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Time-dependent degradation of photonic crystal
fiber attenuation around OH- absorption
wavelengths
I. Gris-Sanchez and J. C. Knight

Abstract—We present a study of the time-dependent
degradation of attenuation in Photonic Crystal Fibers in the
wavelength region from 1350 to 1450nm. Changes in spectral
attenuation were monitored over 16 weeks of exposure to a
laboratory environment in different solid core PCF’s as well as in
a hollow-core bandgap fiber. Increasing spectral attenuation was
observed at 1364nm and at 1384nm, wavelengths corresponding
to known OH- absorption features. We also observe the
appearance of a broad attenuation peak around 1398nm. The
observed degradation is shown to decrease exponentially from the
ends of the fiber, and is attributed to ingress of contaminants
from the fiber ends. This attribution is supported by
measurements on a fiber stored with sealed ends.
Index Terms—aging, low loss Photonic Crystal Fiber,
degradation, OH contamination

I. INTRODUCTION

T

HE holes running along the length of a solid-core Photonic
Crystal Fiber (SC-PCF) or of a hollow core band-gap
photonic crystal fiber (HC-PCF) make these fibers potentially
prone to contamination and consequently to degradation of
their optical performance. The presence of air holes – to form
either a hollow core or a photonic crystal cladding, or both, is
fundamental to the performance of the fibers, conferring
multiple benefits on fiber performance [1][2]. Nonetheless it
may prove a handicap for the many applications where low
spectral attenuation is a requirement, for example in soliton
self-frequency shift experiments [3] or CW supercontinuum
generation [4]. In addition mechanical failure in standard
optical fibers is associated with corrosion also caused by OHdiffusion and formation (following hydrogen diffusion) in the
silica glass [5]. In the present work we performed a series of
experiments with 3 low loss SC-PCF’s (Fig. 1) and a HC-PCF
(Fig. 2) fabricated for these measurements. In the first
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experiment the fibers were left exposed to laboratory
conditions and the transmission through the fiber length was
monitored over 16 weeks in the wavelength range from
1350 nm to 1450 nm. In the second experiment, performed at
the end of this period, we gradually cut the fibers back from
the ends in order to locate the degraded length. In a third
parallel set of measurements, we performed initial
transmission measurements through an identical set of fibers
before fusing their ends. After two months the fiber seals were
broken and a second measurement was taken on these fibers.
II. EXPERIMENTS
The PCF’s used in the experiments were specially fabricated
with low OH- absorption by annealing the preform prior to
fiber draw [6]. The spectral attenuation and scanning electron
microscope images of the PCF’s are shown in Fig. 1 and Fig.
2. The core diameter and cladding hole diameters are shown in
table 1. The low-loss transmission window of the HC-PCF
(fiber D) was centered at 1365 nm.

Fig. 1. Spectral attenuation of the solid-core PCF’s used to
monitor degradation. Core diameters: fiber A 1.3 µm,
fiber B 2.5 µm and fiber C 5.2 µm. Inset: SEM pictures left
fiber A, right fiber C.

TABLE I
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DRAW PARAMETERS

fiber

Type

clad (µm)

core (µm)

DDR

A
B
C
D

SC-PCF
SC-PCF
SC-PCF
HC-PCF

1.16
1.8
9.44
3.4

1.3
2.26
5.2
10.3

15384
8810
3846
N/A
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absorption at 1398 nm (not shown) was stronger than at 1384
nm after a few weeks.

clad: cladding holes (surrounding the core) diameter
core: fiber core diameter
DDR: total draw down ratio (core)

Fig. 2. Spectral attenuation of the HC-BG-PCF (fiber D)
with the band gap centered around 1365 nm used to
monitor degradation.
A. Time dependence of PCF transmission
To study the effects of atmospheric exposure on fiber
attenuation, three SC-PCF’s and one HC-PCF were left with
unprotected ends exposed to uncontrolled laboratory
conditions. Relative humidity (R. H. %) varied from 30% to
50 %, and temperature from 22°C to 25°C. All the fibers were
wound around spools of 10 cm in radius; no bending losses
were observed at to this radius of curvature. Spectral
transmission of the fibers was measured regularly in the range
1350 nm to 1450 nm over a 16 week period. As an example
Fig. 3 shows transmission measurements recorded over time
for fiber A.
The experiment consisted of coupling white light (an optical
fiber-based supercontinuum source) into the core of the fiber
under test and then recording the transmitted spectrum using
an optical spectrum analyzer (OSA). The lengths used for the
measurements were 25 m for fibers A and B, 35 m for fiber C
and 50 m for fiber D. The different lengths were chosen to
allow us to track the changes in each fiber’s transmission even
after high levels of degradation and yet to observe the OH
absorption peaks in the first measurement. Peaks at 1364
nm, attributed to surface OH- [7], and at 1384 nm (well-known
as the first OH- stretching overtone) were spectrally resolved.
In Fig. 4, the increase in absorption is presented for all fibers
at 1384 nm. The data points for fibers A and C were in each
case collected from two identical fibers for practical reasons,
giving a break in the curves but no real change in the trend.
The absorption strength at 1364 nm was also increasing (not
shown) but was not as strong as that at 1384 nm, whereas the

Fig. 3. Transmission for fiber A (1.3 µm) for different
exposure times. From light gray to dark gray the exposure
time was: day 0, week, 4 and week 22 (the different signal
level is due to a difference in the input coupling). Dotted
lines illustrate the absorption strength (modulus of the
difference between the reference points and the
wavelengths 1364 nm, 1384 nm and 1398 nm). The inset is
a y-axis zoom of the first measurement.

Fig. 4. Growth of the absorption at 1384 nm for different
core sizes 1.3 µm (circles), 2.5 µm (rhombus), 5.2 µm
(triangles), and HC-PCF (squares).
B. Localization of degradation
At the end of the time evolution experiment the same fibers
were used to identify the length dependence of the increased
attenuation at the contaminated ends. White light was coupled
into one end of the fiber. We repeatedly cut off a short length
of fiber at the output end, and measured the transmission
through the remainder each time. Fig. 5 illustrates the
transmission spectra for this experiment using fiber B. In Fig.
6 we present the normalized transmission for the peaks at 1364
nm, 1384 nm and 1398 nm in relation to the lengths removed.
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When the spectral features being studied showed no further
change we turned the fiber around, coupling light into the
former output end and measuring the output whilst we
continued to cut the fiber from the other end until the spectrum
again did not change. The diamonds and exponential fits on
the left hand side of Fig. 6 denote the measurements for cutting
back lengths from the first end (0, 0.1, 0.2, 0.5, 1, 1.5, 2, 2.5
and 3 m). The diamonds and fits on the right hand side show
the continued measurements for the other end according to
their fiber position (25, 24.9, 24.8, 24.5, 24, 23.5, 23, 22.5, 22,
and 21.5 m) once the ends had been exchanged.

Fig. 5. Cut back transmission measurements of the 2.5 µm
core fiber for different lengths. Starting from 25 m
(bottom) to 21.5 m on one end, and from 21.5 m to 18 m
(top).

Fig. 6. Transmission of different absorption bands for fiber
B (2.5 µm core diameter). The dotted lines correspond to
the exponential fits and diamonds to data points at 1364
nm (white), 1384 nm (gray) and 1398 nm (black), z is the
fiber length. The transmission increases as the
contaminated ends are chopped. On the left the
comparison for fiber B at one fiber end.

Fig. 7. Transmission (from 1350 nm to 1450 nm and from
1650 nm 2200 nm) for a low loss 5µm core fiber exposed
over 2 years to atmospheric conditions. Transmission
measured over (in both wavelengths ranges from bottom to
top) 249 m, 243 m and recoupling onto the other end 243
m, 237 m and 50 m.
When exploring the transmission spectra for longer
wavelengths through a different fiber (similar in design to fiber
C with a core diameter of 5µm) an absorption peak was
detected around 1900 nm. This fiber had been left open to
laboratory conditions for a period of 2 years. For the
measurements a supercontinuum was used as light source. The
fiber length was 249 m. The transmitted spectrum was
recorded using an OSA from 1350 nm to 1450nm and from
1600 nm to 2200 nm with a Bentham spectrometer. The
spectra was measured over 249 m, 243 m (6 m chopped from
the first end), 237 m (6 m more cut off from the second end),
and finally over 50 m.
Fig. 7 shows the transmission for the different fiber lengths.
C. Fiber with sealed ends
Identical lengths of the fibers A, C and D were sealed
shortly after fabrication, after measuring the transmission, by
fusing both ends with a fiber splicer. After 11 weeks the seals
were broken by carefully cleaving off the fused ends. The
transmission was measured again under the same conditions as
before. In table II we present the absorption at 1364 nm and
1384 nm before and after end sealing.
TABLE II
ABSORPTION MEASURED BEFORE END SEALING AND AFTER 11 WEEKS AND 2
DAYS FOR FIBERS A, C AND D AT 1364 AND 1384 NANOMETERS.
Absorption at1364 nm (dB)
fiber

After 11 weeks

A

Before end
sealing
1.24

C

0.02

D

1.68

Absorption at1384 nm (dB)
After 11 weeks

1.37

Before end
sealing
1.57

0.43

1.10

1.71

1.64

1.35

2.29

1.25
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III. DATA ANALYSIS
Although a tungsten lamp was used as a source to obtain the
attenuation measurements shown in Fig. 1, in order to obtain
high-resolution measurements of the changes in the
transmission with time we used an optical supercontinuum.
The source spectrum was recorded (not shown) for each
measurement.
The method used to calculate the strength of the OH- related
absorption peak is described below:
1. The raw transmission data sets obtained from each fiber
were divided by the corresponding supercontinuum
spectra in order to get rid of the spectral contribution of
the supercontinuum, then the corrected spectra (shown in
Fig. 3), were used to calculate the strength of the
absorption related to OH- bands.
2. Absorption was calculated relative to a reference point at
a nearby wavelength. For absorption at wavelengths 1384
nm and 1398 nm we used the transmission at 1350 nm as
a reference point (see Fig. 3). For the absorption strength
of the surface peak at 1364 nm we calculated a straight
line joining the transmission at 1360nm and 1370nm, and
used the value of that line at 1364 nm as reference (see
Fig. 3).
In Fig. 4 the values of the absorption strength for each fiber
are referenced to the value of the initial measurements.
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To model the position dependent local attenuation (of the
contaminated fiber ends) we make the assumption that the
attenuation due to contamination is high compared to the
original attenuation and that the contaminated length is short
compared to the total fiber length. The data obtained (cutback
transmission measurements) from the localization of
degradation experiment (shown in Fig. 8 for fiber B) were
fitted to the exponential model described in eq. 1

y( x)  aebx  c

(1)

y is the logarithm of the transmission (in dB) that depends
exponentially on distance x (in m), where a (in dB) is a
scaling factor and a+c (in dB) is the initial value at y(0), b>0
(in m-1) is the growth rate per unit length and c is absorption
(assumed constant) in the uncontaminated fiber. The positive
sign is used in the exponential to reflect that fact that our
measurements are done by cutting back from the end of the
fiber. The local attenuation α (Fig. 9) at every point of the
contaminated end was obtained by taking the derivative of the
(exponential) fit to the experimental transmission
measurements (eq. 1) multiplied by a 1000 factor:

 ( x)  103 a  b ebx

(2)

where α is in dB/km

Fig. 9. Local attenuation for all fibers at 1384 nm, x is the
length from the end to the center of the fibers. From black
to light gray 1.3 µm, 2.5 µm, 5.2 µm core diameter and
HC-PCF (fibers A, B, C and D).
IV. RESULTS AND DISCUSSION

Fig. 8. Comparison of the exponential fits and
experimental normalized transmission for the localization
of degradation at one of the contaminated ends. From top
to bottom 1364 nm, 1384 nm and 1398 nm. Data points:
circles correspond to a diameter of 1.3 µm , diamonds to
2.5 µm, triangles to 5.2 µm and squares correspond to the
HC-PCF.

The PCF’s were fabricated with low attenuation (Fig. 1 and
Fig. 2). Indeed, our interest was to establish how such low OHcontent fibers degraded with time (Fig. 3), even after only a
few days of exposure, at 1364 nm and 1384 nm. For the timedependence experiment an increase in the absorption bands is
observed in all the SC-PCF’s (see Fig. 4)). Fig. 3 illustrates the
changes over time in the spectrum of fiber A. Also a broad
absorption feature at 1398nm was detected in all the SC-PCF,
which became stronger after a few weeks of exposure to the
laboratory conditions.
In the spectra obtained for fiber D we observe a fine
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structure (Fig. 10, Fig. 11 and Fig. 12) that corresponds to the
absorption lines of atmospheric water vapor [8]. High spectral
resolution (0.1nm) transmission measurements using a
supercontinuum source for fiber D and a tungsten lamp source
using a 9 m piece of commercial SMF-28 instead of the fiber
under test are also shown in Fig. 11 and Fig. 12. We attribute
the lines in the spectrum obtained when using the SMF-28 to
the presence of atmospheric OH- both in the laboratory and
within the OSA. The increased strength of these water vapor
lines when using the PCF is attributed to the presence of water
vapor in the cladding holes of fiber D. Water in contact with
the silica surface reacts, creating OH- ions [9] which
subsequently diffuse to the silica core (in the case of a SCPCF). Note that the HC-PCF under study also presents a
broadband feature (Fig. 10) similar to that for SC-PCF’s.
The generalized increase in the background absorption
(visible in Fig. 5) can be attributed to the increase of scattering
on the core surface of the contaminated fiber ends which are
covered by OH- groups. After removing the contaminated ends
the overall loss decreases to the original levels including the
absorption bands at 1364 nm, 1384 nm and 1398 nm as seen in
Fig. 5.
According to Hanafusa et al. [10] and Yin [11] the
concentration of defect centers is larger on the surface than
within the fiber core. For a cylinder (i.e the fiber core) the
surface to volume relation is 2/r where r is the core radius, so
that for a fixed volume of silica more of that material is on the
surface as r gets smaller. Also there is a relationship between
the number of defects and the thermal history of the preform
(the number of defects increases with increasing fictive
temperature (Tf) [12]). The abundance and mobility of OHgroups in silica is linked to the number of site defects or
broken Si-O bonds [12]. The degradation of the different
fibers as observed in Fig. 4 is therefore related to the number
of defects on the silica surface given by the Tf. Consequently,
more defects lead to more OH- formation and to its subsequent
diffusion to the fiber core being more evident for 1.3µm fiber
(fiber A).

Fig. 10. Fiber D transmission spectrum measured just after
fabrication (top), and after 28 weeks of exposure (bottom).
Note the surface peak growth and the appearance of a
broad absorption feature.
Although the drawing temperature and speed were kept
roughly the same for all the SC-PCF’s there is a large
difference in the draw down ratios (DDR) of the different
fibers, in particular between fiber A and C (see Table 1). We
have defined the DDR as the scaling factor between the
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diameter of the original silica rod as purchased and the
corresponding core diameter in the final fiber. Note that
despite the fact that the cladding holes surrounding the core of
fiber C are larger than those for fibers A and B (see Table I)
the increase in local attenuation, is not larger for fiber C than
that observed for fiber A and B at the fiber ends. This is
perhaps due to lower number of structural defects in larger
core fibers with smaller DDRs.
For fiber A the absorption grows at a notably faster rate than
in fibers B and C. This rapid degradation by OHcontamination in small core fibers recalls the dramatic increase
at 1384nm for small core PCF’s (below 2µm) [6] which
suggests a similar or related origin.

Fig. 11. Comparison of the fine spectral absorption bands
of atmospheric water vapor [8] observed in the range from
1360 nm to 1370 nm (top fiber D bottom SMF-28).

Fig. 12. Comparison of the fine spectral absorption bands
of atmospheric water vapor [8] observed in the range from
1390 nm to 1405 nm (top fiber D bottom SMF-28).
In Fig. 6 the localization of degradation (for 1364 nm, 1384
nm, and 1398 nm) to the fiber ends is demonstrated for fiber B
along with the exponential fits. In Fig. 8 experimental data and
fitted curves are compared for all fibers (all normalized to start
at zero dB). The coefficients of the fits obtained for 1364 nm,
1384 nm, and 1398nm are included in Table III. Note that a
higher value of b corresponds to the contamination occurring
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over a shorter length of fiber. The position dependent local
values of attenuation in the contaminated ends (plotted in Fig.
9) were obtained by calculating the derivative of the
exponential fits.
TABLE III
b COEFFICIENT FOR FIBER B, C AND D FOR DIFFERENT WAVELENGTHS

fiber @1364 nm [m-1] @1384 nm [m-1]
A end 1
0.6218
0.7131
A end 2
0.8969
0.6277
B end 1
1.075
0.8307
B end 2
0.6887
0.4994
C end 1
0.1852
1.958
C end 2
N/A
N/A
D end 1
0.1124
0.574
D end 2
0.138
0.1437

@1398 nm [m-1]
0.7863
0.7599
0.9221
0.5785
1.98
N/A
0.731
0.1631

absorption intensity was
contaminated ends.

reduced

after

removing
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