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We present a non-destructive optical technique for
rare-earth-doped optical fiber preform inspection, which
combines luminescence spectroscopy measurements, ana-
lyzed through an optical tomography technique, and ray-
deflection measurements for calculating the refractive-index
profile (RIP) of the sample. We demonstrate the technique
on an optical fiber preform sample with a Yb**-doped
aluminosilicate core. The spatial distribution of the photo-
luminescence signals originating from Yb3*-single ions and
from Yb3+-Yb3* cluster sites were obtained inside the core.
By modifying the characterization system, we were able to
concurrently evaluate the RIP of the core and, thus, establish
with good accuracy the dopant distribution within the core
region. This technique will be useful for quality evaluation
and optimization of optical fiber preforms.
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Rare-earth (RE)-doped optical fibers are among the key ena-
bling technologies allowing the development of efficient ampli-
fiers and high-power fiber lasers, which have revolutionized
entire sectors, such as optical communications [1] and material
processing [2]. However, new developments and progress in the
field set increasingly stringent requirements on fiber technol-
ogy. In particular, for RE-doped optical fibers, accurate control
and characterization of the refractive-index profile (RIP) and
the active dopant profile (ADP) are crucial for improving
further the laser efficiency and overall performance. In certain
circumstances, such as the case of heavily Yb>*-doped high-
power fiber lasers, clustering of Yb®"-ions should be moni-
tored, as it can have a severely limiting impact on the overall
performance [3]. Although various techniques have been ap-
plied for accurate characterization of the RIP in fibers [4] and
preforms [5-7], much less work has been done for ADP char-
acterization. Even more important, so far, the discussed ADP
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characterization techniques are destructive [8,9], which severely
limits their usefulness. The non-destructive acquisition of
microscopic information regarding RE-distribution in optical
preforms is important to optical fiber manufacturers, as it
can provide useful information along the entire preform length.
Such information can be used to identify best-suited preform
parts and increase fiber yield and quality. In addition, newly
emerging novel optical fibers with complex dopant distribu-
tions within the core area, such as confined dopants [10] or
doped rings [11], will benefit from accurate non-destructive
characterization of the RIP and ADP within the core at the
preform stage.

In this context, we have considered the application of three-
dimensional (3D) image representation techniques as a starting
point for visualizing the internal microstructure of the optical
preform and, in particular, the Yb>*-ion and Yb?T-Yb** clus-
ter distribution. The imaging technology based on the emission
computerized tomography (e-CT) is particularly powerful in
producing slice images of 3D objects. e-CT is a well-established
technique in domains, such as plasma diagnostics [12] or com-
bustion analysis [13], while it is still emerging in optical
material science applications [14]. The analytic procedure is
based on the projection-slice theorem, which correlates function
projections to the function itself [15]. For the case of a two-
dimensional (2D) function f, this theorem establishes that
the function projection (one-dimensional) on a certain direc-
tion corresponds to a preliminary Fourier transform of the
2D-function f* subsequently sliced through its origin parallel
to the direction of the considered projection. Mathematically,
from the analysis of the integrated line-of-sight projection data
through the calculation of an inverse Radon transform for each
detected image pattern, it is possible to rebuild a whole true
image of the object. This procedure reduces to the application
of the Abel inverse transformation when the sample is charac-
terized by a high degree of rotational symmetry [16], as the
dopant radial distribution in optical fiber preforms is supposed
to be to first approximation in most cases. One typical concern
in the ADP reconstruction problem is the difficulty in estab-
lishing accurately the core center and edge positions of the
investigated sample. In our case, the combined study of the
optical core RIP using the same detection system allows us to
overcome two difficulties: the core edge location and the evalu-
ation of the degree-of-symmetry of the dopant distribution,


https://orcid.org/0000-0002-0765-8556
https://orcid.org/0000-0002-0765-8556
https://orcid.org/0000-0002-0765-8556
mailto:m.vivona@soton.ac.uk
mailto:m.vivona@soton.ac.uk
mailto:m.vivona@soton.ac.uk
mailto:m.vivona@soton.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1364/OL.43.004907
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.43.004907&domain=pdf&date_stamp=2018-10-04

4908 Vol. 43, No. 20 / 15 October 2018 / Optics Letters

which are important parameters for a reliable application of the
e-CT method. In addition, the combined knowledge of core
RIP and ADP enables the accurate evaluation of the guiding
and amplification fiber characteristics.

In this Letter, we present the application of the e-CT
technique to the characterization of the emission signal of a
Yb3+—d0ped preform, suitable for high-power laser devices.
Moreover, we combined it with a refractive-index analysis based
on ray-deflection measurement technique [5]. Such a measure-
ment technique provides the Yb®>* emission distribution within
the preform core with respect to the refractive-index distribu-
tion. In addition, by adjusting for the chromatic focal length
variation of the imaging system, the method is able to detect
signals in different spectral regions. By the detecting the visible
(VIS) luminescence, we can map the distribution of Yb>*-Yb>*
clusters, the effect of which can be very important and detrimen-
tal in the performance of heavily doped samples [3].

To demonstrate the technique, an optical fiber preform,
manufactured by modified chemical vapor deposition (MCVD)
process, with a four-layer structure. Specifically, the preform
optical core is made of aluminosilicate glass with a nominal
diameter of about 1 mm and Yb*'-ion doping obtained by
the solution doping technique. The overall Yb?T-emission spec-
trum in the near-infrared (NIR) region was monitored by an
optical spectrum analyzer (not shown here).

The combined ADP and RIP preform characterization ex-
perimental setup is shown in Fig. 1. For the photoluminescence
(PL) detection and ADP characterization, two fiberized pump
laser sources at 976 nm were collimated by aspheric lenses and
used to illuminate the optical preform from opposite sides, in
order to achieve uniform excitation of the doped core. When
the core is illuminated from one side only, a pronounced slope
is present in the PL profile detected by the charge-coupled de-
vice (CCD), due to the pump absorption. Instead, with the
two-sided illumination, the PL-projected profile becomes sym-
metric, and is used as a measure of uniform excitation. The PL
emitted by the sample was collected at 90° with respect to the
excitation arm. Specifically, the NIR emission of Yb**-ions and
the VIS cooperative luminescence of Yb?T-Yb3* clusters were
acquired by a CCD with 3296 x 2472 active pixels of 5.5 pm x
5.5 pm size and equipped with bandpass filters centered at
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Fig. 1. Experimental setup for combined measurements of an ADP
and RIP (RIP) in optical fiber preforms. (BP, bandpass; WL, white
light; L, lens.)
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1050 £ 10 or 500 & 40 nm, respectively. A MATLAB script
was encoded to calculate the Yb?T spontaneous emission dis-
tribution using an inverse Abel transform, implemented by a
Fourier transform followed by a Hankel transform of the pro-
jected PL projection curves [15]. For the refractive-index char-
acterization, parallel rays from a collimated white light (WL)
source illuminate transversally the sample and their effective
beam deflection, obtained by inserting a knife-edge spatial fil-
ter, were measured by the CCD and used to extract the RIP of
the sample [5,6]. During the measurements, the preform was
kept immersed in an index-matching oil.

First, we deal with the characterization of the RIP An(r) of
the optical preform. The steps applied for the An(r) profile
derivation are explained in Fig. 2. The CCD image of
Fig. 2(a) shows the sample as illuminated by the WL source
and half-blocked by the knife-edge filter. The insertion of
the knife edge in the optical path of the transmitted rays acts
as a spatial filter, allowing one to visualize and distinguish in a
single black-and-white contrast line the ray-deflection as
the rays traverse the refractive-index distribution in the sample.
Specifically, the deflection angle ¢(x") was calculated consider-
ing the displacement 4(x") that expresses the vertical distance
between the light ray emerging from the preform and the radial
point of incidence (ideally corresponding to the filter edge) at
the position x” on the CCD plane. Note that x"y" is the plane of
detection. This is converted to deflection angle ¢(x") by

d(x") tan(a

ple) = D, 0
where a is the angle between the knife-edge filter and the
y'-axis, and L is the distance between the center of the sample
and the spatial filter position [5]. All parameters are shown in
Fig. 2(b). It is worth mentioning that no dependence on the
azimuthal position is considered, due to the assumed cylindrical
symmetry of the sample. The deflection angle, derived for the
experimental data by the use of Eq. (1), is shown in Fig. 2(c). In
order to take into account the possible error in establishing the
black-and-white contrast profile from the detected image [in
Fig. 2(a)], we have considered the deflection angle curve result-
ing from the average of two symmetrized curves, obtained by
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Fig. 2. (a) CCD image of the displacement highlighted by a
knife-edge spatial filter, (b) parameters used for the deflection angle
derivation, (c) the deflection angle function, and (d) the derived
An core-cladding refractive-index difference.
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mirroring the first or the second half of the experimental
deflection curve, as detected by the CCD. These three curves
(mirroring the first half or the second half and the average pro-
files) are shown in Fig. 2(c). The core edges, which correspond
to the zero-deflection crossing points in the deflection curve,
are also shown by dashed vertical lines. The actual value
and error given from averaging the positions of the left and
right edges of the optical core are also shown.

The RIP 7(r), where 7 is the distance from the preform axis,
can be reconstructed by a transform operation expressed by the
integration in Eq. (2) [6,17]:

71(}’) = n |:1 — l/“ q”;(x')(x/z _ rZ)l/de/:|. (2)
T 7
In Eq. (2), the modified deflection function @(7),

@ = sin’! [L sin q)] (3)
o

is used, which is corrected by taking into account Snell’s law. 7,
is the refractive index of the surrounding index-matching oil.
This is necessary for taking into account the ray deviation at the
index-matching oil/air interface. The Az profile, i.e., the differ-
ence between core and cladding refractive indices, calculated
with this method is plotted in Fig. 2(d). In addition, the core
edges are marked by dashed vertical lines for guidance.

The refractive-index profile appears mostly symmetric, with
the core edges located symmetrically with respect to the core
center within the error. Moreover, some micrometric features,
which could be related to the muldlayer structure of the
sample, are VIS. The two dips present at the core edges are
probably due to the residual presence of chlorine, which was
used to fabricate the pure silica glass of the cladding. In
Fig. 3, we compare measurements of the RIP performed in dif-
ferent positions along the preform length by our technique (red
dashed lines) with those acquired with a commercial analyzer
(PK 2600, Photon Kinetics), typically used in industrial refrac-
tive-index profilers of optical preforms.

The RIP calculated by our deflection measurements is in
good agreement with that obtained by the commercial profiler.
MCVD preforms are known to have RIPs that vary along
their length in both height and width. The exact positions of
the PK2600 profiles were not known to us at the time of ex-
perimentation. However, we found the same value of variability
(££0.0025) for the An along the preform length. The knowl-
edge of the RIP is also useful in defining unambiguously the
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Fig. 3. Comparison between the RIP obtained by our technique
and a set of curves derived from measurements on the same preform
by a typical industrial refractive-index profiler (PK 2600).
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Fig. 4. Transversal profile extracted from the PL signal images
acquired at 1050 (NIR) and 500 nm (VIS). The associated CCD

images are shown as insets.

core edge positions and other refractive-index features which, in
turn, helps in positioning the ADP accurately within the core
of the preform. Without this knowledge, only the relative
ADP position is determined. The ADP is obtained from the
PL measurements. Figure 4 shows the profiles extracted from
the CCD images (shown as insets) and related to the NIR and
VIS PL signal acquired at 1050 and 500 nm, respectively. The
signals at these wavelengths are signature of the PL of Yb*-
single ions and Yb**-Yb®" clusters, respectively. For an accu-
rate comparison of the two profiles and correct determination
of the Yb3+—single ions and Yb3T-Yb3*-cluster distributions,
we have corrected the detected data for the wavelength depend-
ence of the magnification of the imaging system.

In order to confirm that the NIR and VIS PL are due to the
de-excitation of Yb*"-single ions and Yb*>"-Yb?* clusters, re-
spectively, we have plotted the exponential dependence of the
emitted signal intensities (/py) on the pump excitation power
(Pexc)s according to /pp o (Pgxc)”, where m is the number of
absorbed photons per up-converted emitted photon.

As shown in Fig. 5, we observed the expected linear depend-
ence (m ~ 1) for the NIR emission of Yb3*-ions at 1050 nm.
The quadratic dependence (7 ~ 2) of the VIS PL at 500 nm,
on the other hand, confirms the two-photon process originat-
ing from a co-operative up-conversion in Yb?T-Yb*>* clusters.

We applied the inverse Abel transformation to the PL pro-
files shown in Fig. 4. The spatial resolution of the current mea-
surements, resulting from the high spatial frequency filtering, is
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Fig. 5. Power laser excitation dependence of the PL intensity in

(a) the NIR and (b) the VIS range.
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Fig. 6. Radial Yb>*-emission profile, calculated by the application
of an inverse Abel transform operation, related to the Yb?*-ion and

Yb3*t-Yb?* cluster PL.

30 pm. Figure 6 shows the resulting ADPs for the Yb?*-single
ion and Yb?T-Yb3* clusters. It is shown that, in this case, the
Yb?T single ion and cluster distributions are very similar,
following a substantially uniform distribution over the entire
preform core. In the same figure, to facilitate a comparison,
we also include the corresponding RIP [from Fig. 2(d)].
The small ripples, observed in the refractive-index and ADP
profiles, are likely due to the multilayer structure of the optical
core. Moreover, the uniform distribution of the Yb®*-ions and
ion clusters is mostly because of the Al codoping of the silica
glass, which is known to increase the RE-ion solubility in the
host silica matrix.

Finally, it is important to comment on the two additional
approximations pertinent to this model. First, in obtaining the
PL projections onto the CCD camera, we neglect the internal
NIR absorption. This is a reasonable assumption, given that the
NIR PL is centered at 1050 nm. Second, the deflection of the
emitted photon as they traverse the preform is neglected, which
is valid for samples with small refractive-index variations, as in
the case reported in this Letter. Otherwise, a correction for that
deflection should be considered [18].

In summary, we have developed a non-destructive technique
to evaluate the Yb®>"single ion and Yb>*-Yb?* cluster ADP
distributions inside the core of optical fiber preforms. At the
same time, the setup has been extended to include a means
of measuring the corresponding RIP. The core RIP distribution
was measured and used to define the precise location of the dop-
ant within the core. The technique can be extended to character-
ize preforms with different dopants, such as erbium or thulium.
The knowledge of the ADP distribution and its extent and other
features within the core is extremely important in optimizing
optical fibers for advanced applications requiring novel active
fiber designs [19-21]. These advanced designs are critical
for modal gain equalization in spatial-division-multiplexing

Letter

telecom systems [22-24] and novel fibers for mitigating trans-
verse modal instabilities in high-power fiber amplifiers [25,26].
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