and the field width (93 m) is
much less than the fiber diameter so that the fiber’s cladding edges
lie outside the field of view. The brightness gradient in the vertical
direction is due to the finite spot size of the pump radiation.

surface of the FUT does not refract either the pump or SE
signals. Furthermore, the refractive index oil permits the ob-
jective lenses to achieve extremely high numerical aperture
thereby achieving submicron spatial resolution. The pump
light excites any rare-earth dopants (i.e., Yb) present in the
FUT thereby producing SE. The SE is captured by the high—
numerical aperture (NA) infinity-corrected oil-immersion
objective lens and imaged onto the active area of a conven-
tional 16-bit-depth silicon CCD camera by a tube lens. Al-
though such silicon CCD cameras are only weakly sensitive
in the near-infrared, they are adequate for this application.
As for most other transverse fiber interrogation techniques,'”
the fiber’s polymer coating is turbid and must be removed to
provide micron-scale spatial resolution so that the cladding
glass is in contact with the surrounding refractive index
oil.

MWI is a phase-based method to measure a fiber’s RIP
and therefore depends on temporal and spatial coherence
between the probe light traversing the fiber sample and the
reference light in a reference beam.*> By contrast, the spon-
taneous emission collected from the optically pumped section
of the rare earth—doped core is both spatially and temporally
incoherent. This poses no difficulty because tomographic re-
construction based on this spontaneous emission is a pure
amplitude phenomenon and therefore does not require co-
herence.

Two aspects of the experimental setup preclude the
possibility that the CCD measures spurious pump signal
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Fig. 3 Refractive index profile (zoomed out at left and zoomed in middle plot) was measured at 955 nm. The false color of the refractive index
profile is indicted by the color legend below the index profile maps. The spontaneous emission profile (right) is also shown in false color, but with

arbitrary units. (Color online only.)

power: (i) a 90-deg angle between the pump signal axis
and the CCD imaging axis, and (ii) a pump-stopping fil-
ter placed between the objective and the tube lens. The
pump-stopping filter was a long-pass optical interference
filter (Thorlabs FEL1000) cutting on at 1000 nm. The ef-
ficacy of this filter was verified by comparing its optical
density (OD) when pumping a Yb-doped FUT, as shown
in Fig. 1 (OD =~ 092 or 12% power transmission) to
its optical density (OD) when it was shielding the CCD
camera from direct illumination by the laser diode pump
(OD = 3.3 or 0.05% power transmission). The profound dif-
ference in filter attenuation shows that the signal emitted by
the FUT does not have the same spectral content as the laser
diode pump and therefore must not be elastically scattered
by the FUT. Although the pump was known to have a wave-
length of 976 nm, the SE is presumed to be distributed over
the range of ~980 to ~1100 nm, as is typical for Yb-doped
high-power optical fibers.

A desktop PC acquires and processes the intensity im-
ages detected by the CCD camera. Figure 2 shows a typical
intensity image acquired on acommercially available double-
clad large-mode-area high-power Yb-doped fiber (Thorlabs
Yb1200-25/250DC) with a 25-pum-diam core and a 250-pm-
diam octagonal cladding using the setup depicted in Fig. 1.
The FUT is oriented vertically, and the bright region in the
center of the image is the core of the FUT. The variation
in brightness in the vertical direction results from the finite
spot size of the pump radiation. The variation of brightness
with lateral position is quantified from the 16-bit-depth CCD
image. Several rows of pixels are extracted from the center
of the image in Fig. 2 (green line) where the pump illumi-
nation is strongest and these brightness values are depicted
below the image (red trace, arb. units). The derivative (blue
trace) of the brightness values highlights fine features that
correspond to authentic fine structure in the fiber’s core. As
for RIP measurement using multiwavelength interferometry,
the FUT was rotated about its axis through a total range of
175 deg using a fiber rotation chuck (not shown in Fig. 1) and
data were acquired every 5 deg. An inverse Radon transform
converted the collection of transverse brightness traces into
a two-dimensional SEP.
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3 Results

In Fig. 3, the SEP from the 25-pum core fiber is compared
to its two-dimensional RIP measured by multiwavelength
interferometry at 955 nm. The rotational orientation of the
fiber is identical in both measurements; although, the fiber’s
core appears to be substantially axisymmetric. The octagonal
cladding of the fiber is evident in the zoomed out fiber in-
dex profile. The region outside of the fiber is refractive index
matching oil, nominally ~1.451 at 955 nm. It is worth noting
that the refractive index contrast shown in Fig. 3 is very small;
the total range of the false color is ~0.0025, and the core-to-
clad numerical aperture is only ~0.07. Weak fanlike artifacts
are evident at large radius in the refractive index profile due
to the relatively large 5-deg interval between tomographic
projections and also because of the octagonal cladding sur-
face. The SE profile does not exhibit these artifacts because
the cladding surface does not interact with the pump or SE
signal. An ~3umdiam circular ridge (corresponding to the
ripples in the blue trace of Fig. 2) is evident in the center of
the core in both the refractive index and SE measurements,
which strongly suggests that it this is a real feature. Further-
more, this fine feature demonstrates the submicron resolution
of both measurement techniques.

To further compare the fiber index profile to the SE, the
data shown in Fig. 3 were averaged over all azimuthal angles
to produce the traces shown in Fig. 4. This averaging elim-
inates the fanlike artifacts from the fiber index profile and
suppresses noise thereby permitting a high-quality compar-
ison between the two measurements. Although both traces
show a similar ripple near the center of the core and substan-
tially agree concerning the fiber’s core dimension, the index
profile shows a trench at a radius of ~4 pm that is absent
from the SE profile.

Figure 5 compares the SEP obtained from two differ-
ent double-clad large-mode-area Yb-doped fibers (Thorlabs
Yb1200-25/250DC and Thorlabs Yb1200-20/400DC) and
further demonstrates the possibilities of this new fiber mea-
surement approach. Not surprisingly, the core diameter of
the Yb1200-20/400DC evident from its SEP agrees with the
expected 20 wm. Both the two-dimensional SEP and the az-
imuthally averaged data [Fig. 5(b)] show subtle differences
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Fig. 4 Azimuthally averaged comparison between fiber index profile
(red trace, normalized units) and SE profile (blue trace, normalized
units) obtained for 25-um-diam core 250-um-diam cladding fiber.
Although there is strong agreement concerning the core diameter
and the ripple in the core’s center, the index profile shows a trench
with a radius of ~4 um. (Color online only.)

in the core structure. More significantly, the intensity of each
SEP is slightly different, perhaps indicating a slight differ-
ence in Yb concentration, or perhaps differences in the host
glass.

Figure 6 demonstrates how multiwavelength interferom-
etry can be used to probe fusion splices'®?>> and mode trans-
formers. A sample of Thorlabs GF1AA fiber was fusion
spliced to another fiber, and refractive index profiles were
taken at ~100-um intervals in the vicinity of the fusion
splice. Refractive index perturbations associated with dopant
diffusion and cladding refractive index changes are evident
in the traces. The spatial distribution of the guided modes
traversing this region can be modeled based on these RIP
measurements.

Aside from fusion splices, another type of axially inhomo-
geneous fiber-based device is an inline optical tap or coupler.
Such devices can be constructed using the traditional fused
fiber approach, or alternatively with the aid of a femtosec-
ond laser.”® Figure 7 shows the 2-D tomographic refractive
index profile of a waveguide written by a femtosecond laser
at an angle to the core of a single-mode fiber. Such a waveg-
uide provides the functionality of a low-loss wavelength-
insensitive inline optical power tap by diverting a small frac-
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tion of the propagating signal out of the core to a location
where it can be measured.’®

4 Discussion

It is important to understand that signal amplification in a
rare earth—doped fiber depends on the host glass composition
as well as the rare-earth dopant distribution. The technique
described here measures the distribution of spontaneous
emission in ahomogeneously pumped fiber sample and there-
fore cannot distinguish between a favorable host glass and
an unfavorable rare-earth doping concentration or vice versa.
Although these issues may vex the fiber manufacturer, they
are typically of secondary concern to the fiber consumer, who
is typically interested in the spatial distribution of gain. It is
also worth noting that the spatial distribution of gain in a rare
earth—doped fiber also depends on the spatial distribution
of pump light, which is not considered in the measurement
technique described here.

In principle, the RIP and SEP could be measured in the
manner described here on an experimental apparatus incor-
porating both techniques. Although the veracity of the dis-
crepancy between the RIP and the SEP found inside the
core of Yb1200-25/250DC in Fig. 4 cannot be indepen-
dently verified, this discrepancy highlights the fact that the
refractive index profile is not always a valid surrogate for
the rare-earth dopant distribution. Discrepancies between the
dopant concentration in the preform and the refractive index
in the preform have been observed before.> Furthermore,
the multiplicity of dopants comprising the fiber’s core may
not contribute to the refractive index in an additive man-
ner, particularly when both aluminum and phosphorus are
present.’

When the total cladding pump absorption is known, the
spatially resolved pump absorption can be computed based
on the measured SEP. For example, an estimate of the linear
absorption coefficient of the pump inside the core can be
made for the fibers plotted in Fig. 5 based on their core/clad
area ratios and the manufacturer specified total cladding
pump absorptions. The total cladding pump absorptions for
Yb1200 25/250DC and Yb1200 20/400DC are specified as
2.5 dB/m and 0.7 dB/m, respectively. The core/clad area ra-
tios for Yb1200 25/250DC and Yb1200 20/400DC are about
0.01 and 0.0025, respectively. Assuming that the cladding
modes are uniformly populated by pump energy, the linear

azimuthally averaged SE data

-20 -10 0 10 20 30
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Fig.5 Two-dimensional spontaneous emission profile obtained from Thorlabs Yb1200-20/400DC fiber (left) and comparison between azimuthally
averaged data obtained from Thorlabs Yb1200-20/400DC fiber and Thorlabs Yb1200 25/250DC fiber (right). The y-axis units on the right hand

plot are arbitrary but the relative difference in SE intensity is real.
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Fig. 6 Optical sections taken through a fusion splice of Thorlabs GF1AA optical fiber using multiwavelength interferometry. Diffusion of the core
dopant is evident in the region adjacent to the fusion splice while other more subtle changes to the fiber’s cladding are evident as well.

absorption coefficients of the pump in the core are predicted
to be ~5.18/m (22.5 dB/m) and ~6.15/m (26.71 dB/m) for
Yb1200 25/250DC and Yb1200 20/400DC, respectively. In
other words, the predicted ratio in the linear absorption coef-
ficients of the pump in the core is ~1.18, whereas the mea-
sured ratio between the SE intensity in Fig. 5 is ~1.13, which
is good agreement considering the assumptions required for
the calculation. This type of analysis points the way towards
determining a spatially resolved linear absorption coefficient
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based on the SEP intensity profile and the total measured
cladding pump absorption coefficient. The spatially resolved
pump absorption could conceivably be used to accurately
predict the modal gain dynamics of a rare-earth fiber in a
high-power laser or amplifier.”” Such modal gain dynamics
are critical for achieving excellent beam quality in a multi-
mode fiber design.

Photodarkening is a poorly understood but serious im-
pediment to the performance of many rare earth—doped fiber

waveguide
inscribed by
femtosecond
laser

z=0pm

\ cladding
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=

40 pm

Fig. 7 False color optically sectioned RIP of single-mode fiber core and refractive index perturbation inscribed by a femtosecond laser. Each
frame was acquired via multiwavelength interferometry combined with computerized tomography of 36 projections taken every 5 deg from 0 to
175 deg. Inside each image, the boxes are 10 um on each side so the total domain depicted by each image is the central 40 x 40 um region of
the fiber. Each optical section represents data integrated over an axial length of only ~1.5 um at distinct axial (z) positions. The refractive index
perturbation inscribed by the femtosecond laser is seen to be about + 0.007 inside both the core and cladding of the fiber. (Color online only.)
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lasers and amplifiers.' Recent investigations”® have provided
evidence that photodarkening in Yb fibers is not spatially ho-
mogeneous but instead varies transversely depending on the
fiber design and optical energy distribution. Near-field inten-
sity profiles were used®® to indirectly infer the spatial depen-
dence of photodarkening. The SEP technique described here
may offer a more direct measurement of spatially resolved
photodarkening in Yb-doped fibers.

Although these results were obtained for conventional
Yb-doped silica fibers, this technique can also be applied to
Er, Bi, Tm, or other dopants, and this technique can also be
applied to nonsilica optical fibers. Of course, the detector and
imaging optics must be effective in a spontaneous emission
band.

5 Conclusions

Continued advances in the development of high-power opti-
cal fibers will depend on new approaches for characterizing
such fibers. To this end, we have described new nondestruc-
tive computerized-tomography techniques capable of mea-
suring the RIP and SEP of high-power optical fibers. We ap-
plied these techniques to commercially available double-clad
rare earth—doped large-mode-area high-power optical fibers
and found small, but intriguing, differences between the RIP
and SEP. Knowledge of the cladding pump absorption coef-
ficient permits computation of the spatially resolved pump
absorption coefficient, which could be a powerful tool for
predicting modal dynamics in high-power fibers. The appli-
cation of the new transverse fiber characterization techniques
to measuring axially inhomogeneous fiber samples, such as
a fusion splice and an optical fiber power tap, was demon-
strated. Other applications could include mode converters,
physical tapers, gratings, or couplers. This technique could
also be applied to a variety of rare-earth dopants and also to
nonsilica optical fibers.
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