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Solution doping of commercial polymethyl methacrylate (PMMA) polymer optical fibers (POFs) is presented as a
novel approach for preparation of custom cladding-doped POFs (CD-POFs). The presented method is based on a
solution-mediated diffusion of dopant molecules into the fiber cladding upon soaking of POFs in a methanol-
dopant solution. The method was tested on three different commercial POFs using Rhodamine B as a fluorescent
dopant. The dynamics of the diffusion process was studied in order to optimize the doping procedure in terms of
selection of the most suitable POF, doping time and conditions. Using the optimized procedure, longer segment

of fluorescent CD-POF was prepared and its performance was characterized. Fiber’s potential for sensing and
illumination applications was demonstrated and discussed. The proposed method represents a simple and cheap
way for fabrication of custom, short to medium length CD-POFs with various dopants.

1. Introduction

In number of applications, polymer optical fibers (POFs) may re-
present a preferable choice over their silica-based counterparts [1-3].
Polymer materials offer higher chemical flexibility and simpler pro-
cessing [4,5], which is typically associated with lower POF manu-
facturing costs. Most common commercial POFs are large-diameter
multi-mode (MM) fibers based on polymethyl methacrylate (PMMA).
These fibers can be fairly cheap, very robust but flexible, plus they are
easy to handle and connectorize [6,7]. Among other advantages, POF
technology also allows incorporation of different organic dopants, such
as fluorescent dyes, into the fiber material. Fluorescent POFs (F-POFs)
have attracted considerable attention in different fields over the years.
They have been originally developed in 1980’s for scintillation detec-
tors in high energy physics experiments [8,9]. However, since then, F-
POFs have been exploited for various tasks in fiber sensing [10], lasing
and amplification [11], or illumination [12,13] applications.

Depending on the POF manufacturing procedure, different ap-
proaches can be used to incorporate the dopant into the fiber material.
Most commonly, the doping is performed on the chemical level, when
the dopant is added to the monomer mixture before fiber preform
polymerization [14,15]. Alternatively, the dopant can be physically
mixed with the polymer melt if the extrusion or casting is used to
produce the preform [13]. Finally, solution doping technique has been
used to introduce the dopant into the bulk fiber preform [16]. For the
vast majority of produced F-POFs, only the core of the fiber is doped.
Limited selection of core-doped F-POFs is available also commercially.

* Corresponding author.

Cladding doping is in principle possible, however, no cladding-doped
POF (CD-POF) is available commercially. Few experimental CD-POFs
have been fabricated and explored for different applications. Pun et al.
prepared PMMA-based POF with Rhodamine 640-doped cladding and
investigated its potential as a side-pumped intrinsic fiber light source
[17]. Narro-Garcia et al. fabricated POF with pure PMMA core and
THV-Rhodamine 6G cladding for use in illumination applications [12].
Muto et al. used POF with Fluorescein-doped cladding as an optical
humidity sensor for breathing condition monitoring [18]. CD-POFs can
be of high interest especially in sensing applications. Over the years,
numerous fluorescence-based POF sensing schemes have been explored.
These include sensors for gamma or UV radiation [19,20], partial dis-
charges [21], humidity [18], position [22], oxygen [23], pH factor [24]
and others. Many of these sensing schemes rely on attaching the sensing
dye to the side of the fiber. In order to excite and/or collect the light
from the dye, some sort of local fiber modification, e.g. tapering,
etching or removal and recoating of the cladding, is typically required
[20,25]. This sort of local modification usually deteriorates fiber me-
chanical integrity, increases its loss and offers only limited interaction
lengths. Incorporation of the suitable dye directly into the fiber clad-
ding can facilitate efficient interaction between the light propagating
inside of the fiber core and the surrounding environment. This could be
potentially exploited for construction of various chemical or environ-
mental fiber sensors [26-28].

All of the above-mentioned F-POF manufacturing techniques rely on
a doping in a pre-drawing stage. Fabrication of F-POFs in this way,
therefore, represents technically demanding process requiring suitable
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high-cost equipment and facilities. Recently, solution doping technique
was suggested for post-fabrication doping of cladding layer of com-
mercial PMMA POFs [29]. In this work, we present more detailed
analysis of solution doping of large-core PMMA POFs as a novel mean
for CD-POF fabrication. The technique is studied and optimized in
terms of suitable selection of used POF, doping conditions and time. We
show that this method may represent rather cheap and straightforward
way for preparing custom CD-POFs with short to medium lengths.

2. Doping procedure optimization

POF solution doping technique relies on soaking of a bulk polymer
component, e.g. fiber preform, in a suitable solvent-dopant mixture
[16]. Successful doping requires selection of the right solvent suitable
both for the doped material and the used dopant. In the case of PMMA,
methanol is typically used. The technique is commonly employed for
doping of microstructured POF preforms either with fluorescent com-
pounds [16,30], or with dopants for increasing fiber photosensitivity
[31,32]. The solvent gradually penetrates the bulk polymer and induces
its osmotic swelling [33]. At ambient temperatures, ingress of methanol
into PMMA exhibits Case II diffusion behavior [34,35], which is char-
acterized by a sharp boundary between the intact inner PMMA region
and the swollen outer layer. Due to the solvent-induced swelling, even
larger molecules such as organic dyes can diffuse into the PMMA mo-
lecular structure. Nevertheless, the mobility of larger dyes is sig-
nificantly lower than for small solvent molecules and their penetration
into the material lags behind the solvent. Similarly as for in-diffusion,
also out-diffusion of the solvent is significantly faster than for larger
dopant molecules. After the solvent is removed, the dopant molecules
are left in the material and their distribution remains stable even at
elevated temperatures [30].

Instead of doping bulk polymer elements, we use the solution
doping technique directly with commercial PMMA fibers. Various fac-
tors such as temperature, specimen geometry or thermal history may
influence the diffusion process in PMMA [33,34,36,37]. Therefore, this
section is aimed at the basic investigation and optimization of the
doping procedure on a small scale, i.e. using short fiber samples and
small solvent-dopant mixture quantities.

2.1. Methods and materials

Following the previous studies discussed above, we chose methanol
as the suitable doping solvent in this work. LC-MS grade methanol
(=99.95%) from Th. Geyer (Berlin, Germany) was used. The work is
focused on the technological aspect of the novel cladding-doping pro-
cedure for commercial PMMA POFs. Therefore, we limited this study to
using a common and affordable dopant; powdered Rhodamine B
(=95%) from Sigma-Aldrich (Munich, Germany). Nevertheless, we
managed to successfully use the presented technique also with several
other dopants including Fluorescein, Rhodamine 6G or Alizarin Yellow
R. The technique was tested with three different commercial PMMA
POFs of similar characteristics; ESKA CK-40 and ESKA GK-40 from
Mitsubishi Rayon (Tokyo, Japan) and RAYTELA PGU-FB1000 from
Toray (Tokyo, Japan). Some of the main fiber properties extracted from
their respective datasheets are listed in Table 1. All the fibers are 1 mm
step-index POFs with PMMA core and cladding from perfluorinated
polymer.

The doping solution was prepared by dissolving 25 g of Rhodamine
B in 75 ml of methanol. This relatively high dopant concentration was
chosen in order to facilitate better visibility of the Rhodamine B (RhB)
ingress into the fibers. The prepared solution was distributed into
multiple small laboratory glass bottles. The tested POFs were cut into
short 4 cm pieces. Three fiber pieces were inserted in a bottle with the
doping solution, separately for each fiber type. The bottles were closed
and stored in a climate chamber at specified temperature for a given
time. After the specified time, the samples were taken out of the
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Table 1
Main characteristics of the PMMA POFs used in the study.

Eska CK-40  Eska GK-40 RAYTELA PGU-
FB1000

Fiber diameter [um] 1000 1000 1000
Core diameter [pum] 980 980 980
Numerical aperture 0.5 0.5 0.5
Operation temperature range —55-70 —55-85 —55-70

[°cl
Transmission loss at 650 nm <200 <150 <150

[dB/km]
Minimum bending radius 25 20 9

[mm]

solution, thoroughly rinsed and dried. The process is schematically il-
lustrated in Fig. 1. The doping procedure was repeated for different
doping temperatures and times.

To monitor the lateral ingress of methanol and dye into the fibers,
cross-section of the obtained doped samples was investigated with an
optical microscope. One end of a doped sample was cut roughly 2 mm
away from the original end face. This end of the fiber was inserted in an
SMA connector and polished with the help of polishing paper and puck.
The connectorized fiber piece was kept in the polishing puck and place
on the sample holder of the optical microscope. This helps to keep the
fiber in straight upright position so the image of the fiber cross-section
can be taken. Inspection of the samples and their cross-sectional images
allow us to assess the dynamics of the solvent-dye penetration into the
fiber in order to determine the most suitable doping conditions.

2.2. Doping process dynamics

The progress of lateral penetration of methanol-RhB solution into
the fiber is illustrated in Fig. 2 for the case of ESKA CK-40 doping at
30 °C. The figure depicts cross-sectional microscope images of the fiber
samples that were left in the solution for progressively increasing
doping times. The images were taken in the transmitted light mode.
Lateral view of each sample is depicted under the corresponding mi-
croscope image. The ingress of methanol into the fiber is clearly visible
already for the sample with 3 h doping time. The obvious boundary
between an intact inner region and a thin swollen outer ring penetrated
by methanol can be noticed in the cross-sectional image. As the doping
time increases, methanol penetrates deeper into the fiber and the ring
gets thicker until the full methanol penetration is reached. The doping
series depicted in Fig. 2 serves as an example for illustrating the doping
procedure progress. Nevertheless, analogical behavior with different
dynamics can be observed for all three tested fibers and different
doping temperatures.

To evaluate the progress of methanol front, diameter of the whole
fiber D and the inner unpenetrated region d was measured from the
microscope images for all the samples. To account for diffusion in-
homogeneities, the measurement was performed along four different
radial directions. The values were then averaged and used to calculate
the relative methanol penetration P = (D—d)/D of the given sample.
The final P value of the fiber doped under given conditions was cal-
culated as an average from the three individual fiber samples doped
under the same conditions. Fig. 3 shows the time progress of relative
methanol penetration into all three tested fibers at 20 °C. We found out
that the experimentally measured data (solid points) can be best ap-
proximated by a power function fit (solid lines) in a form P(t) = at®.
Here, t is the doping time, a and b are the scaling factor and the ex-
ponent of the power function, respectively. The power function de-
pendence of P(t) observed in our experiment contradicts previous
works [16,34,35]. Methanol ingress into PMMA at ambient tempera-
tures typically exhibits Case II diffusion behavior and the methanol
front should progress with a constant velocity. This means that the
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Fig. 1. Schematic illustration of the single doping process used for the doping procedure optimization.

measured P(t) progress should follow a simple linear increase. How-
ever, progressive speeding up of diffusion front have been previously
observed for spherical and cylindrical samples and can be attributed to
radially symmetric geometry [37]. In addition, majority of the previous
studies were performed with atactic PMMA samples where no pre-
ferential alignment of molecules should be present. This is not the case
in our experiment, where PMMA molecules are preferentially align
along the fiber axis as a consequence of a fiber heat-drawing. Polymer
molecules tend to align along the fiber drawing direction during the
manufacturing process. As the fiber cools down, this molecular align-
ment is “frozen” in the fiber. However, it is a non-equilibrium state and
is subject to relaxation (annealing) when the mobility of the molecules
is increased, e.g. at elevated temperatures [38] or by presence of the
solvents such as methanol [39]. The preferential molecular alignment
as well as its simultaneous methanol-induced annealing may influence
the basic dynamics of the diffusion process. A deeper analysis of the
diffusion process goes beyond the scope of this paper.

Even though the three tested POFs have nominally similar char-
acteristics, Fig. 3 shows that the methanol penetration rate is con-
siderable different for the individual fibers. While doping at 20 °C for
48 h is sufficient to reach full methanol penetration into ESKA GK-40,
only roughly 77% and 65% penetration is reached for ESKA CK-40 and
RAYTELA fibers at the same conditions, respectively. The time required
to reach full methanol penetration t3; into the individual fibers can be
estimated using the fitted curves. For doping of ESKA GK-40, ESKA CK-
40 and RAYTELA POF at 20 °C, approximate ¢z, of 48 h, 60h and 67 h
have been determined, respectively. The differences in penetration
dynamics between the fibers most likely stem from the structural dif-
ferences on the molecular level. Among other parameters [33-37],
methanol transport into PMMA is known to be depend on polymer’s
molecular network structure [36], e.g. degree of crosslinking or en-
tanglement. Although all the fibers are made of PMMA and have very
similar geometrical and optical characteristics, the structural organi-
zation of PMMA chains may differ considerably between the fibers
depending on the particular manufacturing procedure of the individual
fibers.

Another factor strongly influencing the doping dynamics is the
temperature. The diffusion process is thermally activated and its
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Fig. 3. Relative methanol penetration P(t) into a fiber as a function of doping time ¢ for
all three tested POFs at 20 °C. Measured data points are fitted with a power function (solid
lines).

temperature dependence is well-known [34,37]. In our case, this is il-
lustrated in Fig. 4 depicting relative methanol penetration into ESKA
CK-40 as a function of doping time for different doping temperatures.
The rate of methanol penetration into the fiber increases significantly
with rising temperature. By increasing the doping temperature by mere
10 °C from 20 °C to 30 °C, almost 4-fold decrease of t;; from 60 h to 16 h
is achieved. This highlights importance of precise temperature control
during the doping. The doping at ambient conditions (without tem-
perature stabilization) is in principle feasible, but would result in de-
teriorated reproducibility and control over the process.

2.3. Determining optimal doping conditions
So far we focused on the discussion of methanol diffusion into the

PMMA POFs. However, the penetration of the dopant dye into the fiber
is the key component of the doping process. As expected, penetration of

Fig. 2. Cross-sectional and lateral images of ESKA CK-40 samples that were soaked in the doping solution at 30 °C for different times.
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Fig. 4. Relative methanol penetration P(t) into ESKA CK-40 as a function of doping time ¢
for three different doping temperatures. Measured data points are fitted with a power
function (solid lines).

Rhodamine B into the fiber lacks behind the methanol front sig-
nificantly. From the lateral photos of the samples in Fig. 2, slightly
pinkish color is noticeable already for the sample doped for 3 h. How-
ever, RhB most likely diffuses only into outer layer of the fiber cladding.
Light coupled into the fiber core is not able to interact with this outer
region, therefore, no coloration is observed in the cross-sectional mi-
croscope image. Slight coloration of the outer ring penetrated by me-
thanol can be firstly observed for the sample with 9 h doping time. The
effect is fully visible for the samples with longer 12h and 16 h doping
times. The outer ring penetrated by methanol appears in a pink/ma-
genta color. This indicates that RhB reached the full penetration of the
cladding. The light coupled into the outer ring can interact with RhB at
the core-cladding interface. Here, the green part of the white light
spectrum is absorbed by RhB molecules, giving rise to observed ma-
genta coloration. Dynamics of the diffusion processes underlying the
doping mechanism vary between the tested fibers and doping tem-
peratures. Nevertheless, throughout our study we found consistently
that the relative methanol penetration values P between 70% and 80%
can be considered a threshold when the full dopant penetration into the
fiber cladding is reached.

Interestingly, light in the central unpenetrated region maintains its
full (white) spectrum. This indicates that the central region partially
guides the light couple into it, i.e. acts as a secondary fiber core. In the
first step, this might be explained by lower refractive index (RI) of
methanol. Methanol presence effectively decreases RI of the outer ring;
thus, giving rise to the secondary core-cladding structure. However, we
confirmed that this structure remains visible even for the samples that
have been dried at elevated temperatures for extended times.
Therefore, the effect is likely caused, at least partially, by permanent
reorganization of the PMMA molecular structure induced by methanol
presence. Indeed, methanol is known to cause annealing in drawn
polymer fibers [39]. Fiber annealing is associated with fiber long-
itudinal shrinkage and diameter increase. The latter effect can be
clearly noticed in Fig. 2, for samples with 12h and 16 h doping time.
Portions of the fibers’ cross-section extend beyond the two horizontal
guidelines marking the fiber initial diameter. The presented doping
method is always accompanied by the fiber annealing.

The secondary core-cladding structure created by methanol-induced
annealing is not desirable as it influences the light guiding along the
fiber. Therefore, even though shorter times might be sufficient to reach
the full dopant penetration into the fiber cladding, only doping times
t > tyy providing the full methanol penetration into the fiber will be
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Fig. 5. Microscope image of the cross-section of ESKA CK-40 sample doped for one week
at 25 °C. The sample was excited from above by a UV lamp with emission peak around
365nm.

considered. On the other hand, using doping times much longer than
tuy is also not optimal. No significant further penetration of RhB into
the fiber is observed even for doping times considerably longer than ;.
Fig. 5 shows a microscope image of the cross-section of ESKA CK-40
sample that was left in the doping solution for a week at 25 °C. Instead
of viewing the sample in transmitted light, like in images in Fig. 2, the
sample was excited from above by a handheld LED UV lamp with
emission peak around 365nm. The used doping time is almost five
times longer than the determined t5, for this fiber at given doping
temperature. Despite that, the excited fluorescence is still limited just to
the fiber cladding region.

As we discussed earlier, the presented doping procedure is asso-
ciated with fiber annealing. The degree of the annealing at given
temperature increases with the doping time. For long doping times,
visible imperfections at the core-cladding interface or even folding of
the cladding appear as a result of fiber over-annealing. An extremal case
is illustrated in Fig. 6 showing a lateral photo of a 3 cm long sample of
ESKA GK-40 doped for 93 h at 20 °C. This is roughly two-times longer
than corresponding ¢ for the fiber. Cladding folds with orientation
perpendicular to the fiber axis are clearly visible. Fiber over-annealing
and induced imperfections compromise fiber light-guiding and me-
chanical properties. Therefore, doping times ¢ > t5, are to be avoided.
Over the course of our study, we found out that ESKA GK-40 is the most
prone to this effect among the tested POFs. In this case, noticeable
degradation of the fiber starts already at t < tzy; and the fiber is not
suitable for the presented doping procedure. On the other hand, ESKA
CK-40 was found to be the most tolerant to the effects of over-annealing
and we chose it as a default fiber type for the further analysis.

From above discussion, it follows that the progress of methanol

%txummumM

Fig. 6. Lateral photo of the over-annealed 3 cm long ESKA GK-40 sample that was soaked
in the doping solution for 93 h at 20 °C.
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penetration into the fiber is the decisive factor for determination of
optimal doping time t,,. Two competing requirements need to be sa-
tisfied simultaneously; On one hand, avoiding presence of the sec-
ondary core-cladding structure, which is requiring doping times t > t5.
On the other hand, minimizing detrimental effects of fiber annealing,
which is asking for doping times as short as possible. Therefore,
choosing t,,: = ts seems to be ideal. In our case, ts, for different fibers
and doping conditions has been determined previously using the short
samples (Section 2.2). Nevertheless, as can be seen from error bars in
Figs. 3 and 4, the rate of methanol penetration into the fiber may vary
slightly between the different fiber samples; perhaps because of the
local fiber inhomogeneities. When doping longer fiber pieces, using
doping times slightly longer than the determined t5; helps to assure
that the full methanol penetration is achieved all along the sample. As a
rule of thumb, we use doping times 10-20% longer than the expected
-

As we mentioned earlier, microscope study showed that already
t < tgy are sufficient to reach full dopant penetration into the cladding
and facilitate the interaction between the light guided in the fiber core
and the dopant. This was true for all three tested fibers and different
doping temperatures. Nevertheless, the final concentration of the do-
pant in the fiber cladding may still depend on number of factors in-
cluding doping solution concentration, dopant type, temperature as
well as doping time. With regard to particular application requirements,
further work aimed on the optimization of the dopant concentration
and its impact on fiber’s optical properties might be required.

3. Fabrication and characterization of CD-POF

Based on the previous analysis and optimization of the doping
procedure with short fiber samples, fabrication of longer section of CD-
POF is performed and presented in this section. Only results achieved
with ESKA CK-40 are presented here as the fiber proved to be the least
prone to annealing effects and most suitable for the use with the de-
scribed doping technique.

3.1. CD-POF fabrication

To perform doping of longer fiber pieces, the proposed doping
technique can be relatively easily scaled up by using larger amount of
doping solution and glass container. We use the optimized procedure to
dope the cladding of a 10 m long piece of ESKA CK-40 with Rhodamine
B. The procedure is schematically illustrated in Fig. 7. This time, larger
quantity of doping solution was prepared by dissolving 100 mg of RhB
in 300 ml of methanol. Note that the concentration of the solution is the
same as in optimization study presented in section 2. The fiber was
wound into a coil with approximately 20 cm diameter so it can easily fit
on the bottom of a glass dish with an inner diameter of 23 cm. The dish
was then filled with the doping solution so that the entire fiber is
submerged in the solution. The dish was closed with a tight lid and left
in the temperature chamber at 20°C for 68h. This represents the
doping time 8h longer than the expected tpy for this fiber at given
temperature. After the doping process, the fiber was removed from the
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Fig. 8. Spectral attenuation of pristine and RhB-doped ESKA CK-40 POF.

doping solution, thoroughly rinsed and dried. Full methanol penetra-
tion into the fiber was verified by microscope inspection of two short
pieces cut from the both ends of the doped fiber. The fiber was left to
dry; firstly at ambient temperatures for 4 days, followed by additional
2 days at 50 °C. Complete removal of methanol from the fiber was
verified by a TGA measurement. For further characterization, the pre-
pared fiber can be easily connectorized with a detachable SMA or ST
connectors.

3.2. Fiber attenuation

Fig. 8 compares the attenuation of clear (undoped) and doped ESKA
CK-40 measured by the cut-back method. A broadband fiber-coupled
Halogen lamp AQ4305 from Yokogawa (Tokyo, Japan) and CCD-based
spectrometer HR4000 from Ocean Optics (Largo, FL, USA) were used
for the attenuation measurement. In the case of clear POF measure-
ment, initially 10 m long fiber piece was gradually shortened to 1 m in
1 m steps. In the case of doped fiber, 0.5 m long piece was shortened to
0.1 m in 0.1 m steps. Utilization of such a short fiber segment was ne-
cessary in order to allow measurement of a high attenuation peak as-
sociated with Rhodamine B absorption. The appearance of this ab-
sorption peak is clearly visible in Fig. 8 in the green part of the
spectrum. The peak has the maximum at 560 nm and a slight shoulder
around 520 nm. This is in good agreement with previous works on RhB-
doped PMMA POFs [15,40]. Fig. 8 also indicates that the doping pro-
cedure increases the fiber overall attenuation in the entire VIS region.
From the application point of view, this is especially important in the
600-700 nm spectral window above RhB inherent absorption, where
the fiber’s fluorescence signals would be located. In this spectral region,
cut-back method measurements indicate approximately 3-fold at-
tenuation increase. The measurement was verified by an optical time-
domain reflectometry (OTDR) measurement at 650 nm, using multi-

Fig. 7. Schematic illustration of the doping procedure used for preparation of longer CD-POF segments.

231



P. Stajanca et al.

mode v-OTDR from Luciol Instruments (Mies, Switzerland). The OTDR
measurement was performed on a 40 m long clear and the 9 m long
doped ESKA CK-40 piece. It confirmed roughly 3-fold attenuation in-
crease from 137.8 = 0.3dB/km for the clear fiber to 456 + 4 dB/km
for the doped fiber. The observed attenuation increase is most probably
caused by the methanol-induced annealing of the fiber that accom-
panies the doping process.

Despite the attenuation increase, the prepared fiber still performs
preferably compared to other experimental CD-POFs fabricated by al-
ternative methods. For PMMA CD-POF with Rhodamine 6G-doped
cladding prepared by Narro-Garcia et al., attenuation of about 4.2 dB/m
was measured at 633 nm [12]. Another PMMA CD-POF presented by
Pun et al. had cladding doped with Rhodamine 640 and exhibited at-
tenuation of 3.129 dB/m at 655 nm [17]. Even though different dopant
dyes and concentrations were used in these works, the cited attenuation
values were determined at wavelengths well above the absorption
bands of the respective dyes. Therefore, similarly as in our case, light
absorption by the dopant should not contribute significantly to the
measured attenuation. The both stated attenuation levels are con-
siderably higher than for our CD-POF at comparable wavelengths (~
0.5 dB/m). The achieved attenuation should be sufficient for sensing or
lighting applications using fibers with several meter length range.

3.3. Fiber fluorescence properties

Fluorescence properties of the prepared CD-POF were investigated
using side-illumination technique [41,42], with the help of setup
schematically depicted in Fig. 9. One end of the prepared CD-POF piece
was connectorized with an SMA connector and connected to the same
spectrometer as used for fiber attenuation measurement (Section 3.2).
Halogen lamp (also described in section 3.2) was coupled to a 2 long
clear POF cable. The white light exiting the other end of the POF cable
was used to laterally excite the CD-POF at different positions along the
fiber. For each excitation position, output end of the lead-in POF cable
was brought into direct physical contact in perpendicular direction with
the CD-POF. The excited fluorescence from the fiber cladding is par-
tially coupled to the fiber core and guided towards the spectrometer
where it is measured. The experiment was performed in a dark room to
avoid parasitic fluorescence excitation by surrounding light.

Ideally, monochromatic light source with wavelength corre-
sponding to the dye absorption peak should be used for the side-illu-
mination experiments [41,42]. Due to the lack of such a light source
with sufficient temporal stability, we decided to use the halogen lamp.
The lamp provides very stable broadband emission covering VIS and
NIR wavelengths. To verify validity of our approach, the spectra ob-
tained by the white-light excitation were compared to the ones ob-
tained using the narrowband UV LED lamp (365 nm) at the same ex-
citation positions along the fiber. Except of higher absolute intensities
in the case of UV excitation, the spectra were practically identical.
However, the UV lamp output fluctuates considerably and the lamp is
therefore not suitable for the side-illumination measurement. The
comparison confirms the validity of our experimental approach. Fig. 10
shows the evolution of measured fluorescence spectrum as the excita-
tion position was moved away from the CD-POF output end connected
to the spectrometer. The spectrum obtained under UV excitation at the

Clear PMMA POF lead

7\

\

Fig. 9. Schematic illustration of the experimental setup used for the CD-POF side-illu-
mination fluorescence measurement.
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Fig. 10. Fluorescence spectrum registered from the CD-POF core under fiber side ex-
citation by a white light as the excitation position was moved away from the monitoring
end. The spectrum obtained under UV excitation at the shortest excitation distance
(0.1 m) is included for comparison.

shortest excitation distance (0.1 m) is included for comparison.

As the excitation position moves away from the CD-POF monitoring
end, the intensity of recorded fluorescence drops considerably and its
peak emission wavelength shifts toward the longer wavelengths. Fig. 11
depicts the fluorescence normalized relative integral intensity and peak
wavelength as a function of excitation position evaluated from the
spectra depicted in Fig. 10. The figure shows that the intensity and peak
wavelength change is most significant at the short excitation distances.
This effect is common for all fluorescent fibers and is predominantly
caused by a strong fluorescence reabsorption by the dopant dye mole-
cules. At the excitation point, part of the broadband fluoresce of Rho-
damine B, with peak emission around 575 nm [15,40], is coupled into
the fiber core where it propagates further. As it propagates along the
fiber, part of the light is reabsorbed by RhB molecules at the core-
cladding interface. The shorter wavelengths with larger overlap with
RhB absorption peak are absorbed faster. This is responsible for an
abrupt attenuation and red-shift of the florescence spectra observed on
the short propagation distances. As the propagation continues, lower
wavelengths overlapping dopant absorption spectrum are gradually
completely attenuated and further spectrum evolution is predominantly
dictated by fiber inherent attenuation. The effect can be used for
characterization of fluorescent fibers [41,42], but has been also
exploited directly for sensing applications, e.g. linear position mea-
surement [22]. The setup can be used as a contactless position and
movement sensor along the fiber. In our case, the fluorescence can be
easily detected even for excitation 7 m away from the monitoring end.
The decrease of fluorescence integral intensity between excitation at
0.1 m and 7 m from the detector is at the level of 6 dB. The results il-
lustrates fiber’s ability to collect and guide the fluorescence from the
cladding over extended distances. This is important for number of ap-
plications relying on the side-excitation scheme [17,20-22].

CD-POFs may be used also for illumination applications [12,43]. In
this case, in-core pumping by light with wavelength within dopant
absorption spectrum is used. As the pump light propagates through the
fiber it interacts with the dopant at the core-cladding interface and
excites its fluorescence. Fig. 12 shows an image of the prepared 9 m
long CD-POF under in-core pumping with 365nm UV light from the
LED lamp. Fiber visibly glows with orange fluorescence of Rhodamine
B. The intensity of the fluorescence decreases along the fiber due to the
gradual pump light depletion. Fiber pumping from both ends is typi-
cally used to mitigate this effect and achieve more homogeneous illu-
mination. The results illustrate potential of CD-POFs prepared by our
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Fig. 11. Fluorescence normalized relative integral intensity and peak wavelength as a function of excitation position along the fiber.

novel technique for lighting applications. Fiber glow color can be al-
tered by using different fluorescent dopants (Fig. 12: Inlay). Although
the presented study is limited to the use of RhB as the fiber dopant, we
have successfully used the doping technique also with other fluorescent
dyes, such as Rhodamine 6G or Fluorescein.

4. Summary and conclusions

In this work, a novel method for preparation of cladding-doped
POFs based on solution doping of commercial PMMA fibers is pre-
sented. The solution doping technique relies on the diffusion of dopant
into the cladding of POF upon its soaking in methanol-dopant solution.
The first part of the work was focused on the technological aspect of the
doping process with an aim of finding most suitable procedure. The
doping technique was tested with three different 1 mm commercial
PMMA POFs; ESKA CK-40 and ESKA GK-40 from Mitsubishi Rayon
(Tokyo, Japan) and RAYTELA PGU-FB1000 from Toray (Tokyo, Japan).
ESKA GK-40 was deemed unsuitable for the proposed technique as it

= |

suffers from the significant methanol-induced annealing which de-
grades fiber optical and mechanical performance. On the other hand,
ESKA CK-40 was found as the most suitable from the tested fibers be-
cause it is least prone to the annealing effects. This fiber was used for
the rest of the study. Nevertheless, reasonable results might be achieved
also with RAYTELA PGU-FB1000 under optimized doping conditions.

The results indicate that selection of optimal doping time is dictated
predominantly by progress of methanol diffusion into the fiber. Too
short doping times lead to creation of undesirable secondary core-
cladding structure and might not be sufficient for dopant to reach full
penetration into the fiber cladding (Fig. 2). In Contrast, too long doping
times lead to fiber over-annealing and degradation of its optical and
mechanical properties (Fig. 5). Therefore, dynamics of methanol dif-
fusion into the fibers was measured under different conditions. Strong
temperature dependence of methanol penetration into the fiber was
found (Fig. 4). This pinpoints importance of doping temperature con-
trol. Shortest doping time guaranteeing full methanol penetration into
the fiber was found optimal for the proposed procedure.

i
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Fig. 12. Photo of lateral emission of the 9 m long CD-POF under in-core excitation with 365 nm UV light. Inlay: Photo of short segments of CD-POFs doped with different dyes under side-

excitation by the UV light.
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Based on performed optimization of the process, 10 m long CD-POF
with Rhodamine B-doped cladding was prepared and characterized in
the second part of the work. Fiber attenuation measurement (Fig. 8)
confirmed that RhB was successfully incorporated into the fiber clad-
ding in a way that the dye can interact with the light propagating in the
fiber core. The measurement also showed that, due to methanol-in-
duced annealing, the doping process generally increased fiber at-
tenuation by factor of three even at wavelengths outside RhB absorp-
tion spectrum. Despite this increase, fiber’s attenuation properties
might be considered better than for other CD-POFs prepared by alter-
native methods [12,17], and sufficient for applications with meter-long
fiber range. Using side-illumination technique, we demonstrated fiber’s
ability to efficiently collect and monitor dopant fluorescence over ex-
tended fiber lengths (Fig. 10). CD-POFs prepared by the proposed
technique might be, therefore, especially interesting for number of
sensing applications relying on side-excitation or evanescent field sen-
sing. Environmental sensing applications are particularly attractive
since a POF with suitably doped cladding can facilitate efficient inter-
action between the light propagating in the fiber core and fiber sur-
roundings. At the same time, we illustrated potential of the CD-POF for
illumination applications under in-core pumping configuration
(Fig. 12).

The proposed procedure represents a novel, simple and cost-effec-
tive way for preparing cladding-doped POFs with short to medium
lengths. With exception of the climate chamber, which can be switched
for a simpler temperature oven, no specialty high-cost equipment was
necessary for the CD-POF preparation. Although the work presented in
this paper focuses predominantly on doping with Rhodamine B, we
successfully tested the procedure also with several other dyes. The
technique should be readily adaptable for use with variety of other
dopants, although, further optimization might be required in certain
cases. The proposed method is not to be viewed as a substitute/com-
petition for more traditional fabrication techniques, based on doping in
the pre-drawing stage, for large scale production of already optimized
CD-POFs. However, the method can be very useful as a simple and
cheap CD-POF fabrication technique for initial optimization and vali-
dation tasks, especially at the research facilities that do not possess
specialty preform and fiber manufacturing equipment.
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