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ABSTRACT

This study reports on the behavior of silica based optical fibers in a hydrogen environment at high
temperatures. The hydrogen response in the form of optical loss in the wavelength range of 10002500 nm of a germanium doped graded index 50/125 graded index fiber was examined in the
temperature range of 20–800 °C. When the fiber was exposed to hydrogen at 800 °C two
absorption bands appeared: ~1390 nm assigned to the first overtone of the hydroxyl stretch and
~2200 nm band with complex assignments including the combination mode of the fundamental
hydroxyl stretch with SiO4 tetrahedral vibrations and the combination mode of SiOH bend and
stretch. The growth rate of the 1390 nm band fits the solution to the diffusion equation in
cylindrical coordinates while the 2200 nm band does not. Absorption for both bands persisted as
the fiber is cooled to room temperature. Temperature dependent behavior was observed in that as
temperature increases from room temperature, the absorption intensity decreases and band shifts
slightly to longer wavelengths. Temperature dependence is repeatable and reversible. However, if
no hydrogen is present in the environment at temperatures greater than 700 °C, the 1390 nm band
will permanently decrease in intensity, while the 2200 nm band does not change. Changes in the
structure of the glass appear to be causing this temperature dependent behavior. Other necessary
conditions for structural changes to cause this temperature dependent behavior are examined
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1. Introduction
Fiber optic sensing technology is a growing field home to a vast array of current research and
applications. Sensing capabilities span the range of applications including chemical [14], temperature
[15], and mechanical sensing [16]. This comprehensive sensing range and robust qualities like small
footprint, EMI immunity, corrosion resistance, and high operating temperatures make fiber optic sensors a
favorite for harsh environment sensing solutions. To best assure sensor system reliability the harsh
environment response of fused silica optical fibers must be understood as well. Although the phenomenon
of hydrogen darkening, that is degradation of optical signal by hydrogen penetration, is well known, its
temperature dependent behavior is not understood. The characterization of this temperature dependent
behavior, especially at high temperatures, is essential for designing robust sensing systems.
Hydrogen penetration in optical fibers causes absorption peaks at vibrational frequencies of the hydrogen
species present, some of which occur in the operating range of most fiber optic applications. The diffusion
rate of hydrogen in glass is very fast, room temperature diffusivity 𝐷𝐻2 ≈ 1.163 × 10−11 𝑐𝑚2 ∙ 𝑠 −1 [11],
the rate increasing with increasing temperature; hence the performance of optical fiber can be degraded
quickly in a hydrogen environment. In his review paper, “Reliability of optical fibers exposed to
hydrogen”, Lemaire [17] shows that hydrogen exposure can cause significant signal degradation in a
matter of hours. Figure 1, generated from this work, shows that the signal through only 15 cm of optical
fiber can show prominent peaks in just 30 minutes at 800 °C and also increase over time.
12

Transmission Loss (dB)

10

8

6

Temperature
800 º
No H2
5 min
30 min
2 hrs
14.5 hr

4

2

0

-2
800

1000

1200

1400

1600
1800
Wavelength (nm)

2000

2200

2400

2600

Figure 1 Absorption in Ge doped graded index 50/125 optical fiber at different lengths of time of
hydrogen exposure

At low temperatures the primary hydrogen species is physically dissolved hydrogen molecules occupying
interstitial space in the glass network [11, 18]. Absorption due to physically dissolved hydrogen is often
referred to as “reversible” because the hydrogen can be caused to diffuse back out of the fiber, for
instance when the source of hydrogen is removed [11, 17] At higher temperatures (above 150 °C [17]) the
rate at which dissolved hydrogen will react with the glass network increases, usually resulting in hydroxyl
formation, such that absorption due to reacted hydrogen species dominate. Absorption due to species
formed by reaction is called permanent or irreversible [11, 17] (although some processes have been
1

developed to remove it [19, 20]). It is often understood that reactions occur at defect sites in the glass
[17] and thus when all defect sites have participated in reactions, the fiber is saturated and no more OH
formation is possible at which point the concentration cannot increase [17]. The absorption frequency of
the OH stretch lies in the infrared and has overtones in the near infrared. One approach employed to
determine the concentration of OH in glass is to examine the size of the absorption peak related to OH
vibrational frequencies via infrared spectroscopy [17, 21, 22].
In a study to evaluate silica optical fiber performance in a hydrogen environment at high temperatures, the
attenuation of step index pure silica core and graded index germanium doped core multimode fibers was
monitored in situ with temperature and hydrogen exposure. Temperature dependent behavior of the IR
absorption bands of the hydroxyl groups around 2200 nm and 1390 nm was observed in the range from
20–800°C during the tests. The temperature dependent behavior of the hydroxyl absorption in the two
bands, ~1390 nm and ~2200 nm, in silica glass at high temperatures is consistent with other studies [1,
23, 24]. This work expands on the knowledge of the behavior showing its reversibility and repeatability,
as well as surprising findings about the differences in the behavior of these two absorption bands over
time when hydrogen is removed from the environment. The temperature dependent behavior of these two
peaks coupled with the disparity of their time dependent behavior suggest that the entire glass structure is
changing with temperature.

2

2. Theory
2.1

Infrared Spectroscopy

Infrared spectroscopy is a characterization technique which can provide molecular structure information
about a sample. A sample is illuminated by a broadband light source containing frequencies in the
infrared and the transmitted absorption spectra contains features that are characteristic of the molecular
rotation and vibration modes of the molecules present in the sample. It is a technique that is
complementary to Raman absorption spectroscopy as they are sensitive to different rotational and
vibrational modes and they can be used together to get a more complete picture of the material properties.
2.1.1

Molecular Vibrational Modes

Molecules, like atoms, are rather particular about what energies are allowed for their excited states. Like
electron states in atoms, molecules have vibrational and rotational states whose energy levels are
quantized. This quantization of vibrational energies arises from the differential equations and boundary
conditions that describe them and the requirements of quantum mechanics. Differential equations with
boundary conditions always yield quantized results which, for this discussion, mean specific vibrational
modes with specific frequencies. Quantum mechanics provides boundary conditions for the molecular
vibrational modes in the same fashion as it does for electronic energy states in an atom. This section will
consider some of the consequences of these quantized solutions.
2.1.2

Normal Vibrational Modes

Molecules have bonds that can be considered classically like springs that follow Hooke’s law [25]:
𝐹 = −𝑘𝑥
(1)

Where F is the force on the mass, m, attached to the spring, k is the spring constant, and x is the direction
of displacement of the system. Equation (1) can be re-written in the form of the following differential
equation [25]:
𝑥̈ = −

𝑘
𝑥
𝑚
(2)

⃗.
The solution to Equation (2) yields a normal frequency for each set of coordinates, 𝒙
The number of atoms in a molecule, N, will determine how many coordinates are needed to specify the
orientation of this molecule in space, 3N, and will thus specify the number of vibrational frequencies the
molecule will have. That system of coordinates can be reduced to its most simplified set by specifying the
3

location in space of the center of mass of the molecule and then specifying the orientations of the atoms
with respect to the center of mass reducing. The vibrational modes resulting from the solution to Equation
(2) in the center of mass coordinate system are called normal modes. Since linear molecules require one
less angular coordinate to specify the location of the center of mass in space, five coordinates instead of
the six coordinates needed for non-linear molecules. Expressions to determine the number of normal
vibrational modes for a molecule of N atoms can be stated as
3𝑁 − 5
(3)

for linear molecules and
3𝑁 − 6
(4)

for non-linear molecules.
Molecular vibrational modes are then energy states of a molecule not dissimilar from electronic energy
states in an atom. Rotational modes exist as well whose mathematical treatment is similar to the
vibrational modes. Rotational modes are modeled with ridged rotator physics and yield similar quantized
results. These two types of molecular energy levels can combine to create combination modes. When the
frequency of any of these energy levels falls in the infrared range and if the mode has an oscillating dipole
moment it can interact with infrared radiation at that frequency by absorption of the radiation.
2.1.3

Normal Vibrational Modes Examples

Water Molecule
Consider a water molecule: it is a non-linear molecule with three atoms in it. Using Equation (4) the
number of vibrational modes works out to be 3 (3*3-6=3). The three modes for water, symmetric
stretching (ν1), bending (ν2), and antisymmetric stretching (ν3), are illustrated in Figure 2. Each mode has
its own frequency, which is related to the masses of the atoms and the strengths of the bonds between
them. The parameters that control frequency come into the math via the k/m coefficient in Equation (2)
for each of the coordinate sets needed to describe the molecule. All of these modes for the water molecule

Figure 2 Water molecule vibrational modes.
Stefan.Water is blue ... because water is blue. 2009 [cited 2014 3 June
2014]. Reproduced under fair use 2015. [6]
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have an oscillating dipole moment, which means they will absorb radiation of the same energy as that of
their mode.
Silicate Molecule
Now consider the silicate molecule: SiO4. It is a non-linear molecule composed of five atoms. Using
Equation (4) the number of vibrational modes works out to be 9 (3*5-6 =9). Similar to the water molecule
there are stretching and bending modes. But recall that the frequencies of normal modes are determined
by the masses of the atoms involved and the strength of the bonds. Since SiO4 is a tetrahedral molecule
with Si in the center and O on each corner, there are several normal modes with the same vibrational
frequency because the masses and bond strengths involved are the same. When modes have the same
frequency they are said to be degenerate. For the SiO4 molecule there are only four distinct frequencies
even though there are nine normal modes. The modes are as follows: Mode one is the totally symmetric
stretching mode (or breathing mode), modes two and three are the doubly degenerate bending mode,
modes 4, 5, and 6 are the triply degenerate antisymmetric stretching mode, and modes 7,8, and 9 are the
triply degenerate antisymmetric bending mode, as shown in Figure 3. In the isolated silicate molecule all
modes are all Raman active and but only the ν3 and ν4 vibrations are active in the infrared. In other
symmetries the ν1 and ν2 vibrations can display infrared activity [10, 26].

Figure 3 The normal modes of vibration of an SiO4-tetrahedra. Within isolated tetrahedra, all vibrations are Ramanactive, while only the ν3 and ν4 vibrations are active in the infrared. However, environments with no-tetrahedral
symmetries frequently produce infrared activity in the ν1 and ν2 vibrations in silicate minerals.
Williams, Q., Infrared, Raman and Optical Spectroscopy of Earth Materials, in Mineral Physics & Crystallography:
A Handbook of Physical Constants. 2013, American Geophysical Union. p. 291-302. Used with permission from
John Wiley and Sons. [10]

2.1.4

Classical Electrodynamics

A classical electrodynamics treatment will be sufficient to connect the normal vibrational modes of
molecules to the absorption of infrared radiation, which is the basis of infrared spectroscopy. As
previously stated quantum mechanics is necessary to get specific energy level distribution and spectrum
intensities, but it will not be necessary to get to get to why vibrational modes absorb light. To begin the
discussion it will be useful to review some classical electrodynamics theories.
5

2.1.5

Electric Fields in Matter

Recall from electrodynamics that when a dielectric is in the presence of an electric field the electric field
pulls the nucleus of the atoms and the electron cloud apart, thus polarizing the atoms or molecules of the
⃗ , is called an induced
material. This slight shifting around of charge in the direction of the electric field, 𝑬
⃗ . The induced dipole moment is proportional to the electric field by a constant of
dipole moment, 𝒑
̃ , which is a symmetric tensor. The
proportionality called the polarizability of the molecule, 𝜶
polarizability of a material is the ease with which the electron density distribution of the molecules can be
distorted by an electric field. This polarizability tensor plays a greater role in Raman activity which
requires that the vibrational mode have a change in polarizability. Infrared activity requires the vibrational
mode to have a change in dipole moment. Equation (5) shows that the magnitude of the dipole moment
induced by an electric field is the product of the polarizability tensor and the electric field [27]:

⃗
⃗ = 𝛼̃𝑬
𝒑
(5)

2.1.6

Oscillating Electric Field

Light is an oscillating electromagnetic field, which means it has an oscillating electric field component.
Consider the following oscillating electric field [27]:
𝐸 = 𝐸0 cos(2𝜋𝜈𝑡)
(6)

Writing the induced dipole moment in terms of this oscillating electric field yields [27]:
𝑝 = 𝛼𝐸0 cos(2𝜋𝜈𝑡)
(7)

Equation (7) indicates an interesting situation about how light can interact with matter: incident radiation
induces an oscillating dipole moment. But from the treatment of molecular vibrational modes (and
rotational modes and rovibrational modes) we know that the energy levels of these modes are quantized.
Combine this result with the quantum nature of light, i.e., Equation (8)
𝐸 = ℎ𝜈
(8)

and incident light of the same energy as vibrational modes that have an oscillating dipole moment will be
absorbed. Thus if the mode energy levels of species are known, then the presence of those species in a
sample can be characterized by studying the infrared absorption spectra of the sample.

6

2.1.7

Infrared Spectroscopy Materials Characterization

The infrared spectroscopy material characterization technique capitalizes on molecular preference for
absorbing specific wavelengths. Collecting the spectrum transmitted through a sample illuminated by a
broad band light source will provide composition information about the sample. The relationship between
the absorbance at a specific wavelength and the concentration of the absorbing species is given by the
Beer’s law
𝐴(𝜆) = 𝜖(𝜆)𝑐𝑥
(9)

where 𝑨(𝝀) is the absorbance at the band maximum, 𝝐(𝝀) is the molar extinction coefficient, c is the
concentration of the absorbing species, and x is the optical path length through the sample [22, 28-30]. If
the value of 𝝐 is known for a species at a specific wavelength the concentration can be identified. Even if
the exact concentration cannot be calculated, the presence of a species can be determined by the presence
of its characteristic absorption peaks in the spectra of the sample. Infrared spectroscopy is dependent on
the absorption of specific wavelength of light by a specific vibrational energy state of the absorbing
species. The local environment of a species affects its bond energies which in turn affect its vibrational
frequencies thus broadening the absorption peak into an absorption band. This peak broadening can make
it more difficult to interpret absorption spectra for sample composition. If two or more species have
absorption energies near each other, the spectral resolution may not be able to provide differentiation
between spectral lines of different species. Deconvolving peaks to try to sift out this information is not
trivial. Although the infrared absorption spectra provides a composition fingerprint for a sample,
interpreting the spectra, especially in the case of a solid sample, which will considerably broaden the
absorption bands, is not always simple.
The selection rules which come from the values that the quantum numbers in the solution to the
Schrödinger equation for the harmonic oscillator govern which transitions are permitted. These selection
rules restrict the value for the vibrational quantum number of the harmonic oscillator to
∆𝜈 = ±1
(10)

Equation (10) then requires that the frequency of absorbed light be exactly the same as the vibrational
frequency. However, in infrared spectroscopy, overtone frequencies of the same vibrational state are seen.
In other words light is absorbed at two, three, and so on multiples of the vibrational frequency of the
mode. This seeming violation of quantum mechanics is due to the fact that the vibrational modes were
derived from a simple harmonic oscillator model which is oversimplified for the physical molecular
system.
References [22, 27, 28]
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2.2

Fiber Optics

Understanding the basics of fiber optic operation is a necessary foundation for understanding how the
reliability of fiber optic systems are affected and degraded by hydrogen exposure. This section will build
a skeletal framework for the principles governing the operation of fiber optics. Some topics, such as
solving Maxwell’s equations for cylindrical waveguides, polarization, and mode theory, are essential for a
comprehensive understanding of optical laws governing fiber optics but are superfluous for the optical
foundation needed here. A ray optics treatment for wave theory will suffice for understanding fiber optic
operation and the quantum nature of light will be used without rigorous derivation.
2.2.1

Optical Theory and Definitions

Light, is an oscillating electromagnetic field thus a material’s response to electromagnetic radiation, is of
critical concern when understanding its optical properties. Light, as a wave, has a wavelength and
frequency whose product is the speed of light. Those properties in vacuum are usually used to
characterize the light, but light does not travel at the same speed in a material as it does in a vacuum. The
ratio between the speed of light in a vacuum and the speed of light in a material is known as the index of
refraction, n, which is the chief optical property of a material:
𝑛=

𝑐𝑣𝑎𝑐
𝑐𝑚𝑎𝑡
(11)

The speed of light in a vacuum is
𝑐 = 𝜆𝑓
(12)

where 𝝀 is the wavelength and 𝒇 is the frequency. In a material the speed of light is smaller than in
vacuum thus the index of refraction, n is usually greater than 1. The wavelength is also smaller in a
material; however the light is usually described by its wavelength in vacuum. It is the wavelength that
changes and not the frequency because of the quantum nature of light, namely
𝐸 = ℎ𝜈
(13)

where E is the energy of the photon and 𝒉 is Planck’s constant and 𝝂 is the frequency. Energy is related
only to the frequency, and the medium does not change the energy of light, thus it is the wavelength of
light in a material that is changed along with the speed and not the frequency. But this relationship also
shows that the index of refraction of a material is wavelength dependent. Usually only the index of
refraction for the normal operating wavelength of an optical material is specified.
In ray optics, light does not change course unless it encounters a boundary between two different indices
of refraction. Consider two materials of different indices of refraction placed together with a flat
boundary. When a ray of light traveling in one material encounters the material boundary part of it will be
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reflected and part of it will be refracted. The reflected portion travels back through the original material
while the refracted portion changes course as it crosses the boundary. The angle of incidence is known as
the angle between the incident ray and normal to the boundary as depicted in Figure 4. This angle of
incidence and the different indices of refraction are the essential components for understanding what
happens at the material boundary from a geometric optics perspective. The relationship describing the
behavior of the ray at the boundary is known as Snell’s law given by
𝑛1 sin 𝜑1 = 𝑛2 sin 𝜑2
(14)

a

c

b

Figure 4 (a) representation of refraction and reflection of a light ray at a material boundary; (b) representation of the
critical angle of reflection; (c) representation of total internal reflection.
Refraction,
reflection,
and
what
is
total
reflection?
2015;
Available
from:
http://physics.stackexchange.com/questions/37731/refraction-reflection-and-what-is-total-reflection. Reproduced under
fair use. [8]

where n1 is the index of refraction of the first material; 𝝋𝟏 is the angle of incidence at the boundary of the
light ray traveling through the first material; n2 is the index of refraction of the second material; and 𝝋𝟐 is
the angle of refraction for the light refracted across the boundary into the second material. The angle of
refraction, like the angle of incidence, is measured from normal to the boundary. Figure 4 (a) depicts the
scenario of a ray of light encountering a material boundary. The portion of the ray reflected back into the
first material is reflected 90° across the normal from the incident ray. The path of the refracted ray,
transmitted into the second material, is bent (again measured from normal) and related to the incident
angle and the indices of refraction of the two materials on either side of the boundary via the Snell’s law
relationship stated in Equation (14). [31, 32]
When the index of refraction of the first material is greater than the index of refraction of the second
material (𝒏𝟏 > 𝒏𝟐 ) there exists an angle of incidence, 𝝋𝒄 , for which 𝐬𝐢𝐧 𝝋𝟐 = 𝟏. That means the light is
refracted at 90° to normal or along and parallel to the material boundary. This angle is known as the
critical angle, shown in Figure 4 (b). The critical angle is defined by the following relationship:
sin 𝜑𝑐 =

𝑛2
𝑛1
(15)
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For all incident angles greater than the critical angle the left hand side of Equation (15) approaches one
𝒏
while 𝟐 cannot increase further and is always less than one because 𝒏𝟏 > 𝒏𝟐 . Thus for light incident at
𝒏𝟏

any angle greater than the critical angle there will be no refracted ray and all of the incident ray will be
reflected back into the first material. This case is known as total internal reflection and is depicted in
Figure 4 (c).
The phenomenon of total internal reflection can be exploited to create a kind of conduit where light will
be guided.
2.2.2

Architecture of Optical Fiber

It is impossible to rigorously describe waveguide technology and treat mode theory without solving
Maxwell’s equations for the geometry of the waveguide. Nonetheless, a ray optics version of a cylindrical
waveguide can suffice for understanding the architecture of an optical fiber.
Although many exotic structures exist, a conventional optical fiber is a solid dielectric material,
frequently silica glass, with cylindrical geometry. It consists of a core and a cladding where the core has a
higher index of refraction than the cladding such that light can totally internally reflect at the corecladding boundary and be guided down the length of the fiber. Although both the core and cladding are
typically silica glass (SiO2) either the core, cladding, or both are doped to adjust their respective indices to
create the necessary material boundary. The boundary between their indices of refraction can either be
abrupt as in a step index profile or graded such that the index changes gradually from the higher index of
the core to the lower index of the cladding.
A further demarcation of fiber types, beyond index of refraction profiles, is that of single-mode (SM) and
multimode (MM). A typical ray optics drawing suggests that multiple total internal reflection paths
available to entering light rays might delineate the difference between SM and MM fibers.
Fibers are fabricated by drawing a glass rod called a preform into a fiber. The preform is fabricated, often
by vapor axial deposition (VAD) or modified chemical vapor deposition (MCVD), such that its core and
cladding have the same properties as the desired fiber. Although the preform is much larger than the
eventual fiber, it has the same relative dimensions which are scaled down as the fiber is drawn from it.
The preform is lowered into a furnace and heated to drawing temperature and drawn into a fiber. Modern
technology has provided many successful process control measures that allow for uniform fiber drawing
controlling dimension to nanometer precision.
A fiber is often described by the dimensions of its core diameter and total fiber outer diameter which are
usually on the scale of microns. For example, a fiber whose core is 50 µm in diameter and total outer
diameter is 125 µm will be characterized as a 50/125 fiber. The index of refraction profile will be
specified as well with the two standard options being step index and graded index. Usually the doping
compound of the core and cladding will be specified but the concentrations and indices of refraction are
frequently proprietary. Instead of specifying index of refraction for the core and cladding the numerical
aperture is specified. Numerical aperture (NA) is a physical specification for coupling light to the fiber
and may be approximated by a relationship between the indices of refraction for the core and cladding as
given by Equation (16) [32].
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2
2
𝑁𝐴 = √(𝑛𝑐𝑜𝑟𝑒
− 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
)

(16)

Because numerical aperture is a physical parameter needed for optical system design and operation fiber
manufactures usually specify only numerical aperture keeping core and cladding indices of refraction as
proprietary information.
2.2.3

Optical Signal

The purpose of optical fibers is to send optical signals from one end of the fiber to another. This signal is
usually measured in a dimensionless power ratio of decibel denoted dB. It requires a logarithmic
comparison of the optical power measured to some reference optical power as shown by
𝑃𝑜𝑤𝑒𝑟 𝑖𝑛 𝑑𝐵 = 10𝑙𝑜𝑔

𝑃2
𝑃1
(17)

An alternative but similar unit of measurement is dBm, which follows the same logarithmic power ratio
comparison as Equation (17) but the reference power, or P1, is equal to 1 mW (miliWatt). Transmission
loss is known as attenuation. Because the signal is guided through the core signal attenuation generally
comes from either the core properties or the core-cladding interface. Evanescent modes are transmitted
through the cladding and can interact with the modes guided in the core. The intensities of these modes
are much lower than that of the modes guided in the core. In a graded index fiber the shape of the radial
signal intensity from core to cladding is parabolic resulting in even more signal intensity transmitted
through the cladding. Impurities can cause absorption attenuating the signal with impurities present in the
core having a larger attenuating effect than those present in the cladding. Absorption can be thought of as
plucking a photon out of the total number propagating thus lessening the power of the signal. Scattering
related attenuation can occur from the bulk of the core or form non-uniformities in the core-cladding
interface. Scattering can be thought of as redirecting rays of light such that they escape the core and are
no longer guided or, in other words, follow a path that will not totally internally reflect at the corecladding interface. Impurities can cause scattering or absorption. Defects in the core cladding interface
will cause scattering.
References [31, 32]

2.3

Diffusion

Diffusion describes the transportation of matter from one area of a system to another on the molecular
level. The mathematical description of diffusion will be treated here.
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2.3.1

The Diffusion Equation

Mass must move in the opposite direction of greatest change of chemical potential which is linearly
proportional to the net velocity of the particles when the driving force is small [33] thus the flux of
particles is
⃗⃑𝜇
𝐽⃑ = −𝐶𝑀∇
(18)

where C is concentration, M is particle mobility, and µ is chemical potential. Writing the chemical in
terms of concentration and using the chain rule the flux can be rewritten as
𝐽⃑ = −𝐶𝑀

𝜕𝜇
⃗⃑𝐶
∇
𝜕𝐶
(19)

Fick’s laws are the laws describing the diffusion processes. Fick’s first law is concerned with relating the
flux of particles to the change in concentration of particles with space. They are related by a parameter
called diffusivity, D, which collects the concentration, mobility, and the change of chemical potential with
concentration factors together into one term. Fick’s first law (in an isotropic medium) can be written as:
⃗⃑𝐶
𝐽⃑ = −𝐷 ∇
(20)

where 𝑱⃑ is the flux vector, D is the diffusivity or diffusion coefficient, and C is the concentration. Flux is
the number of particles (or moles) passing through an area per time. The diffusion coefficient is
dimensioned in length squared per time and the concentration is the number of particles (or moles) per
unit volume. Fick’s first law describes multiple transport phenomena like Ohm’s law which is the
transport of electric charge, and Fourier’s law for the transport of heat.
The number of particles is conserved in diffusion thus a conservation relationship can be derived.
Consider a test volume through which a particle flux flows. If the particles are conserved the following
holds:
𝑖𝑛𝑓𝑙𝑜𝑤 − 𝑜𝑢𝑡𝑓𝑙𝑜𝑤 = 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝑜𝑟 𝑙𝑜𝑠𝑠)𝑟𝑎𝑡𝑒
(21)

Although the derivation of the conservation expression is fairly straight forward by relating flux
components per unit area to concentrate change rate, only the final form will be shown here [5, 34].
⃗⃑ ∙ 𝐽⃑ =
−∇

𝜕𝐶
𝜕𝑡
(22)

Putting Equations (20) and (22) together yields Fick’s second law, which is the diffusion equation.
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𝜕𝐶
⃗⃑𝐶)
= ⃗∇⃑ ∙ (𝐷∇
𝜕𝑡
(23)

Fick’s second law is analogous to Fourier’s law of heat transport with a conservation of energy expression
and the time dependent Schrödinger equation. Solutions to the diffusion equation show the change of
concentration with time. Like all differential equations solutions require input of geometry, boundary
conditions, and initial conditions.

2.3.2

The Diffusion Equation in Cylindrical Coordinates

Rewriting the diffusion equation for cylindrical coordinates for the geometry of a fiber and simplifying
for diffusion of particles only in the radial direction, the diffusion equation takes the form:
𝜕𝐶 1 𝜕
𝜕𝐶
=
(𝑟𝐷 )
𝜕𝑡 𝑟 𝜕𝑟
𝜕𝑟
(24)

Solving Equation (24) for non-steady state solid cylinder of radius a where the concentration at the
surface is zero and for a uniform concentration inside the cylinder the solution simplifies to this
dimensionless concentration expression:
∞

2

C − 𝐶1
2
𝑒 (−𝐷𝛼𝑛 𝑡) 𝐽𝑜 (𝑟𝛼𝑛 )
=1− ∑
𝐶0 − 𝐶1
𝑎
𝛼𝑛 𝐽1 (𝑎𝛼𝑛 )
𝑛=1

(25)

With C being the concentration at r, C1 is the initial uniform concentration inside the cylinder, C0 is the
initial concentration at the surface, D is the diffusivity, a is the radius of the cylinder, and 𝜶𝒏 is the nth
root of the zero order Bessel function of the first kind. Equation (25) is normalized to the difference
between the concentration at the surface and the uniform concentration inside the cylinder. Since the
boundary conditions in solving Equation (24) included that the concentration outside the cylinder was
zero, Equation (25) actually works for the reverse circumstance of diffusing into the cylinder when the
initial concentration inside the cylinder is zero and the concentration at the surface is held constant. The
dimensionless concentration distribution across the cylinder follows the contours displayed in Figure 5.
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The dimensionless concentration is plotted against r/a, the dimensionless radius inside the cylinder. The
contour lines are for different constant values of Dt/a2. This important plot helps depict how the
concentration will change in a solid cylinder. Close the center of the cylinder the concentration profile is
nearly flat. This observation is shows that during the diffusion process the core region of an optical fiber
will have a very nearly uniform concentration profile provided the core diameter is sufficiently small
compared to cladding diameter.

Figure 5 Concentration distributions at various times with initial
concentration C1 and surface concentration C0; Numbers on
curves are values of Dt/a2.
Crank, J., The Mathematics of Diffusion: 2d Ed. 1975: Clarendon
Press. Reprinted with permission from Oxford University Press.
[5]

2.3.3

Diffusivity

The diffusivity or diffusion coefficient, D, is defined by Fick’s first law given by Equation (20). The
diffusion coefficient is then, by definition, the rate of transfer of a diffusing substance across a unit of area
divided by the gradient of the concentration per unit volume. This definition necessarily gives the
diffusion coefficient units of area per time. Under many circumstances the diffusion coefficient is given in
experimental units of cm2/s.
Although this definition sheds light on the physical meaning of diffusivity it does not provide a practical
expression for it. The expression for diffusivity is empirical and dependent on temperature and activation
energy. It is expressed in the form of an Arrhenius equation
𝐷 = 𝐷0 𝑒

(

−𝑄
)
𝑅𝑇

(26)
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where D0 is the diffusivity when the temperature is infinite, Q is the activation energy of the diffusion
process, R is the gas constant, and T is absolute temperature. Equation (26) can be manipulated into a
linear relationship where the natural log of the diffusivity is plotted against 1000/T, which is plotted on an
Arrhenius, where lnD0 is the y-intercept, and –Q/R is the slope.
𝑙𝑛𝐷 = 𝑙𝑛𝐷0 −

𝑄
𝑅𝑇
(27)

If diffusivity is measured by way of concentration at different temperatures the slope of the line is the
activation energy of the diffusion process. D0 is consequently then an extrapolation of Arrhenius plot to
infinite temperature.
References [5, 34]
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3. Literature Review
3.1

Literature Review Introduction

Hydrogen penetration is known to cause attenuation in the infrared in silica glass and is thus of concern in
fiber optic applications. “Hydrogen Darkening” is the name often used to describe signal degradation in
optical fibers caused by hydrogen exposure. The performance of telecommunications and sensing systems
exposed to hydrogen often become compromised over time. Research exploring and characterizing the
effects of hydrogen exposure on fiber optics has positively impacted the design and reliability of these
systems. The findings from the literature thus far as to the cause, conditions under which this attenuation
is observed, the characterization thereof, and factors that affect this attenuation will be discussed here.
The loss observed due to hydrogen ingress is usually categorized by two different mechanisms. The first
is often called the “gas in glass” phenomenon [11, 35] or reversible [13, 17] hydrogen related absorption.
This reversible absorption mechanism is attributed to molecular hydrogen which is physically dissolved
in the glass having diffused through the interstices of the glass network. It is considered reversible
because this loss can be removed when the hydrogen source is removed and the molecular hydrogen is
allowed to diffuse back out of the fiber [11, 17]. The second is attributed to reactions between dissolved
hydrogen and the glass network. This mechanism is called irreversible or permanent although methods
have been developed to remove reacted hydrogen [36].

3.2

Molecular Hydrogen

The diffusivity and solubility of molecular hydrogen in silica glass is well studied [11, 13, 17, 18, 35, 3739]. Losses in optical fibers occur only when hydrogen is present in the light guiding region of the fiber.
It is important to study both the characteristic absorption due to interstitial hydrogen and to study the
diffusion and solubility behavior of hydrogen in glass for the prediction of long term performance of the
fiber.
3.2.1

Characteristic Absorption of Interstitial Hydrogen

Even though there has been much debate as to which of the molecular rotational and vibrational modes
contribute to the observed absorption losses due to unreacted hydrogen in silica fibers, losses due to
molecular hydrogen have been well documented in the literature [13, 18, 35, 37-43]. Discrepancies
include suggestions that the same absorption band may be due to H2 vibrational absorption, H2 rotational
absorptions, combinations of vibrational and rotational H2 modes, and combinations with the SiO4
vibrational modes. The H2 rotational frequencies coincide with the SiO4 fundamental vibrational
frequency and the fundamental H2 vibration coincides with the Si-H fundamental vibration [13].
Mochizuki, et al. [13] characterized the complex loss spectrum due to molecular hydrogen absorption
with combination modes of fundamental H2 vibration and SiO4 vibrations including some combination
modes of the first overtones of each. The absorption spectrum is shown in Figure 6 and assignments are
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shown in Table 1. Lemaire [17] shows a similar complex spectrum in the 1-1.6 µm range although the
rotational and vibrational modes are not assigned.
Table 1 H2 Absorption bands [13] ; K. Mochizuki, Y. Namihira, M. Kuwazura, and Y. Iwamoto, "Behavior of Hydrogen
Molecules Adsorbed on Silica in Optical Fibers," Ieee Journal of Quantum Electronics, vol. 20, pp. 694-697, July 1984
1984. Used under fair use 2015

Wavelength (µm)
~36.4
~21.0
~12.5
~9.1

Frequency
ν1
ν2
ν3
ν4

2.42
2.24
2.14
2.04
1.88
1.78

νH
ν1+ νH
ν2+ νH
ν3+ νH
ν4+ νH
ν1+ ν3+ νH
ν2+ ν4+ νH
or 2ν2+ νH
ν3+ ν4+ νH
2ν1+ νH
2νH
ν1+2νH
ν2+2νH
ν3+2νH
ν4+2νH

1.70
1.63
1.59
1.24
1.20
1.17
1.13
1.08
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Figure 6 Infrared spectra in a silica glass optical fiber containing H2;
Dotted line and solid line show the spectra before and after
containing H2 respectively.
Reprinted with permission from: Mochizuki, K., et al., Behavior of
Hydrogen Molecules Adsorbed on Silica in Optical Fibers. IEEE
Journal of Quantum Electronics, 1984. 20(7): p. 694-697. [13]

Beer’s law relates absorbance and concentration through the intrinsic material property of molar
absorptivity as shown in Equation (9) but molar absorptivity is not always known for each vibrational
mode. The probabilities of exciting a mode or combination mode are not equal for all modes. Thus, the
magnitude of molar absorptivity varies widely with wavelength [22, 28]. But solubility and diffusion can
also be used to relate absorption to concentration. Solubility of molecular hydrogen is dependent on
partial pressure and changes slowly with temperature. This fact can be used to relate concentration of
hydrogen in the light guiding to the absorbance at a specific wavelength [17]. The equilibrium H2
absorption can be expressed as
𝟖. 𝟔𝟕 𝒌𝒋/𝒎𝒐𝒍
𝚫𝜶𝑯𝟐 (𝒆𝒒) = 𝑨(𝝀)𝑷𝑯𝟐 𝒆𝒙𝒑 (
)
𝑹𝑻
(28)

where A(l) is the spectral dependence of losses due to molecular hydrogen and 𝑷𝑯𝟐 is the hydrogen
partial pressure. Relationships like that expressed in Equation (28) highlights the importance of
understanding diffusivity and solubility of hydrogen in silica glass for predicting performance of fiber
optic systems exposed to hydrogen.
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3.2.2

Diffusion and Solubility of Hydrogen

Even with the high purity fabrication processes available, hydrogen can enter the light guiding portion of
the fiber from the environment in which the fiber is employed. Thus, it is important to examine the
diffusion rate and solubility of hydrogen in optical fibers. The diffusion of hydrogen has been studied
extensively to understand what can be expected with respect to the concentration of hydrogen in the core
of the fiber and the long term stability of fiber optic systems. Even fibers exposed to water experience
diffusion of molecular hydrogen into the fiber [44]. In analysis of the loss caused by a fiber in a water
filled cable it was found that the loss was due to molecular hydrogen generated by metal corrosion, which
was then able to diffuse into the fiber [44]. Because the loss spectrum is so well characterized it was
determined that the absorption at 1.24 µm that arose from water exposure was due to molecular hydrogen
diffusion into the fiber. Many studies on the diffusion and solubility behavior of molecular hydrogen
have been conducted [29, 40, 43-46].
It has been seen that loss increase due to molecular hydrogen is virtually independent of the glass
structure [18] and is thus only dependent on solubility and diffusion of the hydrogen . In a study
examining the physical solubility of molecular hydrogen in fibers of two different manufacturing
process, VAD and MCVD at low temperatures (15, 60, 100 °C) good agreement was found between the
experiment and the thermodynamic theory at equilibrium [18] . Physical solubility was defined as the
number of hydrogen molecules dissolved into silica glass per unit volume. Using

𝑛𝑠
= (𝐻2 /2𝜋𝑚𝑘𝑇)3/2 ∗ (𝑘𝑇)−1 ∗ 𝑁𝑠 ∗ [
𝑝

𝑒

−

ℎ𝜈
2𝑘𝑇

(1 − 𝑒

−

ℎ𝜈 ]
𝑘𝑇 )

3

∗ 𝑒𝑥𝑝(−𝐸0 /𝑅𝑇)

(29)

where ns is the number of hydrogen molecules dissolved per unit volume of the glass, p is the hydrogen
partial pressure, h is Planck’s constant, m is the mass of the hydrogen molecule, k is Boltzmann’s
constant, T is the absolute temperature, Ns is the number of solubility sites available per unit volume, ν is
the vibration frequency of the dissolved hydrogen molecule, R is the gas constant, and E0 is the binding
energy [18]. In the temperature range studied the temperature independent cross section was found to be
7.8 x10-24 cm2/molecule [18], a solubility that will provide visible loss due to hydrogen in the light
guiding region of the fiber.
Knowing the diffusivity is essential to determining the rate at which hydrogen can diffuse through the
fiber. The diffusion process is amply characterized using the diffusion equation, Equation (23), written in
cylindrical coordinates for optical fibers, Equation (24), with solution to dimensionless concentration
given in Equation (25). The diffusivity is empirically expressed by Equation (26) and has been found to
hold true over the entire temperature range from room temperature to 1000 °C but is relatively
independent of the type of silica studied, D varying by a factor of 107 [11] over that temperature range. In
earlier work measuring diffusion of hydrogen out of a fiber it was shown that perhaps diffusion of
hydrogen in silica glass does not obey simple diffusion but the anomaly was shown to be conversion of
OH present in the fibers to H2 which could then diffuse out of the fiber [37].
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Using the diffusivity to determine the hydrogen concentration at the center of the fiber it can be shown
that it will approach an asymptotic limit as hydrogen approaches its equilibrium solubility. Using the
cylindrical geometry of the fiber an expression showing the time it takes for the hydrogen concentration
to reach 95% of its solubility equilibrium is [17]
𝑡0.95 = 0.6𝑎2 /𝐷𝐻2
(30)

with a being the radius of the fiber and 𝑫𝑯𝟐 being the diffusivity of hydrogen. This expression also
represents a concentration profile contour of constant value of Dt/a2=0.6 as shown in Figure 5. At room
temperature the time it takes to reach 95% of solubility equilibrium is about 13 hours [17]. As the
diffusivity goes up with temperature the time for saturation becomes much shorter. As can be inferred
from planar geometry diffusion shown in Figure 7 hydrogen can diffuse through the diameter of on
optical fiber (125 µm) at 800 °C very quickly. Thus loss due to hydrogen can be seen very quickly and
saturation occurs much faster at higher temperatures.

Figure 7 Diffusion coefficient versus 1000/T for H2 and D2 in silica, left-hand scale, and
characteristic time for H2 molecule to diffuse 1mm (right hand scale).
Reprinted with permission from: Stone, J., Interactions of Hydrogen and Deuterium with
Silica Optical Fibers - a Review. Journal of Lightwave Technology, 1987. 5(5): p. 712733. [11]
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3.2.3

Infrared Activity of Molecular Hydrogen in Silica Glass

Although molecular hydrogen in its gaseous form is not infrared active, losses due to unreacted molecular
hydrogen are observed in optical fibers [11, 17, 18]. The most satisfying explanation for this seeming
contradiction is presented by Mochizuki, et al. in their study to determine if losses due to molecular
hydrogen are due to absorptions by the H2 molecule itself [13]. Acknowledging that although gaseous H2
shows Raman activity at 4160 cm-1 (1.4 μm) it does not ordinarily show infrared activity. But absorption
is seen at 1.24 µm and attributed to absorption of the first vibrational overtone of H 2. To explain how it
becomes infrared active it is suggested that H2 molecule binds weakly to the SiO2 network polarizing the
molecule [13]. The polarization of H2 distorts the electron density of distribution of the molecule giving it
a dipole moment which oscillates when the vibrational mode is excited thus allow it to absorb infrared
radiation.

3.3

Hydrogen Reactions

The other means by which hydrogen present in optical fibers can cause attenuation is through reactions
with the glass network forming other hydrogen species [47]. Naturally, the wavelengths at which losses
will occur are dependent on the frequencies of the infrared active vibrational and rotational modes of the
species present. Reactions of hydrogen with the glass network may take place at lower temperatures but
they begin to dominate as loss mechanism due to hydrogen ingress at temperatures above 150 °C [12, 17,
46]
The activation for this chemical change is supplied by thermal energy [12]. When glass that already
contains molecular hydrogen is heated, the dissolved hydrogen reacts with the glass to create hydrogen
species, the most common being OH [12, 17]. The most prominent evidence for this reaction behavior is a
change in the observed in the spectra of glass. In a given piece of glass with dissolved hydrogen at room
temperature the characteristic spectra of molecular hydrogen absorption can be observed. When the glass
is heated, however, the characteristic peaks for molecular hydrogen decrease and the 1.4 µm band
characteristic of the first overtone of the OH stretch increases. The 1.4 µm band may be present and larger
than the molecular hydrogen absorption bands when molecular hydrogen is absorbed because OH is
present in almost all glass and absorbs more strongly than molecular hydrogen. But it can be shown to
increase as molecular hydrogen reacts with the glass forming more OH. See Figure 8 for an example from
Itoh, et al.’s work exploring the thermal mechanism for the chemical reaction of dissolved hydrogen with
the glass network [12].
In addition to being thermally activated, there is another condition for this reaction commonly reported,
which is that these reactions occur at defect sites [12, 17]. The most common hydrogen reaction species to
form is OH. Corroborating the defect condition, studies have reported that OH forms readily in Ge doped
fiber and not in pure silica fiber [12]. The contrast between OH formation in Ge doped fiber and no OH
formation in pure silica fiber is explained by the fact that the pure silica fiber has a much lower defect
concentration than Ge doped fiber. In this work however, it has been shown that OH does form in pure
silica fiber albeit at a much smaller amount than in Ge doped fiber. This result still confirms the
hypothesis that reactions of hydrogen with the glass network occur at defect sites. Comparison between
crystalline and amorphous silica provide further corroborating evidence.
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The amorphous structure of silica glass does appear to play a role in the effects of hydrogen penetration as
compared with crystalline silica. Surface studies of porous crystalline silica (average pore diameter p = 7
nm) showed decreasing absorption due to internal molecular hydrogen, hydrogen bonding, and internal
hydroxyl groups as it was annealed under vacuum at higher temperatures [48]. These results suggest that
crystalline silica does not have the defect centers necessary to produce hydroxyl and hydride species
within the crystal. As opposed to hydrogen loaded amorphous silica whose OH absorption peaks increase
with annealing.

Figure 8 Transmission-loss spectra for GeO2 doped silica fiber before and after heat treatments.
Itoh, H., Y. Ohmori, and M. Nakahara, Chemical change from diffused hydrogen gas to hydroxyl
ion in silica glass optical fibres. Electronics Letters, 1984. 20(3): p. 140-142. Reproduced by
permission of the Institution of Engineering & Technology via Rightslink. [12]

3.4

Glass Structure and Defects

Glass structure is said to be random or disordered in its amorphous nature in contrast to the ordered nature
of a crystal structure, but the disorder does not preclude any structure. The silicon atom has 4 sp3
electrons to share. The directional nature of p-orbitals favors tetrahedral coordination such that in the case
of silica the Si is in the center sharing an electron with four oxygen atoms thus completing its valence
shell. The oxygen atoms each desire two electrons fill their valence shells. After sharing one with the
silicon in the center of the tetrahedron, each oxygen atom wants for one more electron. The SiO4-4
tetrahedron is the silicate molecule. Because the oxygen atoms each have want of one more electron they
are most interested in creating a bond with another silicon atom. Thus the tetrahedron structure is
arranged such that each oxygen atom at the corners is shared by two silicon atoms each at the centers of
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their own tetrahedron. The simple silica structure can then be considered as repeating tetrahedron sharing
oxygen atoms at the corners resulting in the chemical formula of SiO2. The amorphous nature of glass is
such that this repeating pattern is random creating a continuous random network instead of a regular
repeating pattern as in crystalline structure. Although no glass structure is known with enormous
certainty, some levels of structure can be explored intelligently. This exploration requires the use of a
variety of structure investigation techniques including NMR, vibrational spectroscopy, diffraction and
other techniques [49].
As the SiO4 tetrahedron is central to the structure of glass, the O-Si-O bond remains consistently very
near to the ideal tetrahedral angle of 109.5° [26, 49] but the Si-O-Si bond angle varies widely. In other
words, the corner sharing bond angle between tetrahedrons is allowed a much broader variety of values.
The Si-O-Si bond angle is not defined by the tetrahedral structure of the silicate molecule and its freedom
to vary over a wide range is a characteristic of the short range order of the continuous random network
[50] of vitreous silica. Many studies have been done to characterize this bond angle in vitreous silica [51,
52]. The variation range of the Si-O-Si bond angle is not infinite and most studies have reported the range
to be between 146° and 155° for vitreous silica [26, 51, 52]. The random nature of the order of the silicate
molecule can result in structures such as an oxygen atom that is not part of two tetrahedrons, two linked
tetrahedrons, and closed ring configurations [26, 49].
The many possible structures and tetrahedral configurations in the amorphous nature of glass give rise to
the seemly certain fact that it must contain defects. Such defects might include vacancies, interstitials,
dangling bonds, overcoordinated atoms, undercoordinated atoms, etc. [50]. Frenkel estimates the
concentration of defects in the following way:
−𝐸

(
)
𝑛 ≈ (𝑁𝑁′)1/2 𝑒 2𝑘𝑇

(31)

Where N is the number of normal network sites, N' the number of interstitial sites, and E is the activation
energy governing the process [50]. But interpreting this estimation requires many assumptions
complicating the topic to such a degree that it becomes nearly impossible to apply to experimental
conditions.

3.5

OH Producing Defects

Although there are many possible defect species, the peroxy radical defects are the type that are linked
most closely to hydroxyl formation in experiments exploring H2 permeation in glass [50].
≡ 𝑆𝑖 − 𝑂 − 𝑂 − 𝑆𝑖 ≡→≡ 𝑆𝑖 − 𝑂 − 𝑂 ∙ 𝑆𝑖 ≡ +𝑒 .
(32)

Equation (32) denotes the peroxy radical defect that then can form an OH group with hydrogen exposure
and the appropriate activation energy supplied thermally.
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≡ 𝑆𝑖 − 𝑂 − 𝑂 − 𝑆𝑖 ≡ + 𝐻2 → ≡ 𝑆𝑖 − 𝑂𝐻 𝐻𝑂 − 𝑆𝑖 ≡
(33)

The activation energy for the reaction shown in Equation (33) is dependent on the fictive temperature of
the glass [50].
Should the glass be doped with germanium a host of other OH formation opportunities become possible.
The high likelihood of the presence of Ge-E' centers is one such possibility, although their presence
necessary to produce and increase in OH [9].
Figure 9 and Figure 10 show some examples of possible reactions [9]. The necessary activation energy is
again supplied by thermal energy [12].

Figure 9 Model of the reaction of H2 with Ge-E’ centers to form the lossy “Ge H” defect and increased
OH levels; Si atoms are shown as an example, but Si could also be replaced by Ge.
Reprinted with permission from: Atkins, R.M. and P.J. Lemaire, Effects of elevated temperature
hydrogen exposure on short-wavelength optical losses and defect concentrations in germanosilicate
optical fibers. Journal of Applied Physics, 1992. 72(2): p. 344. Copyright 1992, AIP Publishing LLC
[9]

Figure 10 Model of reaction of H2 with the germanosilicate glass network to form GeO centers and increased
OH levels; Si atoms are shown as an example, but Si could also be replaced by Ge.
Reprinted with permission from: Atkins, R.M. and P.J. Lemaire, Effects of elevated temperature hydrogen
exposure on short-wavelength optical losses and defect concentrations in germanosilicate optical fibers.
Journal of Applied Physics, 1992. 72(2): p. 344. Copyright 1992, AIP Publishing LLC [9]
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OH is the most prominent reaction species [53] but it is not the only one that can form. Ge-H, Si-H
among others are possible [42]. In a process to remove hydrogen the SiH species is speculated to play a
major role [36] as shown in Equation 34 [54].
≡ 𝑆𝑖 − 𝑂𝐻+≡ 𝑆𝑖𝐻 →≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡ +𝐻2
(34)

Molecular water, H2O is ruled out from being formed in large amounts. Studies of removing hydroxyl
from silica glass measured the species released from the glass using quadrupole mass spectrometry
finding very little H2O removed compared with H2 [36]. In their examination of water diffusion in glass
Tomozawa, et al. they asserted that any water that diffuses into the glass reacts with the glass structure
and thus becomes immobile [55]. It has also been shown that the diffusion rate of molecular water is
much slower than that of OH species making it very likely that molecular water does not exist in large
quantities in the silica network [56]. And finally in work done to characterize the speciation of hydrogen
in synthetic quartz NIR characterization and IR absorption of frozen quartz suggest that water does not
exist in fluid inclusions and any groups must be fewer than a few hundred molecules [19].

3.6

Infrared Spectroscopy Identification of OH Species in Silica Glass

Infrared spectroscopy is the most widely used method of measuring the concentration of OH in glass.
Peak area is associated with concentration via a form of Beer’s law,
𝑨(𝝀) = 𝝐(𝝀)𝒃𝒄
(35)

where c is the concentration and 𝝐 is the molar absorptivity and A is the absorbance [22]. Thus an
increase in concentration corresponds to an increase in absorbance. The IR absorption bands of OH in
vitreous silica have been extensively studied [1-3, 11, 17, 19, 30, 47, 53, 57-62] and are tabulated in Table
2. Table 2 gives a list in order of wavelength of the absorption bands gathered from the literature within
the 1000-2500 nm measurement range but includes the fundamental and second overtone of the OH
stretch, which lie just outside and on either of this range.

Table 2 OH, H2O and their combination vibrations in fused silica glass

Assignment
ν1(OH)
νComb,1(OH)

Wave
number
(cm-1)
3673
4100

Wavelength
(nm)

Description
Fundamental OH
stretch
Unidentified OH
combination band

2722
2439

25

Reference
[24, 47]
[59]

ν1(OH) +
ν4(SiO2)

4100

2439

Combination fundamental
OH and fundamental SiO2
vibrations

[2]

νComb( XOH )
XH

4444

2250

Combination Stretch +
bend XOH XH

[19]

ν1(OH) +
ν1(SiO2)

4450

2247

Combination fundamental
OH and fundamental SiO2
vibrations

[2]

4500

2222

[59]

4522

2211

Asymmetric distribution of
silanol vibration
frequencies due to varied
degrees of hydrogen-bond

2212

Combination fundamental
OH and fundamental SiO2
vibrations

[2]

νcomb,2 (OH)

ν4(OH) +
ν3(SiO2)

4520

νb(SiOH) +
νs(OH)

4500-4550

2222-2198

Combination bending a
stretching of OH in silanol
groups

[59]

ν(OH) + ν(SiO4)

4539, 4505

2203, 2220

Combination OH
fundamental mode and
SiO4 vibration

[47]

νB (H2O)I +
νss(H2O)I

5102
shoulder on
5249

1960

Possibly, combination
bending and symmetric
stretching band of Type I
molecular water

[59]

ν(H2O)

5200

1920

Stretch

[19]

1905

Combination bending and
stretching of molecular
water, or more
specifically, bending and
asymmetric stretching of
Type I molecular water

[59]

1420

First overtone of Both H2O
and OH- stretching
motions

[19]

1420

OH vibration bonded to
Ge site

[17]

νB(H2O)I +
νAS(H2O)I

Both ν(H2O) &
ν(OH-)

ν’(GeOH)

5249

7000

7042
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2ν3(OH)
2ν2 (OH)

νb(SiOH)

2νs(OH)

2ν1(OH)

2ν(OH)
2ν3(OH) +
ν2(SiO2)
2ν(OH) +
ν1(SiO2)

7100
7220
7220

7200-7270

7260
7299, 7278,
7246
7380

7874

1408

First overtone OH

[2]

1385

First overtone OH

[2]

1385

OH vibration bonded to Si
site

[17]

1389-1375

First overtone of OH
stretch

[59]

1377

First overtone of OH
stretch

[2]

1370, 1374,
1380

First overtone of OH
stretch

[11, 47]

1355

Combination first overtone
OH and fundamental SiO2

[2]

1270

Combination First
overtone stretch and SiO2
ν1 mode
Combination first overtone
OH and fundamental SiO2

[11]

2ν(OH) +
ν2(SiO2)

7920

1263

2ν1(OH) +
ν1(SiO2)

8065

1240

Combination first overtone
OH and fundamental SiO2

[2]

[47]

[47]

2ν(OH) +
ν(SiO4)

8130, 8065

1230, 1240

Combination of first
overtone OH and
fundamental SiO4
vibration

2ν(OH) +
2ν(SiO4)

8889

1125

Combination first overtone
OH and first overtone SiO4
vibration

2ν(OH) +
2ν1(SiO4)

8928

1120

3ν1(OH)

10526

950

Combination first
overtone OH stretch and
first overtone SiO4 ν1
mode
Second Overtone OH
stretch

[2]

[11]

[11]

Notation Table 2
ν denotes vibrational modes of the species in parenthesis following and ν’ for OH species bonded to something other than Si. The
subscript is information from the reference. If the reference used a number and did not describe the designation other than the
number the number is included and the description merely calls out that it is a vibrational mode. The numbers reference distinct
vibrational modes for instance ν2(OH) is distinct from ν3(OH) but the nature of the mode was not further elaborated. When the
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subscript is a letter (B, SS, AS, Comb), it denotes Bending, Symmetric Stretch, and Antisymmetric Stretch, or Comb indicating it
is a combined mode respectively, all of which is information that was provided explicitly by the reference but may have been
adapted to fit the notation of this table. The information contained in a subscript that is specifically known is also explicitly called
out in the description. Subscripts after the species in parenthesis give specific information about that species; for instance, (H2O)I
indicates type I water molecules. If a description was included in the reference it was transcribed exactly here. If a description
was not included the one here was inferred from the context of the reference. Some descriptions provided by references were also
adapted to the format of this notation and are thus indicated in the assignment column.

The work of this thesis focuses on the 12.5 µm wavelength region. Within this region the 1.4 µm
absorption band is the first overtone of the OH stretch [2, 11, 17, 19, 47, 59] whose fundamental
frequency is located at around 2.7 µm, just outside the region of interest. The vibrational frequency of OH
bonded to Ge will be shifted to slightly longer wavelengths than that of OH bonded to Si, centering at
1420 nm instead of 1380 nm for OH bonded to Si [17]. The 1.4 µm absorption band is the most straight
forward absorption band in the region of interest.
The 2.2 µm band is the other major absorption band in the region of interest but the vibrational modes
causing it are far less well understood. Some literature sources report that this band is the combination of
Si-O-H stretch and Si-O-H bend [19, 59] with one suggesting variation in absorbing frequency is related
to the silanol participating in various amounts of hydrogen bonding [59]. Others report that it is a
combination mode of the fundamental OH stretch and SiO4 vibration [2, 47, 59]. SiH fundamental
vibration lies near 2190 cm-1 [63, 64] which means its first overtone could be close to 4380 cm-1, with
wavelength 2283 nm, which would be at the long wavelength side of the 2.2 µm peak. Since SiH is often
expected to have formed with SiOH [36, 42, 54], if the first overtone SiH stretch were located near the 2.2
µm peak it would further convolute the makeup of the absorption band. This band is far more complicated
than the 1.4 µm band, has great dispute as to its cause in the literature, and is poorly understood in
general.
The final OH related band that is observed in this work is the 1.24 µm band. The absorption in this band
is commonly considered to be the combination mode of first overtone OH stretch and fundamental SiO 4
vibration [11, 47, 59] and it is also related to the first overtone stretch of H2 physically dissolved in silica
glass [11, 13, 17]. Although absorption at this wavelength occurs for molecular H2 [11, 13, 17] if no other
H2 related bands are observed the 1.2 µm band can be understood to be primarily OH related [12].

3.7

Temperature Dependence

It has been well documented that heating a fiber exposed to hydrogen increases losses in the infrared
spectrum [9, 12, 54, 58, 65] namely in OH related absorption bands. This increase in absorption comes
from reactions of molecular hydrogen with the silica network [12]. But in addition to increasing with
hydrogen exposure, once the peak is present, and even stable with respect to diffusion, another
temperature dependent behavior has been observed. After a fiber has OH peaks present, if it is heated, the
absorption due to those peaks will go down [1, 24, 36].
In one study focusing on a process to remove hydroxyl from silica glass, the glass was heated and the
fundamental OH peak (located ~3673 cm-1) reduced in intensity until it was almost unmeasurable at 1200
°C [36]. Using quadrupole mass spectra analysis the hydrogen species released from the glass were
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measured. It was found that the primary species released from the glass was H2 and not H2O. Because the
OH related peak showed decrease in intensity it was concluded that the following reaction took place
≡ 𝑆𝑖 − 𝑂𝐻+ ≡ 𝑆𝑖𝐻 → ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡ +𝐻2
(36)

and H2 diffused out of the fiber [36]. This process was modeled with diffusion from Fick’s second law for
their geometry (not the cylindrical geometry of fiber) and activation energies were measured, 254 kJ/mol
for 700900 °C and 32kJ/mol for 9001200 °C; the activation energy for the lower temperature range
having good agreement with prior dihydroxylation process studies and the higher temperature range
having good agreement with hydrogen diffusion activation energies. The paper did not show absorption
results from when the fiber was cooled back down.
In other studies when glass, with OH peaks already present, is heated the peaks have been shown to
decrease in absorption and upon cooling increase again [1, 24, 66]. In one case this behavior is attributed
to local structural relaxation around OH in the silica network [24] and in the other it was related to
changes in hydrogen bonding states of the OH species [1].
In a study measuring the activation energy for structural relaxation around the OH species the
fundamental OH stretch vibrational frequency was investigated to probe the local environment with
respect to its participation in hydrogen bonding. The fundamental stretch was divided into high energy
and low energy sections with the low energy section relating to hydrogen bonded OH. When the
absorption from the high energy portion of the band saturated their detector, the absorption around 4520
cm-1 (2212 nm) was used to represent that high energy portion [24] due to its molar absorptivity being
proportional to the OH stretch as shown by Davis, et al. [30]. The absorption coefficient at these
wavelengths was measured and shown to decrease for this absorption band, and more so for the thinner
samples. This reduction in absorption coefficient was attributed to structural relaxation around the OH
species in the glass sample. [24]
In another study specifically looking at the temperature dependent behavior of the first overtone OH
stretch at 1.39 µm in silica fibers, a reduction in peak height with increase in temperature from room
temperature to 650 °C and then a return to the initial absorption with decrease in temperature was
observed [1]. Changes in area of the absorption band with temperature were not discussed in this study.
The peak at high temperature was also shifted towards longer wavelengths. This temperature dependent
behavior was attributed to changes in hydrogen bonding conditions for OH groups in the fiber. The bond
of the hydroxyl group whose H is participating in hydrogen bonding will have less energy than one whose
H is not participating in hydrogen bonding and thus will have a lower frequency of vibration and will
absorb at longer wavelengths. It is commonly understood that an increase in temperature will decrease the
amount of hydrogen bonding in which OH groups participate [1]. However, the peak shifted in the
direction of longer wavelength when fiber was heated. To address this seeming contradiction the first
overtone OH stretch absorption band was fitted to six Gaussians which were analyzed with respect to
their temperature response. Two Gaussians in the fit not related to OH, one being the residual from the fit
and the other was not affected by OH concentration [1]. The other four were considered related to OH
concentration. The first component is the OH stretch when the hydrogen is not bonded to anything other
than the oxygen and the other three are different hydrogen bonding configurations between silanol groups.
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Figure 11 (a) asymmetric bindentate structure yeilding only one linear hydrogen bond with oxygen in
neighboring silanol group whose hydroxyl group has an ordinatry OH bond, (b) symmetric bidentate structure
where hydrogens of two neighboring silanol groups are close enough to neighboring oxygen to form hydrogen
bonds having in-phase and out-of-phase vibrational modes
[1-3]

One such hydrogen bonding scenario is an asymmetric adjoining of two adjacent silanol groups engaging
in a linear O-H---O bond which angularly precludes the other proton from participating in hydrogen
bonding. The last two hydrogen bonding scenarios both take the same symmetric bidentate structure
where the OH vibrations have two states: in-phase and out -of-phase [1]. These four states were first
proposed by Walrafen, et al. in their decomposition of the fundamental OH stretch band (~2700 nm) who
do not report on temperature dependence [3]. Figure 11 depicts the structures yielding these four states.
The components attributed to the two bonds in Figure 11 (a) varied inversely with temperature where the
ordinary OH bond component increased with increasing temperature and the component due to the
hydrogen bonded OH group decreased with increasing temperature as predicted by the fact that hydrogen
bonding should decrease with increasing temperature. For the two components of the band depicted in
(b) the in-phase state contribution decreased with increasing temperature while the out-of-phased state
contribution did the opposite [1]. Center wavelengths for fit components for both studies are reported in
Table 3.
Table 3 Fundamental and first overtone OH stretch band fit components’ center wavelengths [1, 3]; R. T. Yukihiro
Yokomachi, Kaya Nagasawa, and Yoshimichi Ohki, "Hydrogen Bond of OH groups in Silica Glass and its relation to the
1.39 um absorption," Journal of Non-Crystalline Solids, vol. 95 & 96, pp. 663-670, 1987.; G. E. Walrafen and S. R.
Samanta, "Infrared absorbance spectra and interactions involving OH groups in fused silica," The Journal of Chemical
Physics, vol. 69, pp. 493-495, 1978. Used under fair use 2015.

Bond

Ordinary OH
Hydrogen
Bonded OH
In-Phase state
ring structure
Out-of-Phase
state of ring
structure

Walrafen, et al. Study [3]
component center
cm-1
nm
3690
2710
3510
2849

Yokomachi, et al. Study [1]
component center
cm-1
nm
7350
1361
7070
1414

3665

2729

7250

1379

3615

2766

7204

1388
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In all cases when temperature dependence is observed a structural change in the glass is postulated as the
cause. When a glass is reheated to the glass-transformation range it may undergo structural relaxation
which can change its properties including its volume [34]. Structural relaxation around OH groups is the
cause attributed to the temperature dependence shown in the range of 9001100 °C [24]. At lower
temperatures, 20650 °C the temperature dependence was attributed to a change in hydrogen bonding
configurations of the OH group [1].
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4. Materials and Methods
The fiber under test used in this study is 50/125 Ge doped silica core, pure silica cladding commercially
available optical fiber. The equipment used in the experimental work was the following: MTI GSL1500X Furnace, Thorlabs OSA203 - Fourier Transform Optical Spectrum Analyzer, an Ocean Optics HL2000 White Light Source. Other materials used were: 95% N2 / 5% H2 gas mixture, and various
commercially available 50/125 patch cables and pigtails for appropriate connections to equipment.
The primary fiber used for this work was a 50 µm core, 125 µm cladding germanium doped silica core
graded index fiber with pure silica cladding, 0.2 NA. The fiber is commercially available, purchased from
Thorlabs, manufactured by Corning. Other fibers used to supplement this work were 50/125 pure silica
core fiber step index fibers in low and high OH varieties also with a 0.2 NA. These fibers exhibit the same
behavior as shown in the bulk of this work although they are not the focus. The germanium doped fiber
showed the best hydrogen response especially in terms of reactions, specifically OH content and was thus
used in the bulk of the work.
The size of the section of the fiber under test was 15 cm inside the heated region of the furnace except in
one case where 6 cm of the Ge doped graded index fiber were used and the rest of the length made up by
pure silica core step index fiber. Although the stock fiber has an acrylate coating, the operating
temperature quoted in the specifications for the fiber is 85 °C [7] because the coating burns off at higher
temperatures. In these experiments the coating was burned off completely in the 90 minute heating ramp
from room temperature to 800 °C from the entire 15 cm section under test. The hydrogen was turned on
after achieving 800 °C so any diffusion process was through the silica cladding and core, not through the
acrylate coating. See Figure 12 for fiber schematic. In the fiber used in this test the doping concentration
is proprietary to the manufacturer as are the core and cladding indices of refraction; only the numerical
aperture is specified at 0.2.
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a

b

Figure 12 (a) schematic of refractive index profile and light guiding region of Ge doped 50/125 graded index optical
fiber; (b) schematic of cross section of fiber.
Thorlabs, 0.20 and 0.27 NA Graded-Index Multimode Fibers. 2015. Reproduced under fair use. [7]

The hydrogen source use was a 5%H2/95%N2 gas mixture. This mixture is a non-flammable concentration
safe to heat in a furnace, requiring no special safety arrangements for venting. A regulator attached to the
tank was set in the range of 20-25 psi and a flow meter governed the flow to greater than 55 sccm
(standard cubic centimeter) limit of the flow meter. The exhaust exited through a ¼ inch plastic tube to a
bubbler jar of mineral oil which prevented any ambient air at a higher pressure from flowing back into the
furnace through the exhaust.
The Ge doped fiber was heated in the furnace at various temperature profiles and exposed to hydrogen
while in situ spectra were recorded by the OSA. It was connected to the light source and OSA via splice
into pigtails. See Figure 13 for experimental setup.

5% H / 95% N2
2

Vent to bubbler

Fiber under test

Lead-out fiber
MTI GSL-1500X Furnace
Lead-in fiber

OceanOptics HL-2000-HP
Thorlabs OSA 203
Figure 13 Experimental Setup
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Various temperature profiles were used to study the behavior of the fiber once OH was generated in the
core. But the initial treatment for each fiber was the same. OH was generated in the fiber by heating the
fiber to 800 °C then hydrogen was allowed to flow into the chamber. The furnace was set to dwell for
three to six hours at 800 °C before allowing the fiber and furnace to cool to room temperature. The fiber
was exposed to hydrogen for the three to six hour period at 800 °C and for the cooling period to room
temperature. An example of the temperature profile for this initial treatment is shown in Figure 14.

900
5%H2/95%N2 turned on

800

Tempearture (ºC)

700
600
500
400
300
200
100
0

0

5

10

15
Time (hours)

20

25

30

Figure 14 Initial heat treatment and step profile for each fiber

The furnace is capable of heating up from room temperature to 800 °C in five minutes. The cooling was
limited by heat exchange rate with ambient environment of the laboratory. The cooling rate is reasonably
fast from 800–600 °C (as fast as 5 minutes) and from 600–400 °C (as fast as 10 minutes) but from 400–
20 °C the rate is much slower because the furnace does not have any accelerated cooling capabilities. As
the rate for cool down was only measured for one data set the cooling segment of the temperature profile
is linearly approximated in most figures. The maximum cooling rate from 800 °C to 600 °C when
ambient air temperature is at room temperature is ten minutes. Because the cooling rate is not controllable
for temperatures lower than 600 °C, the following strategy was employed to ensure the desired lower
temperature was actually achieved. When a lower temperature is desired after the ramp period between
the high and lower temperature a dwell time was set for the lower temperature such that by the end of the
dwell segment the desired temperature had been reached. The programed temperature profile is what is
reported in all figures. Thus the cooling segments of profile are linearized estimates for plotting purposes
and do not represent the accurate shape of the temperature profile. When a spectrum is reported for a
particular temperature it is taken from the end of the dwell time at that temperature ensuring that its
reported temperature was its actual temperature. The furnace was able to hold temperatures within a ±
15 °C range of the actual set temperature as measured by a thermocouple.
After this initial heat treatment, a step temperature profile was set in all but one case. This step profile
was to step up to 800 °C and back down to 20 °C in 200 ° increments excluding 200 °C with dwell
segments at each of 400, 600, and 800 °C. The dwell segment at each incremental temperature was
chosen such that the furnace could actually achieve this temperature profile by accommodating for the
speed that the furnace could actual ramp up or down. For instance, a dwell of two hours was chosen for
400 °C when ramping down from 600 °C to be sure that the system achieved 400 °C before moving on to
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the next temperature step. This step profile had hydrogen flowing in every case. See Figure 14 for
depiction of step temperature profile.
Another temperature profile was used after the initial treatment and usually after a step profile as well, to
show the repeatability of the phenomenon. In the cycle temperature profile the temperature was cycled
between 800 °C and 600 °C six times with varying dwell times at the two temperatures and then ramping
back down to room temperature. The ramp time between each temperature was 30 minutes. See Table 4
for details on the various dwell times for the cycle profiles. See Figure 15 for example of cycle profile.
Table 4 Cycle profile dwell and ramp times

Test #
6
8, 9
10

Dwell on 600 °C
120 minutes
30 minutes
60 minutes

Dwell on 800 °C
60 minutes
30 minutes
60 minutes

Additional experiments were performed to verify light source stability, contributions from black body
radiation, and OH saturation time. The temperature profiles of those experiments are stated in the sections
where their results are discussed.

900
800
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Figure 15 Example of cycle temperature profile, which had a thirty minute dwell times for both 800 °C and 800
°C; Ramp time between temperatures was 30 minutes; This profile has three cycles while most profiles had six

Spectra were recorded in situ by a Thorlabs OSA203 - Fourier Transform Optical Spectrum Analyzer.
Measured spectra were recorded at a rate of 5 per minute with 25 spectra taken in a five minute time
frame. The twenty five spectra were then averaged over the five minute time period. All data presented
and used for calculations is an average over five minutes. OSA output is in dBm. Data was processed
using Matlab. Spectra were referenced to spectrum taken from fiber at 20 °C at the start of each
experiment. Reference spectrum was subtracted from each spectra converting dBm into dB transmission
loss. The five minute averages were smoothed using the smooth function set to a span of 49. A base level
from the flattest section of the raw spectra was averaged over all data and subtracted from each spectrum.
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5. Results
Through the course of studying this phenomenon over 60 experiments were performed to examine and
confirm the observed temperature dependence phenomenon. More than 50 of them were performed in the
course of work aimed at understanding the hydrogen response at high temperature of a variety of fibers
for the purpose of then exploring possible hydrogen barriers. In the course of examining this hydrogen
response at high temperatures a temperature dependent behavior was observed in the OH absorption seen
in the fibers. Although that work moved on to barrier considerations, this work focuses on the temperature
dependent behavior of the OH related absorption bands. To further study the temperature dependence ten
additional tests were performed.

5.1

Initial Loss Increase

The loss caused by the introduction of hydrogen into the environment appears promptly and grows
rapidly. Figure 16 shows the spectrum at different times as a fiber is exposed to hydrogen at 800 °C.
Three absorption bands appear with maximum height at: 1251 nm, 1389 nm, and 2211 nm in the spectral
range of 1–2.5 µm. These absorption bands can all be identified as OH absorption from Table 2. No
molecular H2 bands that do not overlap with OH bands are visible. There are shoulders visible on the
short wavelength side of both the 1389 nm band and the 2211 nm band. What is not as visible in this full
spectrum is the shoulder on the long wavelength side of 1389 nm band, which can be seen more clearly in
Figure 19 as it zooms in on the band. The shoulder on the short wavelength side is actually very small
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Figure 16 Absorption in Ge doped graded index 50/125 optical fiber at different lengths of time of
hydrogen exposure

compared to the one on the long wavelength side. Further peak structure is described later in this section.
The 1.24 µm band showed very weak absorption and was not examined in detail. Further results and
discussion focus only on the 1389 nm and 2211 nm absorption bands.
What may not be obvious from the spectrum but becomes evident when plotting each peak’s maximum
value against time as is done in Figure 17, is that the 1389 nm band saturates within about four or five
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hours whereas the 2211 nm band continues to increase and does not appear to saturate in the 14.5 hour
exposure time from this experiment. It should also be noted that the 1389 nm band has a higher maximum
absorption than the 2211 nm band during this initial hydrogen treatment. When the temperature changes,
as in lowered and raised again, comparison between maximum peak height for the two peaks becomes
even more interesting.

Figure 17 Plotting maximum peak height against time for 14.5 hours of hydrogen exposure

5.2

Temperature Dependent Behavior

In most experiments, the fiber was initially treated with hydrogen at 800 °C, cooled back to room
temperature and then subjected to a step profile (see Figure 14) to get better temperature resolution at the
selected temperatures of 20, 400, 600, & 800 °C. The fiber is exposed to hydrogen continually from initial
exposure through cool down and during the step temperature profile. Figure 18 shows the peak maximum
change with time and temperature. 1389 nm peak height maximum is shown in blue and 2211 nm peak
height maximum is shown in red. The green dashed line is the temperature profile.

Figure 18 Plotting peak maxium against time through entire temperature profile

Even in the cooling down to room temperature before the step temperature profile, an obvious change in
the absorption intensity can be observed. When the fiber was cooled the intensity of absorption in the two
most prominent bands, 1389 nm and 2211 nm, increased dramatically with change in temperature. Note
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that at 800 °C, the 1389 nm peak height maximum is higher than that of the 2211 nm peak, as they are
cooled, even though they both increase, the 2211 nm peak increases more so that its room temperature
peak height maximum is much greater than that of the 1389 nm maximum peak height. The difference in
peak maxima is greater at room temperature than at 800 °C. When they were heated back up during the
step temperature profile following the initial treatment, their absorptions went back down. When returned
to 800 °C the maxima of the two peaks return to what they were during the initial treatment at 800 °C.
Because the 1389 nm peak had appeared to flatten in the initial treatment this increase in intensity as the
fiber is cooled was quite unexpected. On the other hand, the 2211 nm peak while still rising during the
initial heat treatment and lower in intensity than the 1389 nm peak, upon cooling became so large that its
intensity saturated the detector. Its increase rate upon cooling is much steeper than the initial increase
when the fiber was first exposed to hydrogen.
Another important observation is that although the 2211 nm peak showed monotonic reduction with
increase in temperature, the 1389 nm peak initially increases as temperature increases to 400 °C and then
decreases as temperature increases further through 600 and 800 °C. For the 1389 nm peak the heights at
600 and 800 °C are lower than it is at room temperature. The most dramatic peak height differences are
between 600 and 800 °C.

5.3

Peak Structure

To see better how these two peaks changed with temperature and to consider any change to the shape or
structure of the bands snapshots of the spectrum from different temperatures are plotted. The 1389 nm
peak and the 2211 nm peak are shown independently to better see the structure of each one. The 1.24 µm
peak was very weak and is not examined in detail. Heating and cooling are plotted separately for clarity in
Figure 19 with heating on the left ((a) and (c)) and cooling on the right ((b) and (d)). The room
temperature spectrum after initial hydrogen and heat treatment is shown as a reference in all figures as a
blue dashed line.
In (a) and (b) the change with temperature of 1389 nm band is shown. The peak intensity changes as
temperature is increased. Initially the peak intensity increases as temperature is increased to 400 °C but
then decreases as temperature is increased further to 600 and 800 °C. The center of this peak also shifts
slightly to longer wavelengths. The shoulder on the longer wavelength side also shifts such that the
structure of the peak does not change as temperature increases. This peak is largely claimed to be due to
the first overtone of the OH stretch. The shoulder towards longer wavelengths occupies a wavelength
range containing 1420 nm which is the location of the first overtone of the OH stretch that is bonded to
Ge, i.e., the OH stretch component of GeOH (see Table 2). There is also a shoulder toward shorter
wavelengths. This one is much smaller than the long wavelength shoulder. Its location is near 1350 nm.
No molecular hydrogen band is in that area but it could be a combination band of the first overtone OH
stretch and a fundamental SiO4 vibration mode, see Table 2. Both of the shoulders appear to increase very
slightly as temperature increases.
In (c) and (d) the 2211 nm band is shown. Its peak intensity changes dramatically with temperature,
monotonically decreasing as temperature increases. In other words, transmission in this wavelength range
improves as temperature is raised. The difference between high temperature and low temperature is
dramatic that at lower temperatures its absorption intensity is so much that it reaches the detection limits
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of the OSA used for the measurement across a large portion of the band. The flat part seen in the lower
temperature curves is the result of the attenuation being greater than the detection limits of the OSA.
Saturation of the detector makes it impossible to see if the intensity of this peak at 400 °C is greater than
it is at room temperature as was seen for the 1389 nm peak. However, this saturation problem can be
overcome by using a shorter piece of Ge doped fiber making up the rest of the length with pure silica core
step index fiber. Figure 19 e and f shows the peak structure of the 2211 nm band from a shorter piece of
fiber such that its room temperature intensity does not saturate the spectrum. There it can be seen that the
peak at 400 °C is lower in intensity than room temperature. As the peak intensity goes down as the
temperature increases the shoulder on the long wavelength side becomes less distinct as a tail on the band
seems to form. As can be seen in this plot there appears to be another band forming beyond 2350 nm and
the distinction between the two bands smears out as temperature increases. This longer wavelength band
whose tail encroaches on the long wavelength end of the 2211 nm band is often understood to be the end
of the fundamental OH stretch situated near 2700 nm, which is beyond the spectral limits of this detection
system. It may also be a combination band of the fundamental OH stretch with a SiO4 vibrational mode
near 2439 nm which would be a combination mode with a different silicate vibrational mode than that of
the 2211 nm combination band.
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The only exception to the decrease as temperature increases is a very small shoulder on the short
wavelength side of this peak near 2065 nm. That wavelength is not identified as either a molecular
hydrogen absorption peak or an OH related peak (see Table 1and Table 2). This shoulder appears to go up
in absorption intensity as temperature increases. At room temperature this shoulder looks almost like a
second peak. As the temperature increases the entire 2211 nm band broadens and this second peak looks
more like a shoulder.
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Figure 19 Treated Ge doped 50/125 graded index fiber with continuous hydrogen exposure (a) spectra at 1389
during heating; (b) spectra at 1389 nm during cooling; (c) spectra at 2211 nm during heating; (d) spectra at 2211
nm during cooling; (e) spectra at 2211 nm of shorter segment during heating; (f) spectra at 2211 nm of shorter
segment during cooling

It was also seen in a pure silica core step index 50/125 multimode fiber that was manufactured with high
OH content. The temperature dependence appears regardless of the formation process of the OH. That is,
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if OH is generated through hydrogen exposure or through the fabrication process of the fiber, the
absorption bands due to OH will exhibit this same temperature dependent behavior. The only difference
between the two spectra is the GeOH related shoulder does not appear in the pure silica fiber because
there is no Ge dopant with which to form GeOH.

5.4

High Temperature Cycling

In order to verify that this temperature dependence was repeatable as opposed to something that can be
conditioned out of the fiber, experiments in which the temperature was cycled multiple times were
performed (see Figure 15 for example of cycling temperature profile). Because the largest change in peak
height was seen between 600 and 800 °C and the furnace has accurate cooling capabilities in this
temperature regime, those two temperatures were chosen for the cycling profile. For the cycling
temperature profile the ramp rate for both heating and cooling was set to 30 minutes, which is well within
the capability of the furnace. This cycling temperature profile was performed with and without hydrogen
flowing.
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Figure 20 Peak track plot for 2211 nm band (red) and 1389 nm band (blue) through initial hydrogen heat treatment, tempearture
cycle with hydrogen still flowing, and a temperature cycle without hydrogen flowing; Spectra was not recorded between
treatments

The temperature dependent behavior continued even through repeated cycling of the temperature. In
Figure 20 the maximum absorption for each of the two bands is plotted against time. The 1389 nm band is
shown in blue, the 2211 nm band in red and the temperature profile is shown as a green dashed line.
Figure 20 shows absorption maxima for a fiber that went through an initial hydrogen treatment, was
allowed to cool to room temperature, was subjected to a cycling temperature treatment, and allowed to
cool to room temperature again with the hydrogen gas flowing the entire time. After this second cooling
the hydrogen gas was turned off. The fiber rested in the furnace for nine hours and then a second cycling
temperature treatment was performed. Locations in time where the hydrogen is turned on and off are
labeled on the plot. Spectra were not recorded between temperature treatments thus the heights of each
band are left at zero on the plot.
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For all temperature profiles the temperature dependent behavior persisted. However, the 1389 nm peak
height exhibited different behavior in the hydrogen and no hydrogen cases. The peak height for points at
each 600 °C dwell segments are plotted against time and then fitted. The peak height decreased in
intensity linearly in the hydrogen case and followed a power model decrease in the no hydrogen case. The
peak height for each 800 °C dwell segment followed the same behavior as the 600 °C peak height for the
with and without hydrogen cases. This difference in their behavior is a very surprising result. Possible
reasons will be discussed further in the following chapter.
Figure 21 shows the fits for the 1389 nm band peak height maximums. Figure 21 (a) shows the case
where hydrogen is flowing, plotting the 1389 nm peak height in each of the 600 °C segments (top in blue)
and each of the 800 °C segments (bottom in purple). The purpose of the fit was to compare the decrease
behaviors of the hydrogen and no hydrogen cases, not to derive physical meaning from the fit.
The change over time for the 1389 nm peak height is a linear decrease at both temperatures for the
cycling temperature profile in a hydrogen environment, following the form of Equation (37).
𝐼𝜆 = −𝑎𝑡 + 𝑏
(37)

Figure 21 (b) shows the case where no hydrogen is flowing, plotting the 1389 nm peak height in each of
the 600 °C segments (top in blue) and each of the 800 °C segments (bottom in purple). The change over
time for the 1389 nm peak height is a power model decrease at both temperatures for the case where
hydrogen is not present following the form of Equation (38).
𝐼𝜆 = 𝑎𝑡 −𝑏

Figure 21 1389 nm peak height from points in cycling temperature profiles (a) case with H2 exposure linear fit for 600
and 800 °C segments; (b) case without H2 power fit for 600 and 800 °C segments
(38)

In both cases, with and without H2, the final 20 °C max intensity for the 1389 nm peak was smaller than
its initial 20 °C in intensity.
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The 2211 nm peak shows uniform behavior in all cases neither appreciably increasing nor decreasing
regardless of whether hydrogen was present in the environment. The only notable non-uniform behavior
of the 2211 nm peak maximum is at 800 °C in the hydrogen case it increases linearly very slightly. At
600 °C the 2211 nm peak maximums do not increase or decrease for either case of hydrogen and no
hydrogen. Figure 22 shows the behavior of the 2211 nm peak height behaviors for points from the 600 °C
segments shown in orange, points from the 800 °C segments shown in red. Figure 22 (a) is the case with
H2 exposure and (b) is the case with no H2 in the environment. The peak maximums at both temperatures
show a very flat behavior suggesting that it does not change with time or with temperature cycling.

Figure 22 2211 nm peak height from points in cycling temperature profiles (a) case with H2 exposure 600 °C segments
show no change, 800 °C segments slightly increase ; (b) case without H2 neither show any change

Even as the 1389 nm peak height over time decreases in intensity, changes in the shape or structure of the
band do not occur. Compare Figure 23 with Figure 19 (a) & (b). Figure 23 shows the entire 1389 nm band
for each of the 600 °C segments in the cycle temperature profile with hydrogen. No shape change or
center wavelength shift occurs over time for each of the 600 °C segments (even though there is a slight
change in peak height). Contrast this with the shape and height change that with temperature change as
seen in Figure 19 (a) and (b). The same is the case for 800 °C segments and the no hydrogen case as well
as for the 2211 nm peak at 600 and 800 °C segments with and without hydrogen.
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Figure 23 Spectra from the six 600 °C dwell sections of cycle temperature profile with
hydrogen flow
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To examine whether the peak height for the 1389 nm peak changes during a long dwell at 600 °C with no
hydrogen, a test was performed where a previously hydrogenated fiber was set to dwell for 10 hours at
600 °C followed by cycling the temperature between 600 and 800 °C (60 minute dwell at each
temperature 30 minute ramp between temperatures). During the 10 hour dwell period the 1389 nm peak
reduced very slightly in a linear fashion and the 2211 nm peak did not change during the 10 hours at
600 °C with no hydrogen flowing. Figure 24 shows the maximum for each peak (1389 nm in blue and
2211 nm in red) plotted against time for the ten hour dwell at 600 °C.
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Figure 24 Zoom in to 600 °C dwell for 10 hours with no
hydrogen for previously hydrogenated fiber; 2211 nm
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As can be seen in Figure 25, during the following temperature cycling, the 1389 nm peak did decrease
following the same power model as in previous cycled temperature profiles without hydrogen. The 2211
nm peak did not change in height as was previously seen.
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Figure 25 Peak track plot for 2211 nm band (red) and 1389 nm band (blue) against time no hydrogen
exposure; Ten hour dwell at 600 °C followed by cycle profile btween 600 and 800 °C with hour dwel for
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treament
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To verify if the decrease is due to temperature cycling or temperature higher than 600 °C another
hydroxylated fiber was subject to a ten hour dwell at 800 °C in an ambient air environment. As can be
seen in Figure 26 the 1389 nm band decreases in intensity at high temperature. Cycling temperature is not
a necessary condition for its decrease. The 2211 nm band appears to decrease slightly over time as well
during this dwell period. However the shapes of the decay of the two bands are different.
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6. Discussion
6.1

Control and Light Source Stability

As an experimental control, a fiber was heated to 800 °C with no hydrogen exposure for 12 hours. No
structure or peaks appeared anywhere in the spectrum with the exception of a tail developing in the long
wavelength range of the spectrum near 2400 nm. That tail appears to be an increase in signal, which may
in part be due to blackbody radiation. But a large portion of the data from that long wavelength tail lie
outside of the standard deviation as well as with the mean of the data and at both ends of the spectrum,
suggesting that the OSA has poorer performance at its detection limits. Figure 27 shows each of the
spectra taken over the 12 hour test period, referenced to the spectra taken at room temperature with the
standard deviation shown in cyan and the mean shown in yellow as a dotted line. The flatness of the
spectrum suggests that the light source is very stable over time. This light source stability is important
because all data is referenced to an initial spectrum at 20 °C as opposed to a reference taken
synchronously with each spectrum.
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Figure 27 Spectra of fiber heated to 800 °C in ambient air including ±standard deviation and data
average

6.2

Blackbody Radiation

Blackbody radiation was examined as a possible suspect for the temperature dependent behavior of the
OH related absorption bands at 1389 nm and 2211 nm. As part of quantum theory, thermal radiation
emitted by a body at a uniform temperature is known as blackbody radiation. It gets its name from the
model that a perfectly opaque body will absorb all radiation, which is incident upon it. That absorbed
radiation causes atomic oscillations about the atoms’ equilibrium positions causing an effective change in
the kinetic energy of the atoms. Recall from thermodynamics that the temperature of a body is determined
by the average translational kinetic energy of its atoms. Thus absorbing radiation increases the
temperature of the body. But atoms in motion are not rigid spheres. They have a charge distribution that is
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also in motion when the atoms are in motion and will thus emit radiation as required by electromagnetic
theory. Upon emitting radiation, its atoms will lose kinetic energy thus lowering the temperature of the
body. At thermal equilibrium radiation absorbed equals radiation emitted [67]. Blackbody radiation is sort
of a misnomer for the phenomenon that might be more simply stated: “hot things glow.” The radiation
emitted obeys a very specific spectral distribution, which follows Planck’s law. When put in a form to
equal watt emitted per volume the spectral distribution is as follows:
∆𝑃
ℎ𝑐 3
(𝜆, 𝑇) = 5
∆𝑙
𝜆

1
𝑒

(

ℎ𝑐
)
𝜆𝑘𝑇

∗𝐴
−1
(39)

Where

∆𝑷
∆𝒍

is the power per length emitted in watts, h is Planck’s constant, c is the speed of light, k is

Boltzmann’s constant, l is wavelength, T is absolute temperature, and A is the cross sectional area of the
body, and .
Wilhelm Wien recognized that the relationship between temperature and peak wavelength of the emitted
spectrum is that their product is a constant. In other words, as temperature increases the peak wavelength
of the emitted spectrum will decrease. Equation (40) is known as Wien’s displacement law [67].
𝜆𝑚 × 𝑇 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 2.898 × 10−3 𝑚𝐾
(40)

For the case of a heated fiber some of the emitted radiation can be guided by the light guiding portion of
the fiber that emitted radiation then being included in the transmitted optical signal. As the temperature
increases, the blackbody radiation distribution encroaches further upon the wavelength range of interest
for this study. It is worthwhile to evaluate the possibility that blackbody radiation could be to blame for
the temperature dependent behavior observed in this work.
Evaluating Wien’s displacement law for the temperatures at which these experiments take place shows
the maximum wavelength of the emission spectra of the blackbody radiation listed in Table 5.
Considering the proximity of the peak wavelengths for blackbody radiation at each temperature to range
of interest for this study it can be seen that all peak wavelengths are longer than the pertinent range and
only the 800 °C peak wavelength is anywhere near the upper bound. As the long tail is on the long
wavelength side of the blackbody radiation spectral distribution and the short wavelength side cuts off
sharply, blackbody radiation is only a possible concern for the highest temperature of the experiment.
Table 5 Blackbody radiation peak wavelengths for selected temperatures

Temperature (°C)
20
400
600
800

l (nm)
9891
4306
3320
2701
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To determine the maximum effect of blackbody radiation on the optical signal in the wavelength of
interest for this study Equation (39) must be evaluated at each temperature for the entire spectra range. In
order to compare this result to the collected data it must be turned into dB gain, which can be done by
referencing the power of the 800 °C blackbody spectrum to that of 20 °C via the same reference
relationship standard for comparing fiber optic signals:
𝑃800
𝑑𝐵 = 10𝑙𝑜𝑔10 (
)
𝑃20
(41)

The result is an enormous power increase on the order of 60–150 dB increase across the spectral range of
this study. If this type of power increase were actually occurring then no spectral signal would be
resolvable at these temperatures as the signal would saturate the OSA at all wavelengths. The problem
with the model is it assumes the fiber is a perfect blackbody radiator and that all radiation generated
throughout the entire volume of the fiber is guided and thus contributing to the signal. Both assumptions
are false and grandiose compared to the real objects involved.
In order to realistically rule out blackbody radiation the spectrum at 800 °C was taken for a fiber with
neither initial measurable OH content nor hydrogen exposure during the experiment. In comparing the
two spectra it becomes immediately obvious that there is no significant contribution from control data to
the OH absorption spectrum at 800 °C from blackbody radiation or any other source. When subtracting
the control data from the absorption spectra there remains very good agreement with the original
spectrum. The only area that shows poor agreement is in the long wavelength limits of the range. This
area is likely to be most affected by blackbody radiation. However, there is enough noise in the detector
in this region that it would be impossible to determine the exact source of the disagreement. Ultimately
blackbody radiation is not a cause for the temperature dependence observed.
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Figure 28 Blackbody approximation subtracted out of OH absorption spectrum
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6.3

Change in Number of Modes versus Temperature

It is important to examine the change in number of modes with temperature in order to rule it out as the
cause of the observed temperature dependent behavior. Modeling would be necessary to know the exact
number of modes for this fiber, but it will be sufficient to use some convenient estimations. Because this
phenomenon was observed in step index fibers as well as graded index fibers, and no convenient form of
modal estimation is available for graded index fibers, the step index formulas will suffice. The number of
modes in a step index multimode fiber can be estimated using the V number of the fiber using
𝑀=

𝑉2
2
(42)

where M is the number of modes and V is the V number parameter of the fiber. The V number is related
to the indices of refraction of the core and cladding by
𝑉=

1
2𝜋𝑎 2
(𝑛1 − 𝑛22 )2
𝜆

(43)

where a is the radius of the core, n1 is the index of refraction of the core, n2 is the index of refraction of
the cladding, and λ is the wavelength. If the index of refraction changes by ε as temperature increases
then the index of refraction of the core is
𝑛1𝐵 = 𝑛1𝐴 + 𝜀1
(44)

Where A is the initial temperature and B is the final temperature. Then the change in the number of
modes will be
2𝜋 2 𝑎2 2
𝑀𝐵 − 𝑀𝐴 =
[(𝜀1 − 𝜀22 ) + (𝑛1𝐴 𝜀1 − 𝑛2𝐴 𝜀2 )]
𝜆2
(45)

Because the core and cladding are made of the same kind of glass the only difference between them being
a small amount of dopant in the cladding for the pure silica core fibers, the indices of refraction of the
core and cladding are likely to change by nearly the same amount making (ε12 – ε22) = 0 and (n1Aε1 –
n2Aε2) = ε(n1A – n2A). According to the manufacturer’s specifications, the refractive index difference is
typically 1%. In a previous study measuring the change in refractive index with temperature of several
different silica based glasses [68], we can infer that ε ≈ 0.01making ε(n1A–n2A) ≈ 0. Thus the change in the
number of modes as temperature increases is negligible.

6.4

Time Dependence

The experiments performed in this work have shown a variety of time dependent behaviors including the
initial OH absorption band increase due to diffusion of hydrogen into the fiber, the stability over time of
the behavior of the 2211 nm peak, and the different time dependent behaviors of the 1389 nm peak
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depending on the presence of hydrogen in the environment. The time dependent behaviors will be
discussed here.
6.4.1

Initial Hydrogen Diffusion and OH Peak Increase

Hydrogen diffuses into silica very quickly even at room temperature [44] and even more rapidly at 800 °C.
See Table 6 for diffusivities at 21, 600 and 800 °C. In the case of this work the geometry of the silica is a
solid cylinder whose radius is 62.5 µm. The core has a radius of 25 µm thus the minimum distance
hydrogen molecules must diffuse to reach the core is 37.5 µm. At elevated temperatures (above 150 °C)
molecular hydrogen physically dissolved in the fiber reacts with the glass network at defect sites, such as
E’ centers, forming hydrogen species, predominately hydroxyl species such as SiOH but other hydrides
form as well, e.g., SiH. In the case of Ge doped fiber GeOH and GeH are also formed, but the doping
concentration limits the concentration of these species that can be formed along with the dopant’s
participation in a defect site [11, 12, 17, 54]. Since the fiber length exposed to hydrogen is a little less
than a meter with the heated region being only 15 cm, it is too short to see absorption caused by
molecular hydrogen even at saturated solubility. Although many OH and H2 peaks overlap the peaks
associated only with H2 absorption are missing most notably are those in the 1.6–2 µm range (see Table 1
for H2 absorption bands). Absorption due to molecular hydrogen is too small for this length of fiber thus
observed loss can be assumed to be due solely to OH. As transmission loss at the OH related peaks
appears to saturate the fiber within a few hours at 800 °C the reaction rate must necessarily also be fast in
comparison to the diffusion rate. To examine which of the processes, the reaction process or the diffusion
process, might be the rate limiting process the initial absorption increase at 1389 nm and 2211 nm can be
compared to the diffusion model.
Diffusion of hydrogen through silica follows the ordinary diffusion process defined by the diffusion
equation or Fick’s second law, the dimensionless solution to the same in cylindrical coordinates [5, 34]
when initial concentration inside the cylinder is constant , is shown in Equation (46),
∞

2

C − 𝐶1
2
𝑒 (−𝐷𝛼𝑛 𝑡) 𝐽𝑜 (𝑟𝛼𝑛 )
=1− ∑
𝐶0 − 𝐶1
𝑎
𝛼𝑛 𝐽1 (𝑎𝛼𝑛 )
𝑛=1

(46)

where C is the concentration at radius r, C1 is the initial concentration inside the cylinder, C0 is the
concentration outside of the cylinder held constant over time, a is the radius of the cylinder, D is the
diffusivity, t is time, and 𝜶𝒏 is the nth root of the zero order Bessel function. Diffusivity is given in the
form of an Arrhenius equation as seen in Equation (47).

−𝐸

𝐷𝐻 = 𝐷0 𝑒 𝑘𝑇 𝑐𝑚2 ∙ 𝑠 −1
(47)

Where D0 is a constant, E is the activation energy, k is the gas constant, and T is absolute temperature. D0
is widely reported as 5.65 × 10−4 [11, 37, 65, 69]. The activation energies reported in the literature,
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shown in Table 6, vary very little. The calculated expected diffusivities for H2 into glass at 600 and
800 °C are also reported in Table 6.
Table 6 Activation energies reported in literature and calculated diffusivities for 600 and 800 °C

Activation
energy
(kcal/mol)
10.4
10.37
10.8
10.36

Reference
[11, 37]
[69]
[18, 29]
[65]

Calculated D
Calculated D for
for 21 °C
600 °C (cm2/s)
(cm2/s)
1.05E-11
1.41E-06
1.11E-11
1.43E-06
5.29E-12
1.12E-06
1.12E-11
1.44E-06

Calculated D
for 800 °C
(cm2/s)
4.30E-06
4.36E-06
3.57E-06
4.38E-06

In order to use Equation (46) to calculate the diffusivity of the initial hydrogen exposure from the data the
transmission loss or absorption must be turned into concentration. Absorbance is proportional to
concentration by the Beer-Lambert law [22, 28-30]

𝐴(𝜆) = 𝜖(𝜆)𝐶𝑥
(48)

where 𝑨(𝝀) is the absorbance at the band maximum, 𝝐(𝝀) is the molar extinction coefficient, C is the
concentration of the absorbing species, and x is the optical path length through the sample. Because of
this proportionality, and the fact that the concentration side of the equation is dimensionless, all these
proportionality constants will cancel and it will suffice to use transmission loss in the diffusivity
calculation. To further simplify the calculation the transmission loss can be normalized to the saturation
loss thus making the initial concentration inside the fiber C1 = 0 and the initial concentration at the
surface of the fiber C0= 1. The left hand side of Equation (46) then becomes % concentration increase.
This normalization simplification can actually work for both diffusion directions, into and out of the fiber,
provided that for in-diffusion or concentration increase, there is a constant source of hydrogen in the
environment and for out-diffusion or concentration decrease, there is no hydrogen in the environment.
The initial concentration profiles for these diffusion directions are thus depicted in Figure 29.
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Figure 29 Normalized initial concentration profiles for (a) the case of in- diffusion and (b)
out- diffusion.
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These simplifications turn Equation (46) into
∞

2

𝐶
2
𝑒 (−𝐷𝛼𝑛 𝑡) 𝐽𝑜 (𝑟𝛼𝑛 )
=1− ∑
𝐶0
𝑎
𝛼𝑛 𝐽1 (𝑎𝛼𝑛 )
𝑛=1

(49)

for in-diffusion and
∞

2

𝐶
2
𝑒 (−𝐷𝛼𝑛 𝑡) 𝐽𝑜 (𝑟𝛼𝑛 )
= ∑
𝐶0 𝑎
𝛼𝑛 𝐽1 (𝑎𝛼𝑛 )
𝑛=1

(50)

for out-diffusion, where the left hand side for both is percent change from initial concentration.
In order to apply these equations to the optical fiber in this study the other constants in Equations (49) and
(50) are prescribed thusly: Take the radius of the fiber to be a = 62.5x10-4 cm. The concentration
distribution across the cylinder per the solution in Equation (46) follows the contours displayed in Figure
5 from Section 2.3.2. The concentration profile contours show that the concentration profile near the
center of the solid cylinder is nearly flat. Instead of needing to integrate over r to find an average
concentration in the core of the fiber, using r = 12.5 x10-4 cm (half the radius of the core) will be
sufficient to represent the concentration in the entire core. Then r/a = 0.2 on the x-axis of the
concentration distribution plot in Figure 5.
Although diffusivity should not be wavelength dependent, it was solved for separately for the 1389 nm
and 2211 nm peaks because their vibrational mode assignments are so different. The 1389 nm band is
almost certainly due to the first overtone OH stretch. But the 2211 nm band has a wide variety of
assignments relating to OH and could also overlap with non-OH related hydrogen species such as SiH.
Their absorption growth need not fit the same model.
The initial absorption increase was modeled for four different experiments. All showed the same behavior
for clarity of presentation the calculation results for only one experiment, representative of all four, is
shown here.
Consider the very beginning of the hydrogen treatment, the peaks begin to grow as hydrogen diffuses into
the fiber and reacts with the glass network until they reach saturation as featured in Figure 30. Using that
beginning time period and normalizing the peak height to the saturation intensity, diffusivity for each
peak can be calculated. Seven different points at seven different times were selected. Using the
normalized loss and the time in seconds Equation (46) was solved for D, diffusivity for each of the
selected times for each of the peaks. The time resolution for the calculation is ±150 s. The sum was taken
out to n = 3.
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Those diffusivities are plotted against time in Figure 31 (a) and (b). As can be seen in (a) the statistical
error for diffusivities calculated from the 1389 nm band is random. The random error suggests that simple
diffusion may be a good model for the 1389 nm band absorption increase. But the error in the diffusivities
calculated from the 2211 nm band is systematic. The systematic error suggests that the peak growth with
time cannot be modeled solely with a simple diffusion process. Using the mean calculated diffusivity for
each band a diffusion model fit can be made for each peak. Comparing the fits to the data confirms what
the error suggested. The 1389 nm fits the diffusion model quite well, shown in Figure 31 (c). The 2211
nm band does not, shown in Figure 31 (d).
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Figure 30 Absorption normalized to saturation intensity for loss increase for initial hydrogen diffusion. 1389
nm band max intensity plotted in blue. 2211 nm band max intensity plotted in red.

It is very interesting that the 1389 nm absorption band is modeled so well with diffusion. The reaction of
molecular hydrogen with defect sites in the silica network is certainly dependent on the diffusion of
hydrogen into the glass but that does not mean that the loss increase rate should be controlled by diffusion.
It then makes sense to compare the mean of the calculated diffusivities for the 1389 nm absorption band
shown in Figure 31 (a) with the diffusivity calculated from Equation (47), using 10.4 kcal/mole as the
activation energy. The comparison is shown in Table 7. Because the 2211 nm absorption growth had such
poor agreement with the diffusion model it is meaningless to compare its mean diffusivity to the
diffusivity predicted from the literature.
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Figure 31 (a) Diffusivities calculated from 1389 nm peak height maximum at seven
different times; (b) Diffusivities calculated from 2211 nm peak height maximum at
seven different times; (c) Comparison of diffusion model fit to data for 1389 nm
band; (d)Comparison of diffusion model fit to data for 2211 nm band.

Table 7 Diffusivity comparison

Diffusivity predicted from Eqn. (47)
4.30E-06

Diffusivity calculated from 1389 nm data
3.2829e-09

From Table 7, the two diffusivities are clearly not the same order of magnitude. This order of magnitude
disagreement means that the even though the rate of increase in peak height for the 1389 nm absorption
band is modeled very well with the cylindrical solution to the diffusion equation, its rate not governed
purely by the molecular hydrogen diffusion process. The calculated diffusivity is smaller than that of
hydrogen diffusing in glass. Recall the definition of diffusivity is the rate of transfer of a diffusing
substance across a unit of area divided by the gradient of the concentration per unit volume. If the rate of
transfer is constant but transferred particles participate in a reaction then the concentration gradient will
increase. That would lower the diffusivity. So the diffusivity calculated being lower than that of the pure
hydrogen diffusion process is exactly what would be expected if a reaction were taking place provided the
reaction rate was close to the rate of diffusion.
The extremely poor agreement between the growth rate of the 2211 nm peak and the diffusion model
means that the growth of this peak is far more complicated than that of the combination of diffusion and
reaction process seen in the 1389 nm peak. As this peak is very poorly understood and many different
modes may lie in this absorption band, it would be necessary to deconvovle the band into its constituents
in order to determine a model that would describe its growth. Doing that deconvolution and modeling of
this peak is a great opportunity for future work.
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6.4.2

Peak Height Change Over Time at 600 °C

A previously heat treated and hydroxylated fiber was set to dwell at 600 °C for ten hours followed by a
cycle temperature profile cycling between 600 and 800 °C in ambient air with no hydrogen present to
better examine the decrease in peak height for the 1389 nm peak observed during the multiple cycle
temperature profile without hydrogen present in the environment. The result was only a very slight
decrease in the 1389 nm band and no discernable change in the 2211 nm peak after ten hours. See Figure
32 for zoom-in on the dwell region. It was very obvious that an out-diffusion process did not occur during
this ten hour dwell at 600 °C. Nor did any fast reaction process occur. The change in this case was so
slow and so small, especially compared to an 80% increase as was seen in 1.5 hours for the 1389 nm
absorption band for in-diffusion, that it is easy to conclude that this behavior is not diffusion. If any
reaction is occurring, it is also very slow.
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Figure 32 Absorption normalized to saturation intensity for loss increase for initial hydrogen diffusion; 1389
nm band max intensity plotted in blue; 2211 nm band max intensity plotted in red

600 °C was selected as the dwell temperature because the absorption in the previous cycle experiments
was much larger at 600 °C than that at 800 °C. Thus it was expected that any decrease in absorption
intensity would be more distinctly visible at 600 °C. In retrospect, this temperature was an unwise choice
for at least two reasons. The first reason is the obvious inability to compare this result to the in-diffusion
that took place at 800 °C. But the second is that, even though, in general, OH absorption is considered an
irreversible consequence of hydrogen ingress at high temperatures [11, 17], there have been reported
results of removing OH from the fiber [20, 29, 36, 55]. This removal process, however, is always reported
at temperatures greater than 700 °C. In the temperature range where hydroxyl is claimed to be removed
from fiber or glass the temperature range is 700–1000 °C based on the reaction
≡ 𝑆𝑖 − 𝑂𝐻+≡ 𝑆𝑖𝐻 → ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡ + 𝐻2
(51)
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which is just the reverse reaction of one of the reactions reported that produced OH absorption from
hydrogen ingress in the first place. But again, this reverse reaction is said to take place at
temperatures >700 °C [29, 55]. In work done by Yonheng, et al. in removing hydroxyl groups from silica
glass approximately a 60% decrease from initial concentration was achieved at 800 °C as measured by a
decrease in the height of the peak caused by the fundamental OH stretch (~3672 cm-1) [36]. This removal
process was performed on glass slides whose hydroxyl content originated from the fabrication process. It
would be interesting future work to see if this same process works at a similar rate for fibers whose
hydroxyl content originated from hydrogen ingress at high temperatures. The current results at 600 °C are
too ambiguous to provide any comparison or prediction.
In order to verify whether the decrease in intensity over time for the 1389 nm absorption band is due to
temperature cycling or due to higher temperatures, a hydrogenated fiber was set to dwell at 800 °C for 10
hours. The expected decrease did occur but it did not follow any of the fit curves previously discussed. Its
decrease shape was compared to out-diffusion from Equation (50) and power model from Equation (38).
As expected the 2211 nm band does not fit the diffusion model either. It does not change similar to its
behavior during the 600 °C dwell. Figure 33 compares the fit and the data for both bands. Previously
reported in the literature, decrease in intensity of the fundamental OH stretch absorption band in silica
glass at temperatures higher than 700 °C was well modeled by out-diffusion [36] making this result
surprising. However, this particular experiment had a thermocouple in the furnace when the data was
taken. The material in the chromel – alumel type K thermocouple may have interacted with the system in
such a way as to skew the results.
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Figure 33 Comparison of diffusion model fit with data for
each absorption band

Another indication that this particular result may be abnormal was the growth rate of the 1389 nm peak at
the initial hydrogen treatment. It began growing normally but where it had flattened in previous
experiments, in the experiment in which the thermocouple was present in the furnace it decreased after its
initial increase in a linear fashion as can be seen in Figure 34.
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Figure 34 Peak track for fiber with thermocouple present in furnace. Fiber went through an initial hydrogen
treatment, a step temperature profile and a cycling profile in a hydrogen environment. The fiber was allowed to
cool to room temperature. The hydrogen source was removed and the system rested at room temperature in
ambient air for twenty hours. The fiber was then heated to 800 °C to dwell for ten hours in ambient air. The final
cool to room temperature went through a step profile.

6.4.3

Time Dependent Loss Decrease During Cycling Temperature Without Hydrogen

During the experiments with a temperature profile cycling between 600 and 800 °C and no hydrogen
present, a noticeable decrease in absorption over time occurred for the 1389 nm absorption band while the
2211 nm band did not decrease. The absorption at room temperature following the temperature cycle is
also much lower than it was prior to the cycle. See Figure 35 showing the maxima of each peak plotted
against time during a cycle temperature profile where the temperature is cycled between 600 and 800 °C,
dwelling for two hours at 600 °C and dwelling for one hour at 800 °C. The ramp time between
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Figure 35 Temperature profile cycling between 600 and 800 °C; Two hour dwell at 600 °C; One hour
dwell at 800 °C; 30 minute ramp between temperatures

temperatures is 30 minutes.
As can be seen in Figure 35, neither the 1389 nm nor the 2211 nm peak height change much during each
two hour dwell period during the 600 °C segments. This result is consistent with the incredibly slow
change in intensity exhibited by the 1389 nm peak when the fiber was allowed to dwell at 600 °C for ten
57

hours. The reduction in this band’s absorption over time is due to the portions of the cycling temperature
profile above 700 °C rather than the fact that the temperature is cycled as was shown in the previous
section. Previous studies attempting to remove OH from silica glass have shown a reduction in the
fundamental OH stretch absorption band [20, 36], which is then consistent with a reduction in the first
overtone of the OH stretch observed here. When looking at the changes between each 600 °C dwell
segment by taking the peak maximum from the end of each dwell segment and plotting them against time,
(similarly for the 800 °C dwell segments) it looks like the 1389 nm peak reduces in height following a
power model (see Figure 21, model following the form of Equation (38)). However, that model does not
necessarily have any physical significance. It could be the impact of temperature fluctuation on the outdiffusion model of Equation (50). The first step to analyzing the cause of the reduction in peak height
would be to analyze the behavior of this absorption band at constant temperature with no hydrogen
present.
It is actually surprising that the 2211 nm band does not seem to respond in a time dependent way to the
fact that no hydrogen is present in the environment, especially in light of the fact that the 1389 nm
reduces in intensity over time under the same conditions. The height of the 2211 nm peak obviously
responds to temperature changes, but over time its height does not change. If there is any reduction in OH
concentration in the core of the fiber affecting the height of the 1389 nm peak height, it is not affecting
the height of the 2211 nm absorption band. The fact that the two absorption bands do not respond the
same way is because their mode assignments are so different. However, since they are both assigned to
some form of OH related absorption, the fact that one reduces in height while the other stays the same is
quite puzzling. Deconvolving the 2211 nm peak into constituents and watching how each behaves over
time at constant temperature above 800 °C compared to the 1389 nm band would be a great place to start
to dig into this mystery. Perhaps such work could aid in identifying the constituents of the 2211 nm peak
that pertain specifically to OH concentration and those which do not. The contrast between the behaviors
of these two peaks offers a starting place for plunging deeper into the cause of the poorly understood 2211
nm absorption band.

6.5

Temperature Dependence

In addition to any diffusion and reaction time dependent processes going on, there is obviously a
temperature dependent behavior to the peak height for the two absorption bands at 1389 nm and 2211 nm.
In Figure 36 this temperature dependence is shown when the maximum peak height is plotted against time.
The temperature profile is plotted in green. When the temperature increases the transmission loss at these
two absorption bands decreases. The temperature dependence appears to be completely reversible, even if
the temperature is cycled multiple times (see Figure 35), so no permanent change to the chemical
composition of the glass or the chemistry of the absorbing species is taking place. Because the absorption
is less at lower temperatures if the initial absorption due to hydrogen diffusion occurs at a high
temperature, the absorption will increase when the temperature is lowered at a rate precluding the
possibility of an increase due to hydrogen diffusion and chemical reaction within the glass network. In
previous studies where temperature dependence was observed a structural change in the glass was
postulated as the cause [1, 24]. This structural change viewpoint will be examined here in light of data
from the current study.
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Figure 36 Maximum peak height of 1389 nm (blue) and 2211 nm (red) absorption bands plotted against time for initial
hydrogen treatment at 800 °C and then through a step temperature profile

The two structural postulations made to explain this temperature dependent behavior are structural
relaxation around hydroxyl groups [24] and a change in hydrogen bonding state [1]. The in depth
literature review of each explanation is accounted in Section 3.7. Structural Relaxation Usually Requires a
Fast Quenching, which was not part of the current study. The slow cool rate in this study makes it
difficult to compare to structural relaxation reports in the literature. Differences in absorption band shape
at different temperatures seen in this study may provide some information as to the structural changes
taking place in the glass.
6.5.1

Heating Versus Cooling

When the temperature is changed, there are changes in the shape of both the 1389 nm and 2211 nm
absorption bands. But there does not seem to be a difference between heating and cooling. The shape of
the 1389 nm band at 600 °C appears to be the same whether the fiber was heated to 600 °C or cooled to
600 °C. Consider the spectra at each absorption band when the temperature is cycled between 600 and
800 °C: For each of the 600 °C sections, the shapes of the absorption bands are the same; see Figure 37 (a)
and (c). The same is true for the 800 °C segments (Figure 37 (b) and (d)). This behavior suggests that the
structure change in the glass is not dependent on whether it is being heated or cooled. Additionally, it
shows that the structure change is reversible. This reversibility would imply that there is a preferential
structural configuration for each temperature rather than a permanent alteration caused by heating the
fiber.
A preferential structural configuration for the glass at different temperatures is not unheard of but it is
interesting [70-73]. It means that the temperature dependent behavior here is not a result of annealing or
glass transition properties. However, most of the available literature focuses on structural changes at the
glass transition and in particular with respect to changes in cooling rate; as opposed to these changes
which are below the glass transition and do not appear to depend heavily on the rate of change of
temperature. It would be important to further explore the kind of structures that exist at each temperature
and what their properties are. Any application calling for high temperature use cannot depend on the
structural properties of the fiber at room temperature. Design of fiber optic systems intended to operate
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over a wide range of temperatures would be impacted if the structural changes in the glass at different
temperatures greatly impacts the properties of the fiber necessary for the application. Exploring these
preferential structural configurations and their properties is an exciting area for future research.
6.5.2

First Overtone OH Stretch: 1389 nm Band

Unfortunately when analyzing the data for the 1389 nm peak for temperature dependent behavior there is
a confounding factor in that its height changes over time. Fortunately, the shape of the peak for each
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Figure 37 Temperature cycling between 600 and 800 °C, 30 minute dwell at each
temperature;
30 minute ramp between temperatures for six cycles; (a) 1389 nm band at each 600
°C dwell; (b) 1389 nm band at each 800 °C dwell; (c) 2211 nm band at each 600 °C
dwell; (d) 2211 nm band at each 800 °C dwell

temperature does not seem to change over time so structural information may be preserved, but the
overall height change makes it confusing to compare spectra taken at different times. It is especially
confusing for experiments where no hydrogen was flowing because during the tests where no hydrogen
was flowing there is such a dramatic change in the height of this peak over time. Even though it is
obvious that there is a peak height change with temperature and that the height at 800 °C is smaller than
that of lower temperatures, there are points from 800 °C dwell segments throughout an experiment where
the 1389 nm peak height is larger than that of the final 20 °C peak height such as can be seen in Figure 38.
When comparing peaks of different temperatures, it is best to use data from experiments where hydrogen
was present. Even though a quantitative comparison of peak height differences is quite imprudent
qualitative comparisons can be made.
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There is a shoulder visible on the longer wavelength side of the absorption band which can be seen in
Figure 39. Its location is very near to 1414 nm, which is claimed to be the vibrational frequency of
hydroxyl groups whose hydrogen is participating in hydrogen bonding [1]. However, this shoulder is
more likely the contribution from hydroxyl groups bonded to germanium whose absorbance is centered
near 1420 nm [17] because it did not appear in spectra from pure silica core fiber. As the fiber is heated,
the entire band seems to shift towards longer wavelengths, but the shoulder does not appear to grow in
comparison to the main peak.
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Figure 38 Maximum absorption of 1389 nm peak tracked with time (no hydrogen flowing);
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Also visible in Figure 39, the entire band seems to shift to longer wavelengths without tremendous change
in the overall shape of the band. The top portion of the band may spread out slightly but the shape is not
largely changed even if this spreading out does occur. The shoulder to the longer wavelength end is still
clearly visible.
When the temperature is raised, it appears that initially the absorption begins to increase. The maximum
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Figure 39 Shape of 1389 nm band at different temperatures

at 400 °C is greater than that at 20 °C. As the temperature is further raised the absorption goes down until
it is much lower than the initial room temperature height at 800 °C. This height is behaving differently
with temperature than the center of the band. The band at 400 °C, although larger in absorption intensity
than at 20 °C, is shifted towards longer wavelengths.
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The way this band changes with temperature suggests strongly that there is a change to the overall
structure of the glass rather than to the hydroxyl bond itself. If great changes to the hydroxyl bond were
taking place the shape of the band would distort rather than the shift seen here. Small changes to the
hydroxyl bond, such as energy leaving the hydroxyl bond going into a hydrogen bond with neighboring
oxygen could cause a shift like this. However hydrogen bonding should decrease with increasing
temperature [1] thus hydrogen bonding increasing is a very unconvincing reason for the shift.
6.5.3

Combination Absorption Band at 2211 nm

The 2211 nm absorption band has much stronger absorption at room temperature than at higher
temperatures, so much so that when the fiber is cooled, the transmission loss saturates the detector at
400 °C and below. In order to make comparisons between lower temperatures and higher temperatures, a
6 cm segment of Ge-doped fiber was used, spliced to pure silica core 50/125 fiber, which shows a much
smaller hydrogen response. Effects of the pure silica fiber are considered negligible as shown in Figure 40
(a). For features of the band near the long and short wavelength edges more absorption is necessary to see
some details so the full length of the heating area, 15 cm is shown in Figure 40 (b).
Figure 40 shows the 2211 nm band at 20, 400, 600, and 800 °C. The band shifts ever so slightly to the
longer wavelength, but it is far smaller a shift than that of the 1389 nm band. This band spreads out
considerably as temperature is increased. At lower temperatures there is a distinction between this band
and another at longer wavelengths centered beyond the range of the OSA. This distinction disappears as
temperature increases. The longer wavelength band may be another combination band of the fundamental
OH stretch with a different silica network vibration than that of the 2211 nm or it may be the tail of the
fundamental OH stretch. It is impossible to determine the cause of the cessation of the distinction because
there is considerable noise in the signal at the end of the range of the detection limits of the instrument
and there is some distortion due to blackbody radiation in that region as well. Thus, changes with
temperature beyond 2350 nm cannot be considered for evidence of structural changes. However, from
Figure 40 it is possible to see that at the longer wavelength portions of the band, absorption increases
slightly as temperature increases. This increase could be a result of the band broadening.
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There is the slightest shoulder visible on the long wavelength side of the absorption band near 2066 nm,
which can be seen on the blue curve in Figure 40 (b). The absorption in this area is too weak to be seen in
the 6 cm piece of fiber shown in (a). The intensity of the shoulder increases as temperature increases just
like the long wavelength side of the band. It looks like a separate band at room temperature and as the
whole band broadens the distinction between this shoulder area and the bulk of the main band becomes
less distinct. The various changes to the shape of this band as temperature changes could imply the glass
network is changing or that there are changes in the vibrational mode of a particular absorbing species.
This band has so many different assignments. Decomposing it and considering the changes of each
component with temperature is an open area for future research.
6.5.4

Hydrogen Bonding

Changes in hydrogen bonding are one scheme that has been suggested to account for the changes in
spectral features in OH absorption bands. When the hydrogen in a hydroxyl group participates in
hydrogen bonding energy is removed from the OH bond shifting its absorption to longer wavelengths.
More hydroxyl groups participating in hydrogen bonding as temperature increases would qualitatively
account for the shift to longer wavelengths seen in the 1389 nm absorption band. However, the number of
hydroxyl groups participating in hydrogen bonding are not expected to increase with temperature [1].
Glass expands as it is heated, thus if proximity between hydroxyl groups were to change it would not
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change in favor of increasing hydrogen bonding. Additionally, the viscosity would go up if more
hydrogen bonding were occurring. Testing viscosity could be a helpful test for confirming or disproving
an increase in hydroxyl groups participating in hydrogen bonding. However, with so many other factors
against the possibility of an increase in hydrogen bonding it is likely that is not the cause of the shift to
longer wavelengths with increase in temperature. Additionally, a change in the amount of participation in
hydrogen bonding does not, it itself, account for the changes in peak intensity seen with changes in
temperature.
In an effort to suggest a better model than simply an increase or decrease in the number of hydroxyl
groups participating in hydrogen bonding another hydrogen bond model for the temperature dependent
behavior of the absorption peaks has been reported. In a similar observance of decrease in band
absorption intensity with increase of temperature, Yokomachi, et al. [1] employed a model to explain both
the shift to longer wavelengths and decrease in intensity as temperature is increased. The model assigns
each of the components of the 1389 nm band to one of four different hydrogen bonding schemes
originally posed by Walrafen, et al. [3] for interpreting the fundamental OH stretch absorption band with
respect to the interactions of OH groups with silica glass. The first two hydrogen bond states are the
hydroxyl group whose hydrogen is not participating in hydrogen bonding, and the hydroxyl group in
which the hydrogen is participating in hydrogen bonding, which would then absorb at a longer
wavelength. Those two states are as depicted in Figure 41 (a). The second two states have the same
structure but different vibrational frequencies. The structure is a symmetric non-linear bidentate ring with
in-phase and out of phase vibrational states as shown in Figure 41 (b).

Figure 41 (a) asymmetric bindentate structure yielding only one linear hydrogen bond with oxygen in
neighboring silanol group whose hydroxyl group has an ordinatry OH bond, (b) symmetric bidentate structure
where hydrogens of two neighboring silanol groups are close enough to neighboring oxygen to form hydrogen
bonds having in-phase and out-of-phase vibrational modes
[1-3]

This model is a reasonably attractive explanation for the temperature dependent behavior but an
understanding of what the in-phase and out-of-phase vibrational states are like is not immediately
accessible. Another problem with this model is there is no obvious reason why hydrogen bonding should
decrease molar absorptivity of hydroxyl atoms. In the current study, the combination band at 2211 nm
also decreases in absorption intensity with increase in temperature. It is not immediately obvious how a
transition from in-phase to out-of-phase for the symmetric bidentate ring structure will produce a decrease
in such a complex absorption band. Finally, the band at 1389 nm decreases in intensity when there is no
hydrogen present in the environment suggesting that some hydroxyl groups are able to dissociate and the
hydrogen diffuse out of the fiber. Meanwhile the 2211 nm band does not exhibit this behavior. The 2211
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nm band is so much more complex than the 1389 nm band having so many more constituent vibrational
modes it is not unreasonable that they should behave differently. However, if the temperature dependence
were due only to this transition between in-phase and out-of-phase for the symmetric bidentate structure
there is no necessity that both bands should behave the same way with respect to temperature changes.
6.5.5

Structural Changes Within the Glass Network

To account for two very different absorption bands behaving very similarly with respect to temperature
(i.e., decreasing in absorption intensity as temperature increases), it seems necessary that some structural
change in the glass is taking place as opposed to merely a change in the bonding of the absorbing species.
It is likely that this change is not specific to the OH bond itself as suggested by the hydrogen bonding
hypothesis but rather global to the glass network and then consequently affects the OH bond. Viscosity
studies at different temperatures could be instrumental in confirming whether structural changes have
taken place. Electron density distribution modeling would be extremely helpful in conventionalizing and
visualizing the nature of the structural changes that might be taking place. Such models could predict
expected viscosities, which could then be measured to confirm the models. Electron density distribution
models may also predict the locations of absorption bands, which could be measured farther in the
infrared or perhaps by Raman spectroscopy.

6.6

Conditions for Absorption Intensity to Change with Temperature

The slight shifts to longer wavelengths suggest structural changes that are slightly adjusting the
absorption frequency of the absorbing species. But that shift still does not explain why structural changes
would cause the absorption intensity at the two bands in the 1–2.5 µm range to decrease so dramatically
as temperature increases. Several conditions and their respective consequences must be considered to
explore the connection between structural changes and decrease in absorption.
Although the chemistry of the glass is not changing, it is now necessary to move beyond chemistry to
describe the species present instead defining a species by the frequency of light it absorbs. Using this
definition of species, the consequences of the following two conditions will be examined in light of the
observed temperature dependent behavior: concentration of absorbing species remains the same and
concentration of absorbing species changes.
6.6.1

The Concentration of Absorbing Species Does Not Change

If the concentration of the absorbing species does not change, one of two things must happen for the
decrease of absorption with temperature to occur. Either the molar absorptivity of the species must be
temperature dependent or absorption must deviate from Beer’s law (Equation (48)). Since the molar
absorptivity is an intrinsic property of the material it should be well known in the literature if this
property is temperature dependent. As it is not reported as such, this possibility is highly unlikely. The
alternative, that the absorbance deviates from Beer’s law, is not, however, impossible. Deviations from
Beer’s law are not unheard of and can certainly occur because of a chemical or physical effect of the
material or be caused by an instrumental effect [74]. In the case of this work instrumental effects can
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effectively be ruled out as a cause for the temperature dependence because the instrumentation (i.e., the
light source and detector) do not suffer any changes when the fiber is heated. Additional evidence for
ruling out instrumental causes is this temperature dependent behavior has been observed by others [1, 66].
To carefully quantify the deviation from Beer’s law evaluation of any instrumental effects is in order, but
instrumental effects can be eliminated as the cause for deviation.
6.6.1.1

Deviation from Beer’s Law

Deviation from Beer’s law simply means that absorbance no longer has a linear proportionality to
concentration of absorber. An example of a non-linear relationship is [74]
𝐴 = 𝑎𝐶𝑙 + 𝑏𝐶 2 𝑙 + ⋯ + 𝑔𝐶 𝑚 𝑙
(52)

where A is absorbance, C is concentration, l is optical path length, and a,b,..,g are constants similar to
molar absorptivity. Absorbing species no longer acting independently of each other could be a cause for
deviation from the linear relationship in Beer’s law, as is the case in symmetric bidentate hydrogen
bonded ring proposed by Walrafen, et al. [3] depicted in Figure 41 (b). However, in that model the
absorbers never act independently of each other and thus may not obey Beer’s law at room temperature
either. Studies to measure molar absorptivity have confirmed Beer’s law for hydroxyl concentration in
glass at room temperature [30]. It is possible that the change in glass structure with temperature creates
codependency of absorbers in some fashion creating a deviation from Beer’s law at higher temperatures.
This codependency would need to affect species causing both absorption bands seen in this experiment. If
it is a global change in glass structure it is possible for both to be affected.
In situ measurements of concentration might be necessary for confirmation that concentration of
absorbing species are not changing. Raman spectroscopy would be a useful tool in examining this
situation because it is also sensitive to changes in absorption frequency. Mass spectrometry would only be
sensitive to chemical changes which are clearly not occurring due to the reversibility of the phenomenon.
Discovering a deviation from Beer’s law for hydroxyl related species in glass at high temperature would
be an exciting discovery for both sensing technology applications and for fiber optic system design.
6.6.2

The Concentration of Absorbing Species Changes

If the concentrations of the absorbing species are changing, then according to our new definition of
species (although the chemistry of glass is not changing) the frequencies at which the chemical species
absorb are changing. An example of a mechanism which could cause such a change would be the case of
hydrogen bonding. The hydrogen atom of a hydroxyl group participating in hydrogen bonding would
remove energy from the OH bond reducing the frequency of the vibrational mode and lengthening the
wavelength at which it absorbs light. The chemistry has not changed but the absorbing species has
changed because the wavelength of light absorbed has changed. Models for changes in hydrogen bonding
have been explored in previous sections. The necessary conditions of a change in absorbing species (i.e., a
change in wavelength of absorption) to result in the observed temperature dependent behavior will be
examined in this section.
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In order for a change in absorbing species to result in the observed temperature dependent behavior one or
more of the following conditions must be met.
6.6.2.1

Change to Infrared Inactive

The change in species must be a change to an infrared inactive species. If the species changes such that its
vibrational mode no longer has an oscillating dipole moment, then it will no longer be infrared active.
Should species become infrared inactive the intensity of the observed infrared absorbance bands would be
reduced. A change to infrared inactivity need not change the vibrational frequency of the species; it must
merely change the vibrational mode such that it no longer has an oscillating dipole moment. For example,
there are two silicate vibrational modes, namely symmetric stretch and symmetric bending (see Figure 3)
that are infrared inactive because the modes do not have oscillating dipole moments. Hydroxyl groups, on
the other hand, only have one vibrational mode, stretching, and an inherent dipole moment, thus hydroxyl
groups seem destined to always be infrared active. However, it is not inconceivable that some coupling
between hydroxyl groups and the SiO4 network could produce an infrared inactive vibrational mode. If
such a coupling were a result of a temperature dependent structure change in the glass network, it could
result in the observed phenomenon. But any such behavior would necessarily require a symmetric
bonding structure involving the hydroxyl group such that its vibrational mode did not have an oscillating
dipole moment. Hydroxyl groups being so heavily polarized, the lack of any core electrons to shield the
hydrogen’s proton, and the random nature of the glass network in terms of long range order seem to
preclude this situation from occurring for a large majority of hydroxyl groups present in the glass. It
seems very unlikely that some structural change to the glass could cause a large portion of the hydroxyl
groups to become part of some unit with vibrational modes that have no oscillating dipole moment.
Modeling of electron density distributions could be helpful if the prospect of a shift to infrared inactive
were a motivating notion as a cause for the observed reduction in absorption intensity with increase in of
temperature. Raman spectroscopy could potentially be helpful in investigating this possibility as well if it
can be done in situ. But interpreting Raman results might be complicated and it would still be necessary
to know if there is a difference in vibrational frequency between the room temperature and high
temperature species. If the room temperature species and the high temperature species were both Raman
active and they have the same vibrational frequency, the high temperature Raman spectra should remain
the same. If they are both Raman active, and they have different vibrational frequencies a shift in the
Raman spectra would be expected. If the room temperature species is not Raman active, an increase in the
Raman spectra at high temperature would be expected at the high temperature species’ absorption
frequency. These complex conditions would make the remote possibility that hydroxyl related species are
shifting to an infrared inactive structure complicated to verify.
6.6.2.2

Shift in Infrared Absorbance Wavelength

If a change in absorbing species occurs and the species is still infrared active, only two possibilities for
the amount of change in absorption frequency exist. Either it must change to a frequency very close,
within 150 nm of the previous species, or it must change by at least a micron. The reason the shift is
limited to these two possibilities is that no additional peaks form in the high temperature absorbance
spectrum in the 1–2.5 µm range. So the new frequencies must either be very close to room temperature
frequencies or else at least one micron shorter for the 1389 nm band and one micron longer for the 2211
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nm band, otherwise new peaks would appear. Figure 42 shows the full spectral range at 20, 400, 600, and
800 °C. No new absorption bands appear throughout the temperature range.
A one micron change in absorption frequency would seem to necessitate a chemical change, which is not
likely due to the reversibility of this phenomenon. Expanding the spectral range of detection could verify
whether new peaks appear as the 1389 nm and 2211 nm peaks reduce as temperature is increased. A study
of this nature could be complicated by the presence of other OH related peaks on either end of the region
studied here, namely the second overtone stretch at 950 nm [11], the first overtone stretch near 2700 nm
[47], and another combination mode near 2440 nm [59].
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If there is a shift in the absorbing wavelength by a few nanometers, then the molar absorptivity of the high
temperature species must be much greater than that of the low temperature species or else absorbance
deviates from the linear relationship to concentration as stated in Beer’s law (Equation (48)). Estimating
the needed difference in molar absorptivities will require knowledge of how many of the room
temperature species make the shift and at what new frequency they absorb. There does appear to be a
slight increase in absorption as temperature increases in the shoulder around 2066 nm on the short
wavelength side of the 2211 nm absorption band, which can be seen in Figure 42 (c). This increase in the
shoulder could be a candidate frequency range for high temperature species. However, it looks like a
separate absorption band at low temperatures and as the larger band broadens at high temperatures the
distinction is blurred, which may be a feature of peak broadening rather than a species shift. There is
visible gain in intensity as temperature increases, but it is very small compared to the reduction in
intensity of the larger band. A corresponding shoulder can be seen on the 1389 nm band near 1350 nm
shown in Figure 42 (b). Again, absorption in this shoulder area increases as temperature increases. But the
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increase is very small compared to that of the rest of the absorption band. It is not impossible that there is
a shift of some of the species causing the larger peaks to these smaller shoulders but the requirements that
the species making up the shoulders must have much smaller molar absorptivities still holds.
Alternatively, even if species shift into the shoulder regions, absorption across the entire spectrum may
deviate from Beer’s law.
If there is a shift as temperature increases in order to accommodate the observed behavior that both peaks
reduce in height and shift to some degree over a range of temperatures it is most likely that the shifting
occurs by degrees as opposed to all species shifting to a different bonding state at the same time. Also, a
range of states could be available. Alternatively, even if the species do shift slightly in vibrational
frequency, absorbance could still begin to deviate from Beer’s law. The small gain on the short
wavelength side of each band is certainly not enough to make up for the loss of intensity in the bulk of the
band.
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7 Conclusions and Future Work
In this study the temperature dependent behavior of absorption bands in a germanium doped silica 50/125
optical fiber caused by hydrogen at high temperature were studied. The two main bands that appeared
upon exposure to hydrogen at 800 °C were located at 1389 nm and 2211 nm. The increase of the 1389 nm
band, assigned to the first overtone OH stretch, could be modeled well with the cylindrical coordinate
solution to the diffusion equation. The 2211 nm band did not follow a diffusion model, which was
surprising because diffusion should not be wavelength dependent. However, the poor agreement between
the growth increase of the 2211 nm band and the diffusion model is comprehensible because its
assignments are much more complicated than the 1389 nm band. Assignments for the 2211 nm band
include SiOH stretch and bend [19, 59] and a combination vibration of OH and a SiO4 tetrahedral
vibration [2, 47, 59]. A third band appeared at 1.24 µm, but its absorption was too small for reliable
modeling and was not considered further.
These absorption bands proved to be permanent in that long periods of time in ambient air at room
temperature did not decrease their absorption. Several fibers treated at high temperature, developing
absorption in these bands, were left in ambient air for months and then returned to the furnace for more
heat treatments. Their room temperature and high temperature absorption spectra were unchanged by the
lengthy hiatus at room temperature without hydrogen exposure. Based on results shown in Figure 32 it is
unlikely that the long periods of time at higher temperatures possibly even as high as 600 °C will cause
much change to the absorption spectra. The persistence of these bands over time must be considered for
longer term reliability when designing fiber optic systems that could be exposed to hydrogen, especially
exposure at high temperatures.
In this work these absorption bands appeared during hydrogen exposure at 800 °C. But when the
temperature was lowered to room temperature the loss at these bands increased dramatically and at a rate
too fast to be consistent with hydrogen diffusion. This temperature dependence was then studied further
by raising and lowering the temperature of the fiber while measuring the spectra in situ. Both bands
decrease in absorption intensity as temperature is increased from room temperature to 800 °C. The 2211
nm band decreased monotonically as temperature increased while the 1389 nm band first increased up to
400 °C and then decreased in intensity as the fiber was heated further to 800 °C. This temperature
dependent behavior was reversible. When the fiber was cooled the intensity increased to its position
before heating. And it was repeatable as the absorption would return to its previous value at each
temperature as it was heated or cooled. The temperature gradient direction did not appear to affect the
phenomenon, i.e., the result was the same whether the fiber was being heated or cooled. Another
important observation to note was when initial increase of the two bands occurred during hydrogen
exposure at 800 °C the absorption at the 2211 nm was smaller than that of the 1389 nm band, showing a
more dramatic change with temperature for the 2211 nm band. Upon cooling the 2211 nm band’s
absorption increased so dramatically it exceeded the detection limit for loss of the OSA. The 1389 nm
band, although higher at high temperature, did not come close to saturating the detector upon cooling. In
fact, in order to understand the full effect of the temperature range on the 2211 nm band a shorter piece of
fiber was needed to reduce attenuation to within detection limits. On the other hand, fiber reaching the
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full length of the furnace’s heated region provided better signal to noise ratio for studying the 1389 nm
band in the whole temperature range.
When designing a fiber optic system for communication or sensing it is important to account for the
temperature dependence of the bands in this wavelength region. If the fiber is exposed to hydrogen at high
temperatures absorption in these bands will occur and may even saturate after a few hours. But the
absorption will increase if the fiber is cooled, even if it ceases to be in a hydrogen environment. The
transmission loss at high temperatures cannot be relied on for understanding the hydroxyl concentration
of the fiber. If a certain amount of power loss is budgeted for the system it is possible to meet the power
budget at high temperature but not at low temperatures. Additionally, considering the difference in
temperature response of the 2211 nm band and the 1389 nm band, if the attenuation changes due to
temperature are all within the acceptable ranges for system design at the 1389 nm band they may not be
for the 2211 nm band. When designing a system it is important to keep this phenomenon in mind.
Though the two absorption bands in this study are both related to hydroxyl concentration they do not
behave the same way under the same circumstances. In addition to the difference in their growth
behaviors when forming, there is a difference in their decrease in an environment when no hydrogen is
present. Hydroxyl groups were generated in this fiber by heating it in an environment containing
hydrogen. [36]So over time at high temperature the 1389 nm band decreased in absorption intensity, but
this total decrease persisted to room temperature when the fiber was cooled. The high temperature
absorption was still lower than the room temperature absorption but the final room temperature
attenuation was lower than prior to the heating in ambient air. This change over time suggests a reduction
in the hydroxyl content of the fiber In a hydroxyl concentration measurement two bands could show
different results. So, it would be best to use the 1389 nm first overtone hydroxyl stretch band to measure
hydroxyl content.

Although reduction in the height of the absorption bands was the most dramatic change due to increase in
temperature it was not the only changed observed. The 1389 nm band may have broadened slightly as
well but quantification of broadening is problematic without decomposition modeling. It also has a small
shoulder near 1350 nm, which increased very slightly as temperature increased. The increase of this
shoulder is not enough to account for the decrease of the bulk portion of the band and may be a result of
band broadening as opposed to an increase at the particular wavelength of the shoulder. The 2211 nm
band also shifted to longer wavelengths although its shift was not as pronounced and not unmistakably
monotonic. It also had a shoulder, near 2066 nm, that increased with increasing temperature slightly. Both
of these shoulders behaved the same with temperature, but it was difficult to tell if the shoulder was
increasing specifically or if there was a general broadening of the band resulting in an increase in that
area. Finally, because the two bands do not behave the same in terms of rate of hydroxyl formation and
removal, and even monotonic increase in absorption as temperature increases, it is unlikely that change in
structure affecting only the hydroxyl groups is the cause of this temperature dependent behavior. Instead
it is likely that the entire glass network is changing in structure as it is heated and that change is in turn
affecting these two hydroxyl related absorption bands. These changes with temperature were reversible,
implying that a chemical change is not taking place but rather a structural change is affecting the
absorption frequencies of the chemical bonds. The repeatability of these changes with temperature
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indicates that, at each temperature, there is a preferential structure the network will take on for each
temperature.
But even a change in glass structure or local environment for hydroxyl groups does not completely
explain this massive reduction in peak height. If the frequency of vibration for the absorbing species at
room temperature is not changing or changing only by a few nanometers in terms of wavelength, then
something else must be occurring for the peak to reduce in height so dramatically. Some promising
explanations, explored in detail in the previous section, are a change in molar absorptivity, a deviation
from the linear relationship of Beer’s law, or a change to an infrared inactive species. Investigating these
possibilities is an excellent opportunity for future work. Even eliminating some of them would contribute
markedly to the understanding of glass science and the expected performance of fiber optic systems
which may become hydroxylated.
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