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Abstract 
 

 

Motivated by an increasing demand for functionality and reliability of systems 

operating in harsh, ionizing-radiation environments, the core of the present research is an 

investigation of the response of rare-earth-doped, aluminosilicate fibers to ionizing 

radiation. These rare-earth-doped fibers, consisting of fibers doped with ions of erbium 

(Er3+) and ytterbium (Yb3+) designed for use in amplifier systems, reveal average specific 

losses in response to 60Co gamma radiation to be in the range of 0.0285 – 0.193 

dB/(m·krad(Si)) at wavelengths from 1300 nm to 1400 nm. An ionizing dose rate 

dependence was identified in which high dose rates of approximately 40 rad(Si)/s 

invariably lead to higher induced losses than lower dose rates of approximately 14 

rad(Si)/s, indicating the possibility of complex radiation-related phenomena underlying 

the observed absorption. Data clearly show that Er3+-doped fibers are more sensitive to 

ionizing-radiation in comparison to Yb3+-doped fibers, while Er3+/ Yb3+ co-doped fibers 

are found to be the least sensitive to radiation of all the fibers examined. 

Evidence of color center formation associated with the dopant aluminum is found 

in results of visible spectroscopy conducted on gamma-irradiated preform samples and on 

fibers flown in low-Earth orbit. Near infrared spectroscopic data is consistent with 

absorption derived from this dopant as well, with the interpretation of band-tailing from 

the visible portion of the spectrum. Evidence of the formation of a defect intrinsic to the 

silicate host matrix, the Non-Bridging Oxygen Hole Center (NBOHC), is also found 

following ionizing radiation of the optical fiber preforms. 
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Since the observed ionizing-radiation-induced absorption is concentrated in the 

visible portion of the spectrum, the performance of actively operated rare-earth-doped 

amplifiers is largely impacted by the pump wavelength, which is located at higher 

energies within the near-infrared portion of the spectrum and therefore closer to the 

visible portion of the spectrum than the lasing wavelength. Experimental results 

stemming from rare-earth-doped amplifiers operated under ionizing radiation substantiate 

the importance of the pumping wavelength, and suggest the presence of cascaded pump 

photon absorption processes. Based on these results, pumping at longer wavelengths is 

advised to reduce the effect of color center absorption on this crucial aspect of active 

fiber amplifier operation. 

 
 
 
 



 26

Chapter 1: Introduction 
 

 

The Earth is bathed in ionizing radiation, and even on the surface of the earth, 

where the atmosphere and the Van Allen belts provide protection from the radiation of 

space, both natural and man-made radiation environments challenge humanity with the 

task of developing technology able to withstand the detrimental effects of ionizing 

radiation. The increasing presence of artificial sources and the continuing discovery of 

natural sources of ionizing radiation demand a commensurate increase in the level and 

detail of knowledge concerning the effects of ionizing radiation on materials, 

components, and systems. Furthermore, the desire for more functionality, which is 

driving the growth and development of advanced technologies, furthermore, highlights 

the importance of the evaluative and predictive merits of radiation-related research. The 

current investigation is concerned with the effects of ionizing radiation on optical-fiber-

based, rare-earth-laden amplifier materials, which are of great interest for implementation 

in ionizing-radiation environments and which represent a unique challenge due to their 

exotic dopants and unusual geometry. 

Operational reliability of systems over long periods of time in harsh radiation 

environments requires ‘radiation hardening’, the engineering of systems that are able to 

withstand these environments. Radiation hardening necessitates the design of materials 

and the engineering of components (and possibly the shielding of both) that may be 

subject to large doses of ionizing radiation, as well as large ionizing-radiation dose rates. 

The development of an understanding of the underlying physical mechanisms that 
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constitute the effects of ionizing radiation, as is the aim for optical amplifier materials 

within the scope of this research, is crucial to the development of radiation-hardened 

materials, and will advance the application of technology by extending its capabilities to 

novel environments. 

The present research is concerned with the determination of the ionizing-radiation 

response of rare-earth-doped aluminosilicate optical fiber amplifiers, and with the 

discovery of the possible origins of the observed effects. The importance of the former is 

that is provides the engineer with an initial estimate of the form and degree of 

degradation to anticipate, possibly leading to better designs and serving as a discriminator 

of certain materials. The latter increases the knowledge of physical systems with respect 

to ionizing radiation, providing the material scientist with information possibly 

permitting the synthesis of a more radiation-resistant material or treatment promoting 

radiation-resistance. This contrasts with experimental approaches emphasizing large and 

sometimes disparate arrays of potential materials to be used in harsh radiation 

environments, which may yield useful data in the form of radiation-responses, but also 

may fail to provide certain crucial pieces of evidence related to the origin of the observed 

effects. These approaches may possibly preclude a material-based solution to minimizing 

ionizing-radiation-induced effects. It should be noted that even given a very focused and 

theoretical approach, it is never advisable to forgo rigorous radiation testing of materials 

in place of theoretical calculation, unless extenuating circumstances prohibit the 

necessary experimentation. 
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The current work provides many crucial links, especially when viewed within the 

context of the scientific literature of this field. These links form an evidence-based 

picture of the identity of the primary culprit responsible for ionizing-radiation damage 

effects within the studied materials. This experimental evidence may help to more closely 

refine the continued reliance on the potentially responsible constituent, or take actions to 

overcome its effects. 

While the general importance of research into the effect of ionizing radiation on 

materials has been noted, the other core facet of this research project is concerned with 

the specific optical materials under investigation. The emphasis of this research is on 

optical fibers doped with the rare-earth metal ions of erbium (Er) and ytterbium (Yb). 

Such fibers form the basis of optical fiber amplifiers, which are used to amplify optical 

signals, which in turn are used extensively in communications (internet infrastructure, 

telecommunications, etc.) and optical data processing (data manipulation, data storage, 

etc.). The erbium-doped fiber amplifier, or EDFA, is a key component of optical 

communications systems or data links. Interest regarding the inclusion of optical 

elements in space-based systems, such as satellites, has become pervasive due primarily 

to factors such as high mechanical reliability, and large information-carrying capacity, 

and the fact that this technology is free from most interference effects. Such fiber-based 

amplifiers, especially the ytterbium-doped fiber amplifier (YDFA) can also be used for 

numerous high-power applications. In addition, these fibers constitute a basic building 

block of optical laser systems as a whole, in the sense that they can provide for 

amplification at many different wavelengths. They have beneficial properties such as 
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small weight and small volume, which are useful for many applications (more 

information on the beneficial properties and functioning of these fiber amplifier materials 

will be discussed in Chapter 3). The investigation of the effects of radiation on these 

fibers represents an expansion of the potential range of influence that this fiber 

technology can provide. 

 The present body of research incorporates a variety of experiments, the primary 

set of which consists of 60Co-irradiations of rare-earth-doped fiber compositions of 

interest, in a terrestrially-based simulation of the space radiation environment. A 

secondary set of experiments consists of the analysis of the effects of radiation on a suite 

of space-deployed optical fibers and the convergence of space-based and terrestrial 

experimental results. In each case, the results of various permutations of these 

experiments are combined with further spectroscopy (e.g. of optical fiber preforms and 

photoluminescence measurements) to form a more complete picture of the processes 

taking place within the irradiated optical fiber. This picture is informed by data 

describing the effects of ionizing radiation on the optical fibers, the effect of different 

dose rates, the effect of co-doping of the fibers, and spectroscopic classification of the 

numbers and types of absorption bands. A short outline of the individual chapters of this 

dissertation is given below. 

 The next chapter, Chapter 2, is concerned with ionizing radiation environments 

and other subjects related to ionizing radiation, such as types of ionizing radiation, 

measurement of ionizing-radiation-induced absorption, and general schemes to reduce 

sensitivity to ionizing radiation. 
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Chapter 3 discusses background information regarding optical fiber and amplifier 

technology. Dopants are discussed as well as the operation of optical materials in ionizing 

radiation environments. 

The next chapter, Chapter 4, discusses the specific fibers used in this body of 

work, along with the various experimental methods implemented. 

Chapter 5 discusses the 60Co in-situ experiments as well as some pre-/post-

irradiation experiments. The pre-/post-irradiation experiments consist of UV/Vis 

spectroscopy performed on irradiated rare-earth-doped optical fiber preforms (optical 

fibers prior to drawing them into their final shape) as well as photoluminescence 

spectroscopy conducted on these same preforms. 

Chapter 6 presents data of two rare-earth-doped optical fiber amplifiers actively 

operated in a 60Co environment with in-situ data acquisition. 

The last data chapter, Chapter 7, discusses the Materials International Space 

Station Experiment 7 (MISSE-7), in which the rare-earth-doped fiber compositions 

investigated in previous experiments were irradiated outside of the International Space 

Station in low-Earth orbit for 18 months. 

Lastly, Chapter 8 presents the conclusions of this body of work. 

 All in all, this research effort yields deep insights into the photodarkening 

behavior of rare-earth-doped optical fibers and provides invaluable data for the 

development of a rare-earth-doped fiber-based optical system operating in a harsh 

radiation environment. 
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Chapter 2: Ionizing Radiation and its Associated 
Environments 

 
  

In order to develop a firm understanding of the importance of ionizing radiation, it 

is beneficial to familiarize oneself with fundamental properties of such radiation and 

some of the environments in which it may occur. The present chapter is, thus, comprised 

primarily of discussions regarding the nature of ionizing radiation and its associated 

environments, which form a foundation for further, more specific descriptions and 

investigations of ionizing radiation effects on relevant optical materials. 

 The present chapter begins with a brief introduction to the discovery of ionizing 

radiation and the study of radiation effects, followed by descriptions of specific types of 

such radiation. Next, the uses of ionizing radiation are discussed with a higher level of 

detail than in Chapter 1. A brief discussion of the measurement of ionizing radiation 

follows. This is important not only for the description and relation of basic physical 

quantities to another, but also for the comparison of results from different studies. Some 

basic ionizing radiation environments are then described in order to develop an 

appreciation of the diversity of environments as well as distinguishing characteristics of 

each. Radiation-hardening methodologies, including radiation-hardening by process and 

design, are discussed next. Lastly, shielding of ionizing radiation is focused on, 

representing an important method for thwarting the absorption of excessive radiation by 

critical and potentially sensitive materials, systems, and system components. 
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2.1. Discovery of Ionizing Radiation and Investigation of Radiation 
Damage 
 

The discovery of ionizing radiation is attributed to Wilhelm Conrad Röntgen, who 

noticed in 1895 that certain novel vacuum tubes emitted beams of high energy radiation. 

Although this had been conjectured, and was to an extent observed by others, Röntgen 

was responsible for thoroughly studying this newly found type of beam, temporarily 

named “X-radiation”, a name still commonly used in many countries [Röntgen 1898]. 

Anecdotal evidence further points to Röntgen as the first person who observed the effect 

of ionizing radiation on optical materials by noticing the darkening of a glass door knob 

of his laboratory [Friebele 1991]. Various fundamental mechanisms of (spontaneous) 

radioactivity were subsequently discovered in the laboratory of Henri Becquerel, many of 

them by his student Marie Skłodowska-Curie and collaborator Pierre Curie. 

In 1899, Ernest Rutherford described alpha- and beta-radiation based on their 

ability to penetrate materials. Gamma-radiation was later discovered in 1900 by Paul 

Ulrich Villard. With subsequent investigators further illuminating the basic physical 

principles behind such radiation types, applications increased as well. Unfortunately, 

proper precautions in dealing with ionizing radiation were often not taken, leading to 

injuries and deaths of researchers and misapplication of radioisotopes. These were 

sometimes even being added to food and water as well as other items such as toothpaste. 

Useful applications of radioisotopes, however, were also present from the inception of the 

era of radiation, leading to the rise of artificial radiation environments. By the 1940s, 

research on ionizing radiation effects in simple materials such as NaCl was underway 
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[Mott and Gurney 1948], paving the way for the investigation of radiation effects on 

more complicated materials. In the 1940s and 1950s, uses of radioactive materials, such 

as the use of radioisotopes in nuclear batteries [Merkulov 1958], combined with the 

discovery of ionizing radiation in space, fueled an interest in the systematic study of 

radiation effect in materials, especially in then-modern semiconductors. By the 1950s, 

investigations of irradiated quartz had been conducted [Weeks 1956]. This was likely the 

first principal optical material to be studied, opening up the field of radiation effects in 

optical materials. With the rise of optical technologies in later decades, and uses of these 

technologies in ionizing radiation environments, assessment, validation, and survivability 

of optical materials in these hazardous environments had become an important field of 

study. 

 

2.2. Types of Radiation 
 

The word ‘radiation’ stems from the ancient Latin word ‘radius’ which originally 

meant ‘spoke’ of a wheel, and later was used to mean ‘ray’ or ‘beam’, i.e. a mass or other 

physically-related entity emanating from a source. With a modern understanding of the 

multitude of physical entities and mechanisms possible, it is clear that the term ‘radiation’ 

is a general one, and a more specific approach is necessary. Within the context of this 

writing, the most important types of radiation are the various forms of ionizing radiation. 

Ionization is the physical process of converting an atom or molecule into an ion by 

adding or removing charged particles such as electrons or other ions. Ionizing radiation, 

therefore, is radiation that is energetic enough to be capable of ionizing an atom or a 
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molecule. The majority of ionizing radiation is, owing to its high energy, nuclear in 

origin, produced either by unstable nuclei of large atoms or by nuclear reactions. Ionizing 

radiation may be present in the form of a particle or may be photonic in nature. The latter 

often carries negligible momentum and thus rarely incurs atomic displacements when 

impinging on a given material. Although each type of radiation has different properties, 

they share many of the same physical principles and often occur together, making 

knowledge of each ionizing radiation type an important prerequisite for understanding 

ionizing radiation environments in general. To this end, some basic types of radiation are 

discussed briefly below. 

 

2.2.1. Proton Radiation 
 

Proton radiation stems from a variety of nuclear reactions. Each individual proton 

contains one (positive) elementary charge. A proton carries significant momentum in the 

context of micro-structural environments, potentially displacing atoms from lattice 

positions during irradiation, and also interacts with the target material 

electromagnetically. When a proton impinges upon a material, it can either scatter off the 

surface, or, alternatively, enter the material, where it may continually lose energy during 

the traversal. If the total energy of the proton is large and the thickness of the target 

material is not prohibitively large, the proton may traverse the material entirely. If the 

aforementioned conditions do not apply, the proton will implant itself instead. In either 

case, the path taken by the proton will leave a track of ionization and atomic 

displacement. Further, if proton implantation takes place, a cluster or ‘bloom’ of 
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ionization and atomic displacement damage will be generated around the stopping site. It 

should be noted that besides the energy of the proton and the thickness of the material, 

specific material properties, such as density, lead to varying traversal ranges within the 

material. 

 

2.2.2. Neutron Radiation 
 

A neutron has a mass that is nearly equal to that of a proton, but the lack of charge 

significantly impacts the behavior of this type of radiation. The lack of charge often leads 

to the traversal of large distances through materials with minimal associated interaction. 

Neutron radiation can, in part due to its lack of charge, lead to nuclear reactions, 

including neutron capture and activation of the capturing element. The current research 

will not focus on neutron radiation, but since such radiation might be present in certain 

radiation environments that also contain other forms of radiation, such as gamma 

radiation, some basic features will be discussed in Chapter 3, Section 3.5.3.4. It should 

also be noted that, unlike many radiation types such as gamma radiation, neutron 

radiation is best shielded with light-weight (light atomic nucleus) materials (such as 

hydrated organic materials like borated polyethylene). 

 

2.2.3. Electron Radiation 
 

Electron radiation, referred to as beta-radiation in the context of nuclear decay, is 

a further type of ionizing particle radiation. Each electron contains a negative elementary 
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charge, and will thus interact with the material electromagnetically. Although this type of 

radiation is ionizing, atomic displacement is usually minimal due to the electron’s small 

mass. When electrons impinge on a target material, it is common for secondary electrons 

to be generated, which may lead to the occurrence of further cascaded events. Although 

direct electron radiation will not be investigated in the scope of this research, the 

cascading of electron generating events following the initial impact or absorption of the 

primary ionizing-radiation particle or photon may occur with all of the other types of 

radiation noted within this section. 

 

2.2.4. Other Ionic Radiation Forms 
 

Before leaving the topic of particle radiation, it should be mentioned that radiation 

in the form of ions exists for a multitude of elements. One of these is the strongly 

ionizing helium core, referred to as alpha-radiation. Ions, particularly those associated 

with cosmic events, can have large enough energies to penetrate deeply into materials, 

causing ionization, displacement tracks, and other potential changes, and are therefore of 

concern for many systems operating in environments with radiation of this type. Except 

for the most fundamental ion, the proton, already discussed in Section 2.2.1, heavier ions 

of more moderate energies have difficulty traversing significant distances, a restriction 

originating from their large size relative to their fundamental constituents. A typical 

alpha-particle only travels an average of only 4 – 5 cm in air due to an abundance of 

interactions stemming from its large size. While radiation types such as heavy ions and 

electrons will not be discussed in the remainder of this section, and protons and neutrons 
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will be discussed only to a small extent, gamma radiation will be looked at more 

thoroughly due to its extensive implications regarding optical materials. 

 

2.2.5. Gamma Radiation 
 

Gamma radiation is photonic in nature, and, as such, carries only a small amount 

of momentum which is generally too small to induce any significant amount of atomic 

displacement in a medium. The term ‘gamma radiation’ is generally applied to photons 

produced by nuclear processes, usually the decay of large, unstable ions, although it is 

also applied to processes such as pair production and occasionally to X-rays exceeding 

typical energy ranges associated with such radiation, usually 1 MeV. The term may also 

be used for a host of cosmological sources. The primary mechanism by which gamma 

radiation induces changes within a material is ionization and subsequent changes in the 

band structure of the target material arising from interactions of the excited electrons with 

the material. Gamma radiation is of particular interest in the field of radiation effects on 

optical materials, since it is the band structure that primarily affects optical behavior of 

the material. The majority of the experimental work presented within the scope of this 

research will be concerned with this type of radiation. 

Concerning the optical fibers of principal concern for this treatise, it should be 

noted that ionizing radiation effects in the fiber core are of particular importance for 

proper fiber operation. The damage from particle type radiation is often highly energy 

dependent; a proton may become implanted in the cladding if the energy is low, it may 

become implanted in the core at intermediate energies, or it may traverse the fiber 



 38

entirely if energies are high enough [Ahrens et al. 2001]. Gamma radiation is, however, 

observed to penetrate and cause changes within the fiber core in all cases, primarily due 

to the photonic nature of this radiation type. 

 

2.3. Measurement of Ionizing Radiation and Its Effects on Optically 
Transparent Media 
 

The field of ionizing-radiation study encompasses a large set of fundamental 

physical entities, and all of these, along with specifics of their individual mechanisms of 

interaction, require quantification. The measurement of quantities associated with 

ionizing radiation is relevant not only for the direct comparison between different sets of 

ionizing-radiation data, but also for the prediction of material behavior under certain 

conditions of interest. When considering the effect of ionizing-radiation on optically 

transparent materials, fundamental knowledge regarding principal quantities of merit of 

such materials, viz. those measuring optical transmittance and absorption, are also of 

great importance, as their changes in response to radiation form a basis for the 

determination of radiation-induced damage. 

The current section is divided into four subsections, the first of which will 

introduce basic descriptions of optically transparent media, with emphasis on the property 

of absorption and its importance to science and engineering. Next the basic quantity of 

ionizing radiation, the ionizing radiation dose, will be discussed. The third section will 

describe a simple model that displays the fundamental behavior of ionizing radiation and 

thus will aid in visually representing radiation data in a meaningful manner. The last 
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section will describe thermoluminescent devices, the use of which represents a basic 

ionizing-radiation measurement technique. The first three subsections of this section will 

emphasize optical materials, as opposed to materials in general, since they are critical to 

the quantification of the specific data presented here. 

 

2.3.1. Optically Transparent Media 
 

The engineering of optical systems requires that optical materials have desirable 

optical properties. Common to optics are transparent media, since these have the 

capability to refract, diffract or guide/route optical radiation without imparting significant 

loss to the system. Optical fibers are prolific elements in compact optical systems. In the 

fiber’s basic operation as a waveguide, it guides or “directionalizes” light, forcing the 

light to follow a certain macroscopic path which is achieved inside the waveguide 

structure by multiple total internal reflections. The preservation of optical intensity in 

view of the very long path lengths encountered in optical fibers thus requires an 

extremely high transparency, and a metric descibing this optical feature, discussed in the 

following sections, is paramount to the ultimate goal of identifying causes of any intrinsic 

or induced absoptions. 
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2.3.1.1. Formalism for Absorption in Transparent Media 
 

The gradual abating in intensity of light traveling through a transparent medium 

such as glass is generalized in the Beer–Lambert law. The formalism in reference to a 

beam of light, traveling through a material is as follows: 

 
 

      ,         (2.1) 
 

 
where ‘z’ denotes distance or length of light propagation through the medium, ‘λ’ denotes 

the wavelength of the light, ‘I(z,λ)’ denotes light intensity at an axial position ‘z’ at 

wavelength ‘λ’ in the units of intensity, ‘I0(λ)’ denotes the initial light intensity at the 

axial position z = 0, and ‘αL(λ)’ denotes the absorption of the material with respect to 

length (i.e. the absorption coefficient in inverse length units, e.g. cm-1), a quantity 

describing the amount of light dissipated into the material. The absorption coefficient is 

of great relevance, since it contains length-normalization, thus describing an intrinsic, and 

therefore (in principle) geometry-free, material property. To mark that the decrease of 

transmitted optical power uses an exponential base, units of nepers (‘Np’) may also be 

used in addition to the inverse length units for the absorption coefficient. 

An important figure of merit for the design of many optical systems is the 

‘transmittance’, which is defined as the ratio of the intensity of the light that has left the 

material of interest to the initial intensity of light (both of which will exhibit a 

wavelength-dependence determined by the material through which the light is 

propagating) and labeled with the letter ‘T’. A further useful measurement of loss or 

( )
0( , ) ( ) L zI z I e α λλ λ − ⋅= ⋅
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transmittance in a material is given by the material absorbance, ‘A(λ)’, which describes 

the decrease of transmittance of the material without taking into account the distance 

through which the light has traveled. The units of ‘A(λ)’ are, in the field of optics, 

descriptively referred to as Optical Density (or ‘OD’), representing orders of magnitude 

in the decrease of intensity of light as it traverses the medium, although it could equally 

well be described in terms of bels (B) or decibels (dB) of signal decrease (this will be 

referred to as ‘loss’ as opposed to absorbance). Equations (2.2) and (2.3) below relate 

these various measures of optical transmittance and absorbance: 

 
          ,     (2.2) 

 
 
                   .   (2.3) 
 
 

In most cases, instruments used to measure absorption properties of materials 

(such as a UV/Vis spectrometer) will display the measurement output in terms of 

absorbance, since the instrument is usually not designed to take into account the thickness 

of the sample. To extract the information regarding absorption per unit length of the 

material under study (i.e. ‘αL(λ)’), the length of the sample must be obtained from an 

independent measurement and the desired quantity computed as shown above in (2.3). 

Finally, loss measurements in optical fibers are frequently stated in terms of dB or dB/m: 
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It should be noted that measurements determining the optical attenuation of a beam (as in 

a UV/Vis measurement) only lead to estimates of absorption coefficients, since the many 

processes such as scattering and reflection contribute to the beam attenuation, and 

estimates of the absorption are generally only representative if the contributions of these 

unwanted processes are minimal. 

 

2.3.1.2. Significance of the Absorption Coefficient in Transparent Media 
 

 The transmittance of the optical material, which, within the bounds of this 

research project, will be via either an optical fiber or a optical preform sample, is of 

importance from the standpoint of engineering, since it allows for easy determination of 

output light intensities (or powers) from initial light intensities (or powers) in optical 

systems. From a physical standpoint, absorption coefficients play a large role, since these 

can more easily be related to physical processes than the quantity of transmittance, 

although transmittance may be a quantity of great importance to a system designer. Light 

traveling through a medium can be modeled by a series of microscopic interactions when 

considering the absorption coefficient, each one of which consists of a certain percentage 

of light being absorbed and the rest of the light being transmitted. The continual 

multiplication of fractions thus described can then be represented by an exponential 

equation, yielding Equation (2.1). The absorption coefficient therefore is an important 

macroscopic linking quantity that relates direct measurement (via Equation (2.3)) to 

optical properties associated with the material’s electronic band structure which describes 

fundamental energy states of the material. 
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 Having established the absorption coefficient as a key quantity of intrinsic 

material optical properties, one can study its magnitude, which indicates the relative 

amount of absorption between different materials, as well as its dependence upon 

impinging spectral wavelength. The spectral shape of the absorption coefficient can 

reveal much about the material, including its approximate band gap energy, information 

related to electronic and ionic polarizability in the ultraviolet (UV) and infrared (IR) 

ranges of the optical spectrum, and, most importantly for studies of radiation effects on 

optical materials, information regarding the presence and identity of specific absorption 

centers and their precursors. 

 

2.3.1.3. General Form of Absorption in Fiber Materials 
 

 Spectroscopic features of the optical fiber material can be categorized by physical 

processes inherent in the glass of which the fiber was formed. In this section, information 

will be provided only on the physical mechanisms pertaining to the pristine fiber – the 

effects and spectroscopic features of fiber materials subjected to ionizing radiation will be 

discussed as a later point (Chapter 3). A schematic depicting the fundamental absorption 

of an idealized piece of glass is shown below in Figure 2.1. This idealized glass will be 

discussed in the context of silica (SiO2), not only due to the ubiquity of this fiber material 

in industry, but also because it forms the base material for the fibers discussed within the 

scope of this research. The rise of silica-based fibers is a result not only of the very low 

losses that are possible if light is transmitted at properly chosen wavelengths, but also a 
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result of extremely good mechanical properties and well-understood fabrication methods 

[Kaiser 2000]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. General schematic showing basic spectroscopic features of an idealized glass 
in the form of an absorption graph. The ‘UV’ label denotes ultraviolet and the ‘IR’ label 
denotes infrared portions of the spectrum. 
 

 The basic features found in Figure 2.1 will be discussed individually commencing 

with the mechanisms responsible for absorption of light at high photon energies (small 

wavelengths) to those responsible for absorption of light at low photon energies (long 

wavelengths). 

 The absorption edge in the UV portion of the spectrum is primarily related to the 

electronic excitations of the components of the glass networks, and in particular to the 

excitation of a valence electron of the main anion present in the glass [Newhouse 1991]. 

In the case of silica, these transitions take the form of excitations of oxygen ions within 

the glass host [Friebele 1991]. Stronger anion-cation bonds require higher photon 

energies to effect the excitation, and thus also photon absorption. This absorption is 

manifested as an exponential Urbach tail, which is believed to be related primarily to the 
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exponential tail of the density of states proximate to the band edge [Urbach 1953, 

Newhouse 1991]. Bridging oxygen species, as opposed to their non-bridging 

counterparts, are more strongly bound and therefore require UV light to provide 

sufficient energy for excitation [Friebele 1991]. This effect is seen by observing the 

position of the high photon energy absorption edge deep within the UV range in Figure 

2.1, which also defines the energy necessary for providing electron conduction. This band 

gap, which in pure silica is above 8 eV (155 nm), may be modified greatly by additional 

doping of the glass host. These network modifiers have the potential to either increase 

average bond strengths by mending non-bonding anions, or decrease the average bond 

strength by replacing strong anion-cation network bonds with weaker modifier bonds 

[Newhouse 1991]. 

 Scattering from inhomogeneities within the fiber material, which has an inverse 

dependence on the wavelength of the incoming light, also contributes to the loss of signal 

in the UV and in the visible part of the spectrum, and may be detected as absorption 

within spectroscopic instrumentation. Although different scattering mechanisms may be 

present, Rayleigh scattering is often the predominant mechanism for decreasing light-

levels in the visible part of the spectrum where the UV absorption edge has little impact 

on the overall absorbance of the fiber material. 

 Within the visible portion of the spectrum, absorption losses stem from electronic 

and vibrational transitions of dopants, uncontrolled (and perhaps even controlled) 

impurities, defects, and possibly other species, such as mobile atoms, ions, or molecules, 

and even groups (e.g. the hydroxyl group OH-, with its fundamental vibration at 2730 nm 
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and overtones at 1370 nm, 950 nm, and 725 nm) [Keck et al. 1973, Newhouse 1991]. 

Occasionally the absorption features in this region may also be related to intervalence 

charge transfers [Newhouse 1991], although these are also common in the UV region of 

the electromagnetic spectrum. The ‘color center’, a type of absorption center resulting 

from charge carriers excited by radiation and becoming trapped at certain precursor sites, 

will be discussed further in Chapter 3. (The name derives from the German ‘F-Zentrum’ 

(‘F-center’), which stands for ‘Farbzentrum’ (‘color center’). This is descriptive of the 

fact that the radiation-induced centers initially investigated in simple materials such as 

halides were the cause of visible coloration observed in these same materials, although it 

is now understood than many of these centers are formed in the UV (as depicted in Figure 

2.1) and Near-InfraRed (NIR) as well. It should also be noted that the term ‘F-center’ is 

now used for a specific center, often found in halides.) 

 In the IR, absorption is evident stemming from the band tails of color centers 

from the visible (and perhaps UV) portions of the spectrum (depicted in Figure 2.1). At 

longer wavelengths (further in the IR and not depicted in Figure 2.1), the absorption will 

once again increase, forming an edge resulting from collective vibrations of the glass 

network [Newhouse 1991, Kaiser 2000]. These multi-phonon combinations and 

overtones, whose fundamental vibrations are deeper (lower energy) in the IR, can be 

measured by FTIR or estimated by models involving vibrational frequencies, (reduced) 

masses of the associated atomic species, and information regarding bond strength and 

behavior [Szigetti 1950]. Lighter atoms and stronger bonds thus naturally lead to an IR 

absorption edge closer to the visible part of the spectrum than a material with heavier 
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atoms and weaker bonds [Lucas and Adam 1991]. It should be noted that silica, although 

it has low absorption and beneficial mechanical properties, is not able to transmit signals 

beyond the NIR, as some other types of specialty fibers, such as chalcogenide glass 

fibers, are able to do. 

 

2.3.2. Ionizing Radiation Dose 
 

 The most basic physical metric for the determination of the effects of ionizing 

radiation on a material is the amount of energy that is deposited into the material due to 

an ionizing-radiation event. This is defined as the ionizing radiation dose. For the 

deposition of energy via ionizing radiation into glass structures, particularly from the 

standpoint of optical properties such as transmittance, ionizing radiation dose, the 

accumulation of which is often referred to as Total Ionizing Dose (TID), is of particular 

importance. This importance is derived from the significant impact of ionization on the 

band structure of the material in question, and therefore also on the optical properties. 

Gamma radiation, even at relatively low energy levels, is highly ionizing, and therefore is 

of great concern for the proper operation of optical materials. 

 A common unit for measuring the total accumulated ionizing dose is the 

‘radiation absorbed dose’, or ‘rad’, which is defined as the deposition of 1 erg of ionizing 

energy per 1 gram of material. The corresponding Systéme International (SI) unit is the 

Gray (Gy), named after Louis Harold Gray, which is defined as 1 J of energy deposited in 

1 kg of material. The two quantities can easily be converted into one another: 1 Gy = 100 

rad. For either unit, the specific material is often written in parentheses behind the unit, as 
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rad (Si) or Gy (Si), signifying the target material receiving the radiation (in this case, 

silicon). For the purposes of this research, the standard unit of ‘rad (Si)’ will be used, 

primarily due to compatibility with the literature. 

It should be mentioned that the total ionizing dose does not reveal any 

information pertaining to the mechanisms of radiation transfer or operation, i.e. type of 

ionizing radiation or rate of ionizing-radiation transfer. As was discussed in Section 2.2, 

the various sources of ionizing radiation interact with materials through widely differing 

mechanisms. In light of these potentially differing physical mechanisms, caution is 

advised when converting TID figures from one radiation type to another, although in 

some limited scopes it may be justified [Rose et al. 2001]. 

 

2.3.3. Representation of Ionizing Radiation Data 
 

 The way in which ionizing-radiation data is represented is significant since it 

emphasizes certain perspectives in accordance with data processing and potentially 

allows for comparisons of data sets collected separately. Within the study of optical 

materials, optical absorption will be the primary figure of merit, and a representative 

value describing this quantity will be stated, accompanied by a value for the total 

accumulated ionizing dose at which the measurement was taken. After preliminary data 

processing has been performed, usually consisting of noise subtraction and length 

normalization, one of two principal perspectives can be emphasized. In the first of these 

perspectives, the data is represented as transmittance of the optical material, possibly over 

a wavelength range, in reference to a, usually unirradiated, control sample. Such 
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processing yields information important for absolute operational light intensities in 

engineering designs, as the output of a source can quickly be related to the optical 

throughput of the optical material in question. 

In the second perspective, the data is represented in units corresponding to dB of 

loss, absorbance, or absorption coefficient. This representation of the data is useful for 

extrapolation of absorption values to different total accumulated doses and to optical 

material traversal lengths different from the standard length used for normalization. 

Additionally, when spectral information is included, this representation may be useful for 

the purposes of identification of centers responsible for the absorption, and therefore also 

important in the subsequent material engineering effort to mitigate these detrimental 

effects. 

When an optical material, such as an optical fiber, is placed into an ionizing 

radiation environment, absorption will be induced, and to a first order this change can be 

approximated by a linear increase in absorption (if the absorption is cast into logarithmic 

units). This increase in absorption may, in certain cases, be described by a simple linear 

equation, which describes the length-normalized absorption ‘αL(λ)’ (e.g. Equation 2.2) in 

terms of the loss ‘Λ(λ)’ and ionizing-radiation dose ‘D’: 

 
αL(λ) = Λ(λ) · D.         (2.5) 

 
The loss ‘Λ(λ)’ refers to the ionizing-radiation-induced absorption per unit of ionizing 

radiation, thus it characterizes the impact of ionizing radiation on a material independent 

of the magnitude of the dose imparted by a particular irradiation experiment. 

Comparisons between the ‘Λ(λ)’ loss factors of different optical material compositions 
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and different spectral locations, as well as different dose rates, can yield useful 

information regarding the underlying physical mechanisms occurring in the optical 

material during the irradiation, as can the validity (or lack thereof) of the fundamental 

linearity assumption of Equation (2.5) in accurately modeling the material. More 

information on the representation of data for ionizing-radiation experiments will be given 

Chapter 4. 

 

2.3.4. Ionizing Radiation Measurement: Thermoluminescent Devices 
 

 There are a large number of techniques enabling the measurement of ionizing 

radiation, and the most prevalent of these, implemented on almost all occasions in the 

current research effort, is the thermoluminescent device (TLD). When energy is imparted 

to a material through the absorption of ionizing radiation, it may be effectively stored 

through the ionization and subsequent re-arrangement and trapping of electrons within 

the material. In a thermoluminescent material the trapped electrons produced through 

exposure of the material to ionizing radiation may be subsequently heated, causing them 

to decay. This electron decay results in a luminescent emission whose energy is 

associated with the energy of the original trap state. The intensity of the 

thermoluminescent emission will, therefore, be correlated to both the density of ionizing-

radiation-excited trapped electrons in the device, and to the absorbed ionizing-radiation 

dose. Certain thermoluminescent materials have properties beneficial to their 

implementation as measurement standards, and have well-studied and predictable 

patterns of thermally-induced energy release, resulting in temperature and wavelength 
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dependent ‘glow curves’, which can be analyzed to estimate the accumulated total 

ionizing dose received by the material. The analysis is typically performed by a calibrated 

reader and results are given with error margins that generally vary in the range of ± 10 – 

15%. Thermoluminescent materials generally have the ability to measure total doses in a 

range starting around 10 krad or more to at least 100 krad [Holmes-Siedle and Adams 

2002] or higher. The specific material used in the experimentation of this study was CaF2. 

For 60Co sources, the total absorbed dose is then converted from rad (CaF2) to the 

standard rad (Si) by an established factor: 

 
1 rad (Si) = 1.02 rad (CaF2).         (2.6) 

 
 
It should be emphasized that the total absorbed dose as quoted above is generally used to 

characterize the source, and is not representative of the total absorbed dose of a test 

material, although the effects of linear increases in the source output should scale with 

the absorbed dose of the material. This scaling allows dose-rate type measurements to 

accurately characterize the materials of interest, even if the radiation dose absorbed by 

the specific material is not precisely known. It should also be noted that conversions 

between absorbed doses of different materials are possible, viz. Equation (2.5), but such 

conversions generally only provide an estimation of the TID within the material of 

interest, and their accuracy depends largely on experimental validation. 
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2.4. Specific Ionizing Radiation Applications and Environments 
  

 There exist a wide array of implementation opportunities for ionizing-radiation-

hardened materials and devices. Clearly, environments ranging from nuclear reactors, in 

which mixed neutron and gamma radiation is a primary concern, to industrial processing 

and medical applications, which utilize radionuclides as well as X-ray and gamma-

radiation generating devices, require the application of radiation hardening. The focus of 

the present report is the discussion of ionizing-radiation effects on space-based systems 

and materials. Thus, after a brief introduction to terrestrial background radiation sources, 

this section will provide an introduction to the space radiation environment. 

 

2.4.1. Environmental Background Radiation 
 

Although ionizing radiation is more prolific in space than on the Earth, primarily 

due to the shielding effect of the atmosphere, terrestrial sources of radiation exist and, in 

unique cases, must be taken into account when designing systems. Natural radiation may 

originate in the ground, which may contain radionuclides such as uranium. This element 

emits radiation which may have geological impact such as turning natural quartz to 

smoky quartz. Air-borne background radiation is mainly present in the form of radon, a 

health hazard and a decay product of radium, which itself is derived from uranium in the 

soil. Natural radiation may also result from ‘internal’ radionuclides, which in biological 

organisms may often include 14C and 40K. Radiation-hardened design of systems against 

background radiation environments is not customary, but extreme miniaturization in 
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modern semiconductor technology renders these devices more susceptible to ionizing 

radiation than older technology. Aircraft electronics may need to be radiation-hardened 

since higher elevations lead to less radiation-shielding from the atmosphere (this is 

especially true for flights passing over parts of the South Atlantic, as will be discussed 

further in Section 2.4.2). Certain undersea systems may also require appropriate radiation 

hardening [Henschel et al. 1998]. 

 

2.4.2. Space Radiation Environments 
 

Since the beginning of the space age, an ever-increasing amount of technology 

has been designed and implemented for use aboard spacecraft such as artificial satellites. 

Such space-based systems must exhibit high survivability in the harsh space environment. 

This poses many engineering challenges which are partly dependent on the flight path for 

a spaceplane or on the orbit for an orbital spacecraft. In addition to the ionizing-radiation 

environment that such systems encounter, there exist a number of other potential threats 

to system survivability. For example, space-based systems encounter both a vacuum 

environment and extreme temperature cycling with temperature ranges spanning well 

over 100 K (with high thermal energies being incurred when sun-facing and low thermal 

energies present when space-facing). In addition, impacts from micrometeorites or space 

debris can damage a craft in orbit and must be mitigated with shielding, or, in some 

cases, evasive action which usually consists of slight changes to a spacecraft’s orbit. 

Furthermore, highly chemically reactive species, such as atomic oxygen (O), also present 

a problem in some space environments (such as low-Earth orbit), often altering 
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mechanical properties of materials by promoting various types of degradation including 

corrosion, swelling, and embrittlement. Low-energy, non-ionizing radiation, possibly 

leading to spacecraft charging effects and subsequent dangerous arcing, may also cause 

damage to systems if appropriate preventative measures are not taken. Other effects of 

space, such as spontaneous cold welding in the vacuum environment have also been 

considered as a possible hazard but have not proven to be problematic for space flight. 

Furthermore, components traveling into space must be lightweight and take up as little 

volume as possible in order to make it economical for their delivery into orbit. Finally, 

the pervasiveness of space technology and the associated large numbers of spacecraft 

extant in orbit also represent an obstacle for safeguarding space-based systems. It is 

notable that the year 2009 marked the first collision event between two functioning 

spacecrafts, the U.S. Iridium 33 and the Russian Kosmos-2251 communications satellites. 

Apart from the aspects of the space environment noted previously, the ubiquitous 

presence of ionizing radiation in space raises great concerns for designers of space-based 

systems. Ionizing radiation, which also forms the source of the aforementioned 

chemically reactive species, can greatly affect important material parameters including 

those impacting optical performance. Many types of radiation exist in space: the primary 

sources are the sun as well as other stars and galaxies. Solar radiation generally reaches 

the Earth as solar wind with a cyclical intensity period of approximately 10.7 years (solar 

radiation also comes from other associated events such as solar flares and coronal mass 

ejections). This radiation infuses regions of space near Earth with the full spectrum of 

electromagnetic energy. Many exotic astronomical sources of gamma rays exist, 



 55

including Anomalous X-Ray Pulsars (AXPs), radiating at X-ray wavelengths; Soft 

Gamma Repeaters (SGRs), generating electromagnetic radiation typical of soft (low-end 

in the energy spectrum) gamma and hard (high-end of the energy spectrum) X-rays and 

whose source is believed to be related to magnetars; Terrestrial Gamma Ray Flashes 

(TGFs), occurring above storm clouds in Earth’s atmosphere and radiating high-energy 

bremsstrahlung outwards into space (radiation directed towards the Earth’s surface is 

shielded by the atmosphere); and Gamma Ray Bursts (GRBs), radiating extremely high-

energy gamma radiation along with a lower energy (generally X-ray or lower energy-

equivalent) afterglow, usually originating from large cosmological explosions related to 

the death of stars. Such radiation can have an impact on the Earth’s atmosphere: one 

example occurred in August of 1998 when the Earth’s ionosphere (usually ionized only 

during the daylight with the constituents recombining during nighttime) was ionized 

during the night due to a burst of gamma radiation originating from SGR 1900+14. 

Three essential protection mechanisms shield the Earth’s surface from radiation: 

(1) The Earth possesses a stable magnetic dipole due to the flow of molten iron within its 

outer core, which results in the diversion of much of the radiation of the Sun; (2) The 

same magnetic fields may also store the Sun’s radiation in a set of toroids, the Van Allen 

Belts, surrounding the Earth, and thus prevent irradiation of the surface of the Earth; and 

(3) The Earth’s atmosphere is relatively thick, thus inhibiting much dangerous radiation 

(such as gamma radiation) from reaching the surface. 

The Van Allen Belts, discovered by a Geiger-Müller instrument aboard Explorer-

1 in 1958, can be described as multiple concentric toroids trapping electrons and protons 
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at various distances within the Belts. These clearly present a hazard for space-based 

vehicles. The radiation belts are not exactly concentric about Earth’s center, but rather are 

centered north of it; on average the edge of the Van Allen Belts over the North Pacific 

Ocean extends farther away from the surface of the Earth than the rest of the belt system. 

Conversely, on the opposite side of the Earth over the South Atlantic Ocean, the Van 

Allen Belts extend deep into the thermosphere, down to approximately 200 km over the 

surface of the planet. This region, off the coast of Brazil, is called the South Atlantic 

Anomaly (SAA) and constitutes an estimable radiation-hazard for systems operating in 

low orbits, and even to commercial airplanes, due to the large abundances of trapped 

radiation (as stated, mostly electrons and protons) within this inner part of the Van Allen 

Belt. 

Low-Earth Orbit (LEO) denotes orbits that range from approximately 160 – 2000 

km above the surface of the Earth, typically situated beneath the Van Allen Belts (with 

exception of the SAA). The majority of spacecraft are situated within LEO, usually with 

altitudes above 300 – 400 km to avoid problems with atmospheric drag. At these altitudes 

various types of gamma radiation, such as gamma-type cosmic rays and even events such 

as terrestrial gamma-ray flashes, are still able to impact vehicles. 

Larger orbits include Medium Earth Orbit (MEO), situated at altitude above the 

Earth’s surface atop the highest possible extent of LEO, 2000 km, up to Geosynchronous 

Orbit (GSO). GSO describes an orbit with an altitude of approximately 35,800 km, 

allowing for the orbit of the spacecraft to persist exactly one Earth day. High Earth Orbit 

(HEO) describes orbits beyond this point. These orbits will receive exposure from the 
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solar wind present in the entire solar system, and will receive additional doses from 

trapped electrons (in the outer belts) or mixed protons and electrons (in the inner belt) 

while traversing the Van Allen Belts. Cosmic rays present a potential hazard for all 

exoatmospheric vehicles. Descriptions of the space radiation environment are generally 

specific to the desired trajectory or orbit, and the associated severity can be estimated 

using engineering documents from space agencies describing the space environment 

[Broeder et al. 1994, ECSS 1998]. 

 

2.4.3. Radiation Test Environments 
 

When the first technological uses of ionizing radiation were recognized, so were 

the unfortunate damaging effects of such radiation on materials, necessitating the study of 

radiation-induced damage. To estimate radiation-induced damage and to enable testing of 

prototype materials developed as candidates to survive radiation environments, radiation 

test environments had to be developed. These environments are necessary since access to 

the particular ionizing-radiation source of interest is not always available, e.g. in space 

environments where, due to cost restrictions, it is not possible to perform numerous 

iterative tests before designing the final system. Furthermore, time restrictions may 

require accelerated tests to be performed, necessitating higher dose rates than found in the 

ionizing-radiation environment of interest. Naturally, this requires knowledge of the dose 

rate behavior of radiation-induced damage in materials. When the necessity of radiation 

testing was realized, artificial testing environments had to be constructed for various 

types of radiation. Various linear and circular accelerators were developed as sources for 
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a variety of particle (electron, proton, heavy ion, and even neutron) bombardment of 

materials, while fast burst reactors were developed as sources for mixed neutron and 

gamma environments. For the study of transient gamma-radiation effects, flash X-ray 

sources were developed, while various facilities utilizing radioactive isotopes were 

established for steady-state gamma-radiation studies. Gamma radiation testing is of 

particular concern in many areas of research (the current study being a prime example) 

due to the ability of gamma radiation to significantly affect and deteriorate optical 

properties of optical materials. Within this field certain radioactive isotopes have 

established themselves as standards based on beneficial properties, making them suitable 

for testing as well as for industrial use. The synthetic radioisotope cobalt-60 (60Co), 

created by neutron bombardment of lighter elements, has become the favorite of these. 

Cobalt-60 exhibits high chemical stability, insolubility in water, a general inability to 

activate irradiated materials, and has a half-life of approximately 5.27 years (which is 

short enough to produce intense radiation and decay away for safety purposes, but long 

enough to be of industrial use). Inactive cobalt can also be manufactured, shaped, and 

packaged in steel before being converted into the radioactive form needed, a useful 

quality for many applications that also improves safety. 

60Co, the decay scheme of which is depicted in Figure 2.2, is primarily a gamma 

emitter with the principal energies being 1.17 and 1.33 MeV, although other improbable 

gamma decays between the levels are possible and beta-decays occur in the initial stages 

of the decay. Extensive use of 60Co sources will be made within the scope of the current 

research. 
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Figure 2.2. Decay scheme of the 60Co radioisotope. 
 

 

2.5. Radiation-Hardening Methodologies 
 

 The important goal of survivability of systems operating in harsh radiation 

environments, such as those discussed in the previous section, requires consideration of 

one or more of what can be categorized as three distinct areas of radiation-protection 

methodologies. These methodologies, ‘radiation hardening by process’, ‘radiation 

hardening by design’, and ‘radiation shielding’, will be discussed in turn. 

 

2.5.1. Radiation Hardening by Process 
 

The first of the survivability methodologies concerns itself with investigating 

materials as to their response to radiation to reveal underlying physical mechanisms, 

which can then be used to create a new radiation-resistance material. This is 
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accomplished through modifications of the constituent species and/or compositions of 

these materials. This ‘tailoring’ of an existing material to achieve an improved radiation 

response is oftentimes termed ‘radiation-hardness by process’, where the word ‘process’ 

references a specific materials fabrication or modification technology (as derived from 

the semiconductor industry). This methodological approach thus applies strictly to the 

production phase of the material. It should also be noted that the investigative part of this 

methodology, with consideration given to the behavior of sample materials under both 

active and passive operational states, is the main focus of the current research. 

 

2.5.2. Radiation Hardening by Design 
 

The second methodology, often termed ‘radiation-hardened by design’, concerns 

itself with engineering a system with prescribed materials so that it will respond 

favorably within a specified radiation environment in contrast with stock designs. This 

approach encompasses the application of specific criteria both within the design phase of 

the system, such as the layout of a circuit that reduces sensitivity to radiation, as well as 

in the operational phase of the system, such as the design of a system with modes of 

operation intended to diminish radiation damage to the component (e.g. the Hubble Space 

Telescope is not operated while passing through the SAA). The circuit layout in the first 

example may include other structures designed to prevent damage by radiation, such as 

guard rings for semiconductor structures, while the second example may be comprised of 

making prudent choices concerning the selection and timing of operation modes of the 

system to improve system performance under irradiation. The latter aspect, namely the 
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operational modes of a system component, will be a focus of the active radiation 

experiments within the current investigation. 

 

2.5.3. Radiation Shielding 
 

The third methodology can, in simple cases, be described as protecting the already 

designed and manufactured system from radiation damage under pre-selected modes of 

operation. Shielding of radiation, which is generally beneficial for all but some radiation 

detection applications, and is almost always present to some degree in a system design, 

has the primary effect of reducing the intensity of both ionizing and non-ionizing 

radiation. It should be noted that some forms of radiation shielding may not have been 

implemented for the specific purpose of radiation reduction. An example of this is the use 

of structural materials (like spacecraft housings) that have the side benefit of providing 

shielding against some forms of ionizing radiation. Possible deleterious effects of such 

materials must also be considered if, for example, the structural materials themselves are 

capable of becoming sources of secondary radiation. An important secondary effect 

associated with radiation shielding is the modification of the radiation energy-spectrum 

incident on the material of interest. Photons or particles with higher energy are more 

likely to traverse the shielding material, since they can lose energy to material ionization 

while still retaining enough energy not to be implanted or absorbed. These high-energy 

components thus may become dominant in the transmitted spectrum, even if they only 

represented a small percentage of the initial spectrum. A further important secondary 

effect is the production of secondary radiation from primary radiation sources. An 
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example of this is proton transmutation, which leads to photonic-type secondary 

radiation. While the decreases of the radiation intensity associated with radiation 

shielding are usually desirable, the spectral modifications and secondary radiation 

components can often be detrimental to the material or system of interest. 

It should be noted that the efficacy of radiation shielding depends on a large 

number of factors regarding both the shielding material, such as atomic number, as well 

as the incident radiation. Ionic damage, including alpha-radiation, for instance, can be 

significantly or entirely reduced by means of shielding, since the large size of most ions 

makes it difficult for these species to enter and traverse a given material. 

It should be pointed out that shielding may not always take the form of a physical 

mass of a given material. For resistance to charged radiation, such as electrons or proton 

irradiation, electrical shielding, i.e. the application of an electric field over a given region, 

can lead to significant reductions of incoming radiation. This form of shielding is 

particularly effective for radiation composed of electrons, since these particles have a 

small mass and their motion is, therefore, easily perturbed. Neutron and gamma radiation, 

on the other hand, have no charge and thus this unique type of shielding is not effective. 

 

2.5.4. Application of Radiation-Hardness Methodologies 
 

It is strictly advised to apply radiation-hardening by process and by design, the 

first two methodologies, prior to applying the third methodology, radiation shielding, to 

provide the required radiation-hardness. Radiation shielding should always be given due 

consideration during the design process of a system rather than be hastily added at the 
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end, a priority for radiation-hardening in general. The reasons for these rules of priority 

are multiple. First, for environments such as space environments, where the total mass of 

the system is greatly limited by cost and delivery vehicle capabilities, the possibility for 

implementation of radiation shielding may be limited, highlighting the importance of 

high initial radiation tolerance by process and design. Second, by applying radiation-

hardening by process and design, an estimation of the maximum fundamental radiation 

tolerance level of the system can be made. This estimation may, in turn, serve as a 

benchmark for future designs and, in combination with a calculated amount of radiation 

shielding, can lead to the system achieving specific radiation-hardness requirements. 

Third, radiation shielding can possibly affect the functioning of a particular system, even 

if general radiation effects of the operating environment were taken into account during 

the design of the unshielded system. An example would be the modification of the energy 

spectrum of radiation following traversal of shielding material or the generation of 

secondary radiation, both of which can have a significant impact on the operation of a 

system. 
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Chapter 3: General Behavior of Rare-Earth Doped Fiber 
Optical Amplifiers Exposed to Ionizing Radiation 

 
 

 The present chapter discusses background information serving as a framework for 

subsequent data inspection and analyses, comprising the core of the current research 

effort. While the last chapter informed about ionizing radiation and its environments, the 

present chapter discusses the complementary aspect of this study: rare-earth doped 

optical fibers and amplifiers. More specifically, a basic outline of optical fibers as used 

for active applications as well as their operation within the ionizing radiation 

environment will be presented. Central to this chapter is the examination of important 

theorized and proven material processes, which can in further chapters be experimentally 

evaluated as to their correspondence with collected data. This research also presents 

benchmarks useful for comparative analyses. Discussions in this chapter progress from an 

evaluation of the literature on simpler, but related, materials to a specific examination of 

rare-earth-doped fibers. 

 This chapter opens with a description of optical fiber technology, including rare-

earth-doped fiber amplifiers and their importance in industry. The beneficial properties of 

optical fibers are discussed next, along with applications that are active and passive in 

nature. Following this introduction, details are presented regarding rare-earth dopants and 

other dopants such as aluminum. Expanding upon information in Chapter 2, the operation 

of fiber-based devices is then discussed with respect to operation in ionizing radiation 

environments, forming the background setting of the current research. 
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The following section also takes a more in-depth look at physical processes in 

optical silica-based materials, starting out with an examination of absorption-center 

formation in optical materials. A table of these centers (Table 3.2) is then presented to 

serve as an identification guide for the materials examined in subsequent chapters of this 

treatise. Luminescence in silica-based materials is also addressed. Next, geometry, and 

implicitly also the fabrication methods producing it, are considered within the context of 

gamma-radiation effects on optical fibers. Initially, only pure silica fibers are considered, 

perhaps containing some technological impurities (i.e. derived from the production 

process rather than those intentionally introduced). Focus is then shifted to the effects of 

both the total ionizing dose as well as dose-rate effects. In subsequent sections, 

information regarding rare-earth-doped fibers, in particular those containing Er3+, Yb3+, 

or a combination of these, is reviewed. Lastly, information regarding other types of 

radiation, including low-photon energy laser radiation, is presented, which will be of 

interest when discussing active fiber amplifiers. It is left to subsequent chapters to assess, 

where possible, the degree to which these descriptions of physical processes suffice to 

explain the gathered data sets of this study. 

 

3.1. Lightwave Technology 
 

The story of lightwave technology has its origins in the invention of glass. By the 

middle of the third millennium B.C., glass was present in Egypt, although it is not clear 

whether it originated there or was imported from Mesopotamia. Early glasses had high 

opacity (sometimes deliberately for ornamental purpose [Nicholson and Henderson 



 66

2002]) with absorption on the order of 6·106 dB/km [Ghatak and Thyagarajan 1998]. In 

comparison, Dow Corning SMF-28 fiber, a common modern optical fiber product, has a 

maximum operational wavelength absorption of 0.05 dB/km [Corning Optical Fiber 

Product Information 2002]. Eventually, it was possible to manufacture glass that was 

relatively transparent, and the Romans are known to have made use of these types of 

glass in buildings. By the late Middle Ages, Venice was producing high quality sheet 

glass. The 19th century brought experimentation with light would lead to the 20th 

century’s lightwave technology. Currently, light-based technology to construct complex 

artifacts, such as optical fiber, for a variety of purposes ranging from communication to 

high-powered lasers. 

 

3.1.1. Early Lightwave Communications 
 

 Communication is among the most important aspects of human civilization since 

it is the vehicle of knowledge, understanding, and mutual cooperation. Early human 

methods of lightwave communication simply used light from the sun to observe signals, 

such as smoke from a fire in the day or beacons (as in lighthouses) during the night. The 

late 18th century saw the emergence of the first semaphore lines, which were able to 

transmit more complex signals that the methods mentioned previously, but still were 

limited to (approximate) data rates of below 1 bit/s [Agrawal 2002]. 

By the 19th century, communication systems such as the telegraph, and later the 

telephone, used wires to send and receive electrical signals, which, in the latter case, were 

in the form of voice information. System such as these rendered the older light-based 
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communication systems obsolete, but light-based communication systems were to 

reappear near the end of the 19th century. After the invention of the telephone, the first 

optical wireless telecommunication was achieved by a device called the photophone 

(Figure 3.1), developed by Alexander Graham Bell and Charles Sumner Tainter in 1880 

[Bell 1880a, Nature 1880]. As electrical lighting was not readily available, the 

photophone used sunlight to send signals, which were modulated via a vibrating mirror 

(changing shaped between convex and concave) that responded to sound waves in the 

transmitter [Bell and Tainter 1880a], to an optically sensitive selenium cell in the receiver 

[Bell and Tainter 1880b, Bell and Tainter 1880c]. The selenium cell decreased its 

electrical resistance when light impinged upon it, and, in combination with an electrical 

circuit, would reproduce the initial message. 

 
 
 
 
 
 
 
 
 
 
 
 

(a)                (b) 
Figure 3.1. (a) Transmitter of the photophone [Guillemin 1882] and (b) receiver of the 
photophone [Thompson 1881]. 
 

The photophone suffered from a number of problems which prevented it from 

making a long-lasting impact on society. While some of the problems of the photophone, 

e.g. clouds blocking the sunlight, could have been overcome by using electrical light 
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sources instead of sunlight, the primary problem remained endemic: there was no secure 

way of transferring the transmitted light to the receiver without interference stemming 

from outdoor, weather-related phenomena such as rain, snow, fog, and dust. Even if the 

primary path was not outdoors, the photophone would only have been able to transmit 

through complex, convex areas via mirrors, which implies more error than a wire-based 

communication system. These problems greatly limited the photophone’s usefulness, 

especially in comparison with the reliable, wire-based signal transference of the 

telephone. 

After the successful generation and detection of electromagnetic radiation in the 

radio range by Heinrich Rudolf Hertz in the late 1880s, these wavelengths established 

themselves as the prime carriers of wireless transmission, in part because they overcame 

some of the interference effects experienced by the photophone and were able to transmit 

through walls. Although the photophone was not as successful as the radio or the 

telephone, it takes its place in history as an early, primitive predecessor of optical fiber 

technology. A method of securely guiding the lightwaves to their intended destination 

was the crucial missing component. 

 

3.1.2. Optical Fiber Technology 
 

 It had long been known that, while external refractions could be produced for any 

incident angle, internal refractions could not, resulting in total internal reflection when 

the incident angle surpassed a material-interface-dependent critical angle. In the mid-19th 

century, scientists including Daniel Colladon, Jacques Babinet, and John Tyndall 
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demonstrated that one could use the concept of total internal reflection to guide light 

through a stream of water. Discoveries such as these led to some initial uses of glass 

light-pipes in the late 19th century and early 20th century for illumination purposes, either 

decorative or through bent glass rods for the illumination of areas difficult for the light 

source to reach otherwise. One obvious restriction of these light-pipes was the rigidity 

and associated inability to manipulate the light-signal transference post manufacture. 

 For the transmission of data, much work was invested in studying metallic 

microwave waveguides which would increase bandwidth and therefore data transmission 

capabilities, but higher capacities could theoretically be achieved using optical systems. 

Initially, systems of lenses and light pipes were used, but optical fibers would soon 

become a viable medium, although there was an initial reticence concerning this 

technology as losses within these fibers due to scattering were assumed to be too great for 

this technology to become suitable for widespread application. 

Optical fibers existed by the 1950s and were used in the form of fiber bundles as 

endoscopes. During this decade, a protective cladding layer was added around the fiber 

core by Abraham Van Heel, initially to reduce cross-talk between individual fibers of a 

bundle, but later to protect the interface of the core. With the modern geometrical form 

attained, the optical fiber’s fidelity was significantly increased. By 1959 it was possible 

to make the fiber dimensions small enough to transmit only a single mode of light. 

The 1960s witnessed the assembly of the first laser system, an important source 

component for modern communication systems. By 1966, Charles K. Kao and George A. 

Hockham had suggested that the high losses in optical fibers (in excess of 1000 dB/m) 
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were not in fact due to intrinsic losses such as scattering as had been assumed, but were 

associated with impurities in the glass. They suggested that methods could be developed 

to reduce the attenuation to below 20 dB/m, and also that communication by means of a 

fiber optical system was a feasible option if attenuation below this level was attained 

[Kao and Hockham 1966]. 

By the early 1970s, optical fibers with losses of 4 dB/km had been developed 

[Keck et al. 1973, Maurer 1973], and previously disbelieving laboratories began 

investigating fiber optics as a possible alternative to traditional electrical communication 

means. A large step towards achieving higher-purity fibers was the development of the 

Modified Chemical Vapor Deposition (MCVD) technique, which is able to greatly reduce 

loss contributions by impurity species by introducing the glass constituents as high-purity 

gases. By the late 1970s, the first non-experimental fiber optic communication system 

was installed, and attenuation losses at around 1.3 μm (the wavelength of minimum 

dispersion) were as low as 0.47 dB/m [Hecht 1999]. Manufacturing processes in this 

decade also opened up the 1.55 μm wavelength range, which has losses as low as 0.2 

dB/m [Hecht 1999], as a possible communication window. 

By the 1980s, fiber optical telecommunication was becoming more established 

with new generations of fibers being developed for graded-index and eventually single-

mode transmission. Within this decade important discoveries relating to amplifiers were 

made, especially the simultaneous amplification of many disparate wavelength, allowing 

for more efficient communication systems. By the 1990s, the communication network 

was sufficiently advanced to provide for a relatively inexpensive internet infrastructure, 
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allowing the internet to expand at a rapid pace, a trend that continued into the next 

millennium. 

 

3.1.3. Optical Fiber Communication Links 
 

The primary components of a basic communication link are the light source, the 

modulation (i.e. the superposition of the information onto the light), the optical fiber, and 

the detector. The source, usually a laser radiating at a wavelength of low loss, such as 

1.55 μm (the wavelength of lowest loss in silica fibers), can either be injection modulated 

(i.e. the drive current is modulated) or externally modulated to superimpose the data onto 

the lightwave from an electronic source. External modulation can achieve higher 

modulation frequencies and thus is used for systems requiring higher data rates [Kaiser 

2000], while injection modulation can often lead to more compact systems (e.g. 

monolithic integration [Yariv 1997]). Detectors, which converting the optical signal into 

an electrical output, include positive-intrinsic-negative (PIN) diodes and Avalanch 

PhotoDiodes (APDs) [Agrawal 2002, Kaiser 2000]. For a long stretch of optical fiber, 

splices between individual fiber sections may be required as well as special segments of 

fiber for dispersion management [Kaiser 2000]. 

In addition to the basic components noted, a longer, more complex fiber link may 

require pulse amplification, while an even longer fiber link may require pulse reshaping. 

Pulse reshaping is performed by introducing a detector mid-link to convert the optical 

signal into an electrical input which is fed to the electronic pulse-reshaping module. The 

reshaped signal must then be re-sent using a source. This process can be very complex 
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and the energy conversions will slow the communication link down to a large degree. 

Until the discovery of optical amplifiers operating entirely within the optical domain, the 

process of conversion was necessary not only for pulse reshaping but also for pulse 

amplification. These amplifiers are also able to amplify many disparate wavelengths 

simultaneously, as noted in Section 3.1.2. The Erbium-Doped Fiber Amplifier (EDFA), 

invented in the mid 1980s [Mears et al. 1987, Paschotta et al. 1997], allows for 

simultaneous amplification of many wavelengths in the region of 1550 nm, which is 

known as the third telecom window. The EDFA is the most commonly used optical 

amplifier, and the ubiquity of this fiber-based device can be attributed its many beneficial 

properties, discussed in the next section. 

 

3.2. Optical Fiber Properties, Types, and Devices 
 

 It is of great importance to understand some of the reasons for the shift to optical 

systems in many technology sectors where electrical systems once prevailed. Optical 

fibers have had a great influence on modern telecommunications and other areas of 

application, and fundamental to determining why this shift has occurred is the 

identification of the desirable properties of these fibers. To understand the behavior of 

optical fibers, one must be familiar with fundamental fiber geometry and the specific 

optical fiber types available. These various types of fiber can then be used as essential 

components for the construction of various devices. 

The current section begins by discussing some important properties of optical 

fibers. These properties make the fibers (and devices based on them) desirable for 
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standard commercial applications, and also desirable for more specialized applications 

involving ionizing radiation environments, which will be discussed to a further extent in 

Section 3.3. After reviewing the basic properties of optical fibers, the geometry and 

specific fiber types will be discussed. Highly specified ionizing radiation effects, such as 

those concerning fiber coatings, will be touched upon as well. Passive as well as active 

devices based on optical fibers will then be examined, followed by sections focusing on 

rare-earth ions, specifically Er3+ and Yb3+, and their use as optically active dopants within 

optical fibers. Lastly, some basics concerning the co-doping of these two rare-earth 

species will be reviewed. 

 

3.2.1. Desirable Properties of Optical Fibers 
  

 Optical fibers have many properties advantageous for a wide range of 

applications. The long, thin form of the optical fiber’s geometry leads to very good 

thermal properties. It is very seldom that liquid cooling is required, since heat is easily 

transferred from the core to the outer layers of the fiber [Morasse et al. 2007]. Because 

optical fibers transfer information by means of near-visible light, very high bandwidths 

can also be reached, leading to fast transmission of data. Both fiber amplifiers and lasers 

have been developed since the 1970s [Friebele et al. 1978], operating in a multitude of 

configurations, from continuous-wave (CW) operation to pulsed system operation that 

can attain pulse widths in the femtosecond range [Tamura et al. 1993]. High efficiency of 

these fibers also leads to the possibility of high power lasers [Farrow et al. 2006]. The 

monolithic structure of optical fibers renders them extremely robust and therefore 
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desirable in applications that require high reliability, such as those operating in hazardous 

environments [Morasse et al. 2007, Lezius et al. 2012]. These environments include 

nuclear power plants, certain industrial processing areas, and outer space environments, 

etc., some of which were discussed in Section 2.4. Optical fibers are also extremely 

lightweight, flexible, and can be fit into small spaces, favorable traits rendering them 

promising candidates for space-based applications [Ott et al. 2007]. 

 

 

3.2.2. Optical Fiber Geometry 
 

 Optical fibers are long, thin, transparent, cylindrical, dielectric structures that 

guide light via total internal reflection and can extend for tens of kilometers or more. The 

phenomenon of total internal reflection occurs when a ray of light traveling in a medium 

with an index of refraction ‘n1’ is reflected off an interface to an adjoining medium with a 

lower index of refraction, ‘n2’, at a critical angle of ‘θcritical’: 

 
               (3.1) 
 
 
 
Within the cylindrical geometry of the optical fiber, this phenomenon is illustrated in 

Figure 3.2 below: 
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Figure 3.2. Total internal reflection within an optical fiber. The inner core region has a 
higher index of refraction than the outer cladding region. It should also be noted that the 
only light rays close to the axis of the fiber will be totally internally reflected (as 
depicted), while rays exhibiting large angles with respect to the fiber axis (in excess of 
the critical angle) will be refracted out of the fiber structure. 
 

The most basic optical fiber consists of only the long cylindrical region carrying 

the light signal which is referred to as the fiber core (small-scale communication systems 

based on simple extrusion-fabricated plastic optical fibers are often of this type [Kaiser 

2000]). Difficulties with this type of fiber, including imperfections and the absorption of 

contaminants on the core’s surface, have lead to the inclusion of a cladding layer around 

the fiber core in the geometry of modern, high-performance fibers [Kaiser 2000]. In 

Figure 3.2, the core is depicted as the central region through which the light is traveling 

while the cladding is the annular region encompassing the core. Aside from protecting the 

delicate interface of the fiber’s core, the cladding adds mechanical strength and reduces 

scattering from the core. The cladding layer, furthermore, allows for the precise design of 

total internal reflection. Such a design is possible by tailoring the refractive indices of the 

core and cladding region, using appropriate dopants (see Section 3.2.3.2.5). An 

assumption occasionally made is that the aforementioned dopants affect the refractive 

index without affecting the attenuation of the fiber. This assumption is too general within 

the confines of this research, especially with regard to the effect of ionizing radiation on 
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the fibers and the special types of fibers studied, so it will not be presumed. It should be 

noted that co-doping of multiple refractive-index modifying species may occur, and that 

the desired refractive index difference between the core and the cladding should be on the 

order of 0.01 for the best fiber performance [Kao and Hockham 1966]. Also, a series of 

additional layers, such as buffering layers or other protective layers (e.g. against moisture 

or fire), may be added for the purpose of protecting the fiber if the optical fiber is to be 

operated within a cable. 

The core and cladding of the fibers thus provide for the optical fiber’s 

waveguiding ability. The guided light can be described by a series of mathematically 

determined guiding ‘modes’, which are given by Maxwell’s equations in cylindrical 

coordinates and appropriate boundary conditions. Starting from two of Maxwell’s 

equations (Equations (3.2) and (3.3)), 

 
               (3.2) 
            

   ,       (3.3) 
 
 
‘E’ and ‘H’ are the electric and magnetic field intensities, respectively, ‘ε’ and ‘μ’ are the 

electric and magnetic permittivity and permeability, respectively (assumed to be 

homogeneous and not varying with time for this analysis), and ‘Jcond’ and ‘Jdispl’ are the 

conduction and displacement current densities, respectively. For the insulating optical 

fiber, the conduction current is set to zero, as indicated in (3.3). The two coupled 

equations (3.2) and (3.3) can be uncoupled at the expense of raising their order [Balanis 
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1989] by performing a curl operation on (3.2) and substituting (3.3) for the appropriate 

term, yielding: 

 
   (3.4) 

 
 
 
Using another of Maxwell’s equations, (3.5), involving the electric charge density ‘q’ that 

is set to zero due to denote the absence of free charges, the left side of (3.4) can be 

rewritten using the appropriate double-curl formula shown in (3.6), to yield (3.7) below: 

    (3.5) 
 

    (3.6) 
 

    (3.7) 
 

The rightmost terms of (3.4) and (3.7) can then be set equal to form the Helmholtz Wave 

Equation, (3.8): 

 
               (3.8) 
 
 
Equation (3.8) forms the basis for the modes of the optical fiber. If a (standard) time-

harmonic solution of the form   (‘k0’ being the propagation constant in free 

space and ‘r’ the position vector) is substituted into (3.8) and cast into cylindrical 

coordinates, two sets of functions will result, one set for the core and one for the cladding 

modes (only the z-component is shown here, but radial and azimuthal components 

behave similarly): 

 

2

2

( )
t t

μ εμ∂ ∇× ∂
∇×∇× = − = −

∂ ∂
H EE

2( )∇×∇× = ∇ ∇⋅ −∇E E E

q
ε

∇ ⋅ =E

2 21 0q
ε

∇×∇× = ∇ −∇ = −∇E E E

2
2

2t
εμ ∂

∇ =
∂

EE

0
0

je− ⋅= k rE E



 78

     Core:              (3.9) 
 

Cladding:         ,    (3.10) 
 

 
where the standard cylindrical coordinates are represented by ‘ρ’, ‘φ’, and ‘z’, the ‘A1’ 

and ‘B1’ constants are amplitudes and the and the ‘υ’ and ‘β’ parameters result from 

separation of variable operations (the ‘κ’ and ‘γ’ are further parameters dependent on 

‘β’). It is important to point out that the above equations involve the Bessel function (‘Jυ’) 

for the core and the Neumann function (‘Kυ’) for the cladding. The former represents a 

bound, oscillating signal within the boundaries of the core, while the latter exhibits decay 

(much like an exponential function) in the cladding. These functions are depicted in 

Figure 3.3, and clearly establish the mode to be confined primarily within the core of the 

fiber. 

 
 
 
 
 
 
 
 
 
 
 

 
 (a)               (b) 

Figure 3.3. (a) Bessel functions (of the first kind) valid for the core region of the optical 
fiber and, (b) Neumann functions (Bessel functions of the second kind) valid for the 
cladding region of the fiber. After [E. W. Weisstein]. 
 

 

 

1( , , ) ( ) j j z
zE z A J e eνφ β

νρ φ κρ −=

1( , , ) ( ) j j z
zE z B K e eνφ β

νρ φ γρ −=



 79

 

The mathematical formulations for the modes of the optical fiber, partly described 

in (3.9) and (3.10), can be categorized according to various metrics, such as the field 

strengths in certain directions (e.g. a mode lacking an electric field component in the ‘z’ 

direction would be referred to as an Transverse Electric (TE) mode). But the 

mathematical modes sometimes coincide, leading to the appearance of combinations of 

modes rather than just the individual calculated modes. Some examples of these 

‘physical’ modes (Linearly Polarized, or LP modes) are shown below in Figure 3.4 

[Ghatak and Thyagarajan 1998]. It is important to note that the distribution of light is not 

uniform in the various modes, and that certain, lower-order modes (such as LP11) are 

often preferable to higher-order modes (such as LP41) due to the simpler light 

distribution. In terms of ionizing-radiation-induced effects, lower-order modes with high 

intensities in the center of the core may be desirable since they might avoid 

electromagnetic interaction with radiation-induced centers, which, due to processing 

conditions, often occur preferentially at the core/cladding interface [Tomashuk and 

Zabezhailov 2011]. 

 

 

 

 

 

 



 80

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Various optical fiber mode profiles. The intense regions (dark and light) 
indicate the amplitude of the modes [Ghatak and Thyagarajan 1998]. 
 

Optical fibers may be classified into groups depending on their structure and 

information capacity. Multimode fibers have relatively large core diameters (on the order 

of 50 – 200 μm), making them relatively inexpensive to manufacture. Much light can be 

coupled into them, making them useful for high-power applications [Farrow et al. 2006, 

Koponen et al. 2007]. Although light can easily be coupled into these fibers, which is 

beneficial both from the perspective of coupling efficiency and from the perspective of 

compatibility with relatively inexpensive support components such as light sources, 

problems arise due to intermodal dispersion. The large core area supports many modes of 

light, and, using a simple optical ray analogy, modes traveling down the center of the 

core will travel faster than those traveling outside the center of the core, since the latter 

represent rays that are being reflected many times. Since the power launched into the 
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multimode fiber is divided between hundreds of modes, dispersion greatly reduces 

information transmission capacity in these fibers due to overlapping of temporally 

adjacent pulses in distant axial positions of the fiber. 

One method of mitigating intermodal dispersion, the type of dispersion which 

prevails in large-core multimode fibers, is to introduce into the core a non-constant 

refractive index which is higher in the center relative to the edges of the core. This allows 

the higher-order modes that have much of their energy located in these outermost regions 

to travel slightly faster and keep up with modes traveling close to the center of the core, a 

geometry known as graded-index fibers [Kaiser 2000]. A further option is to diminish the 

size of the core to the extent that only one single mode can propagate, a structure known 

as single-mode fiber geometry [Kaiser 2000]. The core of such fibers is usually on the 

order of only a few micrometers (usually no more than 12 μm) and the bandwidth of such 

fibers is typically very high, making them especially useful for high-information-capacity 

communications applications, but requiring coupling, sources, and detectors that are 

higher in quality than those required for multimode configurations [Kaiser 2000]. It is 

particularly noteworthy that lasers must be implemented in these applications instead of 

the usually cheaper light-emitting diodes (LEDs). 

Single-mode fibers experience a phenomenon known as waveguide dispersion, 

which is a result of the fundamental mode traveling, to an extent, within the cladding 

region. Such dispersion, as well as dispersion caused by the wavelength-dependent 

dielectric constant of the fiber material itself, can be reduced by proper engineering of the 

fiber materials and geometry [Kaiser 2000]. The different kinds of dispersion types can, 
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in certain cases, be counterbalanced, creating dispersion flattened or dispersion shifted 

fibers, which may be used to change the wavelength of minimum dispersion from 1300 

nm (typical in silica fibers) to 1550 nm, the wavelength of minimum signal attenuation in 

silica [Kaiser 2000]. 

The optical fiber geometry can also effect the ionizing radiation response of the 

particular fiber in question. Different core sizes determine the area that the radiation 

encounters and can alter the effective density of interface trap-states per unit volume, 

potentially increasing radiation sensitivity for small-core fibers. The fiber length can also 

have a significant effect on fiber operation, mostly related to background absorption and 

non-linear effects that will be discussed further in Section 3.2.3.2. In particular, the length 

of a fiber, as well as the potential bending of the fiber, may impact the measurement as 

well as the production accuracy of absorption line magnitudes in a fiber material as 

compared to crystalline material, where measurements are seen to be more consistent 

[Nilsson et al. 2003]. It should also be noted that the length of the fiber, which allows for 

macroscopic fiber geometry (e.g. straight, wound into a circular geometry, or bent into a 

figure-8 shape) can also have an important impact on the magnitudes of observed 

absorption wavelengths of dopants, both in terms of absolute as well as relative scales 

[Nilsson et al. 2003]. This effect can potentially alter the magnitude of predicted 

absorption lines, especially affecting actively operated fibers and leading to situations in 

which operating wavelengths anticipated to be superior in terms of ionizing radiation 

survival (e.g. due to larger design margins) result in inferior operation within these same 

environments. Finally, the various layers and coatings may have an effect on the 
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performance of the fiber in an ionizing radiation environment. Common coatings, such as 

acrylate, have constituents of low atomic numbers, which may become scissioned by 

radiation (radiolysis), potentially diffusing into the fiber material and altering its behavior 

during radiation exposure [Morita and Kawakami 1989]. 

All in all, it is clear that fiber geometry has a large bearing on the overall 

performance of the exposed fiber device. Equally important to the fiber geometry when 

considering ionizing radiation effects is the implementation of optical fibers in devices, 

which will be discussed in the following section. 

 

3.2.3. Devices Based on Optical Fibers 
 

 It is of fundamental importance to take into consideration the possible 

applications of the fiber whose behavior within an ionizing radiation environment is to be 

evaluated, since the mode of operation of the device may affect the particular radiation-

induced response of the final system or subsystem. As was established in Chapter 2, 

Section 2.3.1.2 the focus of this research is the absorption coefficient (and associated 

percent transmittance). This decision was made because of the crucial importance of this 

fundamental physical quantity in the evaluation of materials for the purpose of designing 

optical fiber-based devices. 

The current section is intended to give a general overview of the operation of 

optical fibers (the uses of optical fibers in specific radiation environments will be 

discussed in Section 3.3). For the present discussion, the optical applications have been 

divided into two groups: passive devices, which are used with low power signals, and 
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active devices, frequently operate at high power-levels, and thus may experience different 

ionizing-radiation-induced behaviors. 

 

3.2.3.1. Passive Devices Based on Optical Fibers 
 

 Many fiber-based devices operate on relatively low power-levels, the most 

common example being most optical fiber communication systems. In this situation, 

signal fidelity is generally the parameter of most importance. High powers may be 

encountered only directly at the fiber input (the position where the source diode laser 

couples into the optical fiber) or directly after optical amplification. Optical devices used 

for low-power, passive operation can reach very long lengths (fiber lengths over 100 km 

are not unusual), and generally do not experience non-linear effects. 

Although optical fibers used within communication systems abound, other 

noteworthy passive applications exist. They are used in optical fiber gyroscopes, in which 

a light beam is sent through both ends of a coiled fiber, and interference effects (the 

Sagnac effect) are used to determine rotations of the entire device. It should be noted, 

however, that such interferometers may use active fibers as part of their source [Brichard 

et al. 2003]. Passive optical fibers can also be used as an endoscope or a boroscope, as 

they have the ability to illuminate and view objects around corners and in other physical 

locations difficult to access by ordinary means. There are many other sensing 

applications in which optical fibers are subjected to relatively low powers, as in fiber 

lines embedded in a load-bearing structure for the purpose of detecting stresses or 

temperature changes. In this situation, a reference signal is sent through the fiber and, by 
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implementing prudent calibration and accurate knowledge of the physical properties of 

the fiber, changes in the transmittance of the fiber inferred from the reference signal can 

be interpreted as changes in the particular measurand of interest. It should be pointed out 

that, while radiation tests should preferably be performed with the entire system 

operating as it would when deployed, testing without the source is in general less crucial 

for the above-mentioned passive systems than for the high-power active systems, which 

are discussed in the following section. 

 

3.2.3.2. Active Devices Based on Optical Fibers 
 

 Optical fibers are used not only for the transfer of signals from one physical 

location to another, such as in a communication system or an endoscope, but they are also 

used for the generation and amplification of light. High-power systems with peak powers 

of more than 1 kW can be designed with optical fibers [Farrow et al. 2006], largely due to 

the fiber’s high surface-to-volume ratio which greatly diminishes detrimental effects 

associated with heating, and the long lengths of fiber which act as immense distances of 

gain material. These types of active optical fiber applications require special 

consideration when evaluating their performance under the influence of ionizing 

radiation, since the possibilities of interaction between ionizing radiation and large 

amounts of light-energy (produced or used for amplification) are more numerous than for 

interactions between ionizing radiation and low-energy conditions. 

When an optical fiber is to be used for an active application, a double-clad 

structure is often used. The extra outer cladding layer is designed with a lower index of 



 86

refraction than the inner cladding so that the fiber structure allows for the transmitting of 

two separate signals. While the primary signal (to be amplified or generated) propagates 

in the core and is totally internally reflected at the boundary of the inner cladding, a 

superimposed pump-beam is guided within the inner cladding and the core, totally 

internally reflected at the interface between the outer cladding and the buffering layer of 

the fiber. Due to the power distributions of the particular pump and signal beam modes, 

the center of the pump beam cross-section is non-concentric (to a slight degree) with 

respect to the core, for improved absorption. Although all fibers have some inherent 

eccentricity, fiber cores are often designed with exotic shapes to promote pump light 

absorption and subsequent transfer of pump energy to the signal traveling within the core. 

 Active fiber applications often take the form of either a fiber laser or a fiber 

amplifier. Both these configurations consist of a specialty fiber designed to carry the 

signal and a pumping scheme specific to the application in question. In the case of the 

fiber laser, the signal shall designate the output wavelength of the laser, and in the case of 

the amplifier, the signal designates the input wavelength to be amplified. It should be 

noted that the term ‘signal’ in this context does not imply that information (e.g. a bit 

stream) has been superimposed on the ‘signal wavelength’, but rather serves to 

distinguish this wavelength from the pump wavelength. Fiber lasers and amplifiers have 

many similarities, but the different requirements (the laser is used as a direct light source 

whereas the amplifier amplifies an already existing signal) do result in differences in their 

construction and operation, which shall be briefly noted here as they have an impact on 

the material behavior in an ionizing radiation environment. Both systems operate on the 
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principle of signal gain from stimulated emission, resulting from a population of excited 

species and associated stimulated emission of light at the signal wavelength exceeding 

intrinsic material absorption and various extrinsic absorptions of this same signal 

wavelength (termed population inversion). The population of the excited species is 

obtained by means of introducing high-intensity pump light at a short wavelength relative 

to the signal wavelength. In the laser, the gain medium where the stimulated emission 

occurs, the fiber core in this case, is embedded within a resonator cavity, which, in fiber 

systems, is usually achieved by means of Fiber Bragg Gratings (FBGs). The multiple 

passes of the gain medium by the light are necessary for sufficient amplification, 

although this is less crucial in fiber lasers as compared to other solid state lasers due to 

the long fiber lengths (and therefore gain-material lengths) that optical fibers utilize. 

Optical fiber lasers, especially when operated in continuous-wave (CW) modes, tend to 

have relatively low levels of inversion due to the consistent de-population of excited-state 

species by light of the signal wavelength [Koponen et al. 2007]. By contrast, fiber 

amplifiers are typically a one-pass system (the gain medium is only traversed once by the 

signal), but high gains can be achieved by choosing longer fiber lengths. Amplifiers 

based on fibers have higher inversion levels in comparison with fiber-based lasers, 

especially for pulsed operation [Koponen et al. 2007]. 

For both optical lasers and amplifiers, several pumping schemes exist, including 

core pumping and, for double-clad fibers, cladding pumping. Core pumping refers to 

coupling the pump radiation together with the signal radiation into the core of the active 

gain-medium fiber, thus having both beams interact through the process of stimulated 
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emission. This type of pumping leads to high inversion levels, but these may be non-

uniform, especially if the gain fiber is of appreciable length. One significant benefit of 

core pumping is that the high pump absorption can lead to laser and amplifier designs 

requiring shorter optical fiber lengths, which in turn helps minimize non-linear effects 

such as Brillouin scattering [Nilsson et al. 2003]. Fiber lasers with short pulses may also 

require short fiber loops for dispersion management as well as for basic operation [Kaiser 

2000]. Cladding pumping, on the other hand, produces lower overall inversion levels, but 

with high uniformity, as the pump light is introduced into the inner cladding of a double-

clad fiber, from where it is absorbed slowly by the core over long fiber lengths due to 

evanescent coupling of the pump beam into the core region of the fiber [Morasse et al. 

2007, Koponen et al. 2007]. Whatever the specifics of the active fiber system operating in 

the ionizing radiation environment of interest, the operational mode of the system, and 

hence the inversion level, and thus, more generally, the application, must be taken into 

account when considering behavior in the fiber system [Morasse et al. 2007]. 

For a given pumping scheme there are many design factors which affect the 

resultant output power. Such factors include wavelength matching of the pump and signal 

wavelengths, the method of launching the pump, the number of pump modes launched, as 

well as their overlap with the core of the fiber, and the amount of pump absorption of the 

active dopant. It should be highlighted that the amount of pump absorption for a given 

dopant is not only a property of the material, but is also related to the pumping scheme, 

i.e. a fiber bent in a figure-8 shape may absorb more pump signal than a straight fiber due 

to mode scrambling (particularly important with short fiber lengths), and pump 
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wavelengths must be narrow, stable, and well-regulated for maximum absorption 

[Nilsson et al. 2003]. Exact amplifier and laser parameters are often more difficult to 

determine for fiber materials than for other types of materials, with predicted pumping 

efficiencies, output powers, and slope efficiencies poorly matching anticipated trends due 

to the fiber’s sensitivity to macroscopic bending [Nilsson et al. 2003]. Even in benign 

environments the pumping schemes plays an important role in defining output powers 

and slope efficiencies, often defying first-order simulations by having predicted lower-

absorbing wavelengths outperform predicted higher-absorbing wavelengths. Placing an 

optical laser or amplifier device into an ionizing radiation environment adds many 

additional variables, such as the difference of effects of the radiation on two active 

wavelengths of interest. For the design of a fiber laser or amplifier, it is important to 

consider the tradeoff between fiber length and gain. For example, as increased fiber 

length leads to more intrinsic absorption and more potential ionizing-radiation-induced 

deleterious absorption. 

Besides the manufacture of optical fibers with a plethora of different core and 

cladding diameters, a large variety of dopants are used in the various layers of the fiber 

structure to tailor the fiber for use in certain systems. For high-power applications, one of 

the primary considerations is the core doping, which determines the nature of the lasing 

or amplification of the material. Of particular interest are the rare-earth doped fiber lasers 

and amplifiers, and a short overview of these elements with their associated applications 

will be given in the next section. 
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3.2.3.2.1. Rare-Earth Dopants 
 

 The lanthanides (or lanthanoids) form a group of inner transition metals that are 

highly relevant to the optical community due to the abundance of allowed electronic 

transitions available in rare-earth ions that provide opportunities for optical absorption 

and emission across a range of wavelengths. 

In 1787, Carl Axel Arrhenius discovered a heavy black rock in a quarry near the 

town of Ytterby, Sweden, from which several lanthanide rare-earths would be discovered. 

By the mid to late 19th century, many had been discovered, including erbium (atomic 

number 68) in 1860 by Carl Gustav Mosander and ytterbium (atomic number 70) in 1878 

by Jean Charles Galissard de Marignac. Extraction of these elements remained difficult 

until the mid 20th century, however, so applications of these elements were uncommon 

until the modern era. The lanthanide rare-earth elements have the general electronic 

configuration given below: 

 
 1s22s22p63s23p63d104s24p64d105s25p66s24fn = [Xe]6s24fn (Rare Earth Atom) 
 
 
while the common ‘3+’ ion formed by these elements has the configuration 
 
  

1s22s22p63s23p63d104s24p64d105s25p64fn = [Xe]4fn-1 (Rare Earth ‘3+’ Ion) 
 
 
where ‘n’ is the number of valence electrons dependent on the particular element. It can 

clearly be seen that the electrons in the 6s orbital are lost when the rare-earth atom is 

ionized, and the optical transitions thus occur in the 4f orbital. The diagram of energy 

levels shown in Figure 3.5 attests to the large number of transitions that may occur for 
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these elements, many of them optical in nature due to the partially filled 4f shell 

[Simmons and Potter 2000]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Energy levels of the triply charged rare-earth ions in the optically inactive, 
ionic insulator and host material LaCl3. The rare-earth ions substitute for the La3+ ion in 
this material, and are optically active. Semicircles under some of the energy levels 
designate luminescence occurring from this energy [Dieke 1968]. 
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The optical transitions experienced by rare-earth species have many noteworthy 

features. The following stand out: (1) The 5s and 5p shells of the rare-earth ions lie 

outside of the 4f shell, conferring a degree of shielding from the external (crystal) electric 

field to associated electrons in the inner 4f shell and leading to optical transitions which 

vary minimally in different host materials in comparison with other optically active 

species such as the transition metals; (2) the optical transitions of triply charged rare-

earth ions are sharp, which means that sharp emissions may be obtained when using these 

species as a laser or an amplifier, but pumping must occur with narrow-band sources, as 

broadband sources are very inefficient for the purpose of excitation; (3) the optical 

transitions within the 4f orbitals are Laporte-forbidden (due to equal parity of the 

wavefunctions representing the particular starting and ending states of the transition), so 

they are slow and therefore useful for stimulated emission (the spectroscopically-derived 

imposition of these transitions may be lifted by the breaking of inversion-symmetry of 

the optical center by various means, such as lattice vibrations) [Imbush 1978]. 

 The spectral properties of the rare-earth elements, in conjunction with the current 

availability of these species, has made them indispensable for numerous applications in 

optics, particularly in the field of fiber laser and amplifier designs, where rare-earth 

doped fibers play a preeminent role in acting as the gain medium. Compared to electrical 

signal transmission, optical fiber systems are able to transmit signals securely over great 

distances due to their very low comparable loss, but such benefits can be largely negated 

in the case where signals require both electronic amplification as well as electronic pulse 

reshaping (see also Section 3.1.3). Since amplification of the fiber signal is much more 
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prevalent than signal reshaping (the optical signal may need to be amplified several times 

during a particular stretch), the opportunity to perform this function entirely in the optical 

domain, potentially leading to a more efficient, compact system, provided a strong 

incentive for the development of in-fiber amplifiers. This goal was realized by the 

invention of rare-earth doped amplifiers, which allowed amplification of signals at 

important telecom wavelengths by having optically active rare-earth ions present in the 

glass fiber structure. 

 

3.2.3.2.2. The Er3+ Ion 
 

By the mid 1980s, the erbium-doped fiber amplifier (EDFA) had been invented 

[Mears et al. 1987, Paschotta et al. 1997] and could provide amplification in the third 

telecom window (wavelength ranges around 1550 nm), where silica fibers exhibit the 

lowest possible loss (and, for dispersion-shifted fibers, also the lowest possible 

dispersion). These, as well as other desirable properties, including a large gain bandwidth 

ranging from at least 1530 – 1560 nm, have made the EDFA the most common of all 

amplifier types in the telecommunication industry. 

A simplified energy band diagram Er3+ ion is shown in Figure 3.6. When optical 

materials doped with the Er3+ ion are irradiated with intense (non-ionizing) pump-light in 

the vicinity of the 980 nm absorption wavelength, a resulting shift of ion population from 

the 4I15/2 ground state to the excited 4I11/2 state occurs. From this excited state, the ion 

transitions to a lower-energy excited state (4I13/2) via a stimulated transition instigated by 

the presence of a “signal” photon. The intense pumping is required since the stimulated 
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emission proceeds as a (quasi) 3-level-system, i.e. a large thermally-generated ground-

state population necessitating a large population of excited ions. Alternatively, in-band 

pumping (i.e. pumping into the 4I13/2 lasing/amplifying transition band) at the longer 1450 

nm wavelength can be employed, but this does not, however, overcome the (quasi) 3-

level-lasing behavior. Lastly, it should be noted that the 4I11/2 state has a long upper state 

lifetime on the order of 8 – 10 ms, enabling the stimulated emission to occur at this level 

as opposed to other levels with shorter lifetimes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. Simplified energy band diagram for the Er3+ ion with two major transitions 
specified. 
 

 One problem with the Er ion is that such systems experience much excited-state 

absorption, in which the pump photons do not excite the ground state ions, as noted 

above, but rather promote previously excited ions to even higher states, thus diminishing 

the lasing efficiency of the system. The large number of possible transitions (as shown 

for the Er3+-doped material in Figure 3.6) is primarily responsible for this behavior. Other 
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problems include relatively low pump absorption and concentration quenching, which 

will be discussed further in the next two sections. 

 

3.2.3.2.3. The Yb3+ Ion 
 

The trivalent Yb ion is used in many applications for high-power amplification, 

due especially to its favorable emission wavelength in the range of 1060 nm, where it can 

be used to amplify the output of the ubiquitous Nd3+-related gain materials [Pask et al. 

1995]. Pump wavelengths are generally from 900 – 1200 nm, although others are 

possible [Pask et al. 1995, Paschotta et al. 1997a]. A simplified energy band diagram with 

the principal pump and signal wavelength is given in Figure 3.7. The upper state lifetime 

is on the order of 1 – 2 ms [Paschotta et al. 1997a]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. Simplified energy band diagram for the Yb3+ ion with two major transitions 
specified. 
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 The simplicity of the energy band diagram (especially apparent in Figure 3.6, in 

contrast to ions such as Er3+ and Nd3+) leads to very low levels of excited-state absorption 

[Pask et at. 1995, Paschotta et al. 1997a], beneficial to overall efficiency. Yb3+ also has 

very high quantum efficiency and excellent pump absorption properties [Pask et al. 

1995], which is why it is often co-doped with Er3+ species within silica fibers, which will 

be described in the following section. 

 

3.2.3.2.4. Er3+/Yb3+ Co-Doping 
 

In fibers with a dual rare-earth composition, one of the species, Yb3+ in the case 

of Er3+/Yb3+ co-doping, acts as the sensitizer, absorbing pump radiation and transferring 

it to the activator ion, which in the aforementioned is case is the Er3+ ion. The activator 

ion is the species responsible for the emission of light at the energy of interest in such a 

co-doped fiber. Important to note is that the exchange of energy between the sensitizer 

and activator ions is non-radiative in nature, i.e. no radiative emission and absorption 

takes place in this process. In the case of non-similar ions, this non-radiative energy 

transfer will be phonon-assisted due to differences in the energy band structures [Blasse 

and Grabmaier 1994]. Besides an increase in pump-absorption per unit length of such co-

doped fibers, the pump wavelength can also changed from the ones typically associated 

with trivalent Er (980 nm and 1480 nm) to the trivalent Yb pump wavelength (often 915 

nm), which may be more advantageous in many situations. It should also be noted that, 

although usually considered to be less affected than Er3+, Yb3+ also exhibits concentration 

quenching [Paschotta et al. 1997b] (described in the next section), the effect of which can 
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be, just as in Er3+-doped fibers, reduced by co-doping with constituent materials, some of 

which are outlined in the next section. 

 

3.2.3.2.5. Co-Doping 
 

 Co-doping is a common practice in the design of fibers, and it is well-known that 

co-doping significantly affects the ionizing-radiation response of the fiber in question. 

The last section gave an example of the co-doping of two rare-earth species in the same 

fiber, frequently seen in order to improve absorption efficiency within the fiber. A more 

common example of co-doping involves the use of germanium (Ge), which is doped into 

the core of many optical fibers to raise the index of refraction of this region with respect 

to the cladding to attain proper waveguiding properties. This can furthermore have some 

positive effects on the power stability of active systems [Kirchhof et al. 2005]. 

Phosphorous (P) is also used to raise indices of refraction, as well as to improve 

amplification properties of active fibers [Lu et al. 1999]. The co-dopant boron (B), on the 

other hand, is usually doped into the cladding to lower refractive indices [Kirchhof et al. 

2005]. It should be noted that these dopants may be found within different regions of the 

fiber and in some cases may be present as unintentional impurities in a particular fiber 

region. 

 An optically active dopant ion, such as a rare-earth ion species, may transfer 

absorbed energy to others of its kind, and will generally do so in favor of transferring the 

energy to the host lattice or emit its energy radiatively. Host lattice excitations are 

predominant if other ions are proximate, whereas radiative de-excitation becomes more 
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likely to occur if excited state lifetimes are long. In conditions where doping 

concentrations of optically-active species are high, materials may exhibit a reduction in 

luminescence due to concentration quenching, which refers to non-radiative energy 

transfer among many (perhaps millions [Imbush 1978]) optically active centers, greatly 

increasing the probability that the energy in question will eventually be transferred to a 

defect within the host. These defects will usually not transfer the energy back to the 

optically-active ion of interest, but will decay by multi-phonon decay as unwanted (e.g. 

IR) radiation, thus rendering the energy lost for the intended radiative purpose. 

Concentration quenching of the ions in question, an effect exceedingly detrimental to 

laser and amplifier operation, is associated with clustering of these same constituents, and 

may be mitigated by co-dopants. 

 A glass can be fundamentally described as consisting of a network former and 

various network modifiers or intermediates [Zachariasen 1932]. Optical fibers typically 

(and specifically within the confines of the research presented here) use silica (SiO2) as 

their network former, leading to a configuration of polyhedra of silicon and oxygen 

which are the basis for the network and which exhibit the necessary symmetry locally, as 

well as the lack thereof on larger scales. These retentions and disruptions of symmetry, in 

particular the energy band gap and the maximum phonon energies supported, yield the 

basic band structure associated with glasses. Network modifiers, such as the alkaline 

earth elements, may be present as impurities and can disrupt the glass network, creating 

singly bonded or non-bridging oxygen centers [Uhlmann 1994]. Finally, intermediates 

are oxides that may act as either a network former or as a network modifier, depending 
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on the particular conditions and constituents present during the phase of glass formation. 

Alumina, Al2O3, is considered one of these intermediates [Rawson 1967, Uhlmann 1994], 

but while it may aid in the formation of the glass network, it may also serve to break it 

down [Uhlmann 1994]. It is common to use aluminum as a co-dopant within silica fibers 

for active applications, and in these systems the trivalent rare-earth ion replaces the 

trivalent aluminum ion, effectively increasing solubility of the rare-earth dopant 

[Trukhins et al. 2004]. More importantly, however, the optically-inactive aluminum helps 

to prevent clustering of the optically-active erbium, and/or ytterbium ions, especially at 

high dopant concentrations [Arai et al. 2009], mitigating concentration quenching. The 

presence of aluminum within the optical fiber glass structure is of great importance to the 

behavior of the fiber under conditions of ionizing radiation and thus will be discussed in 

more detail in later sections. In addition to the controlled dopant species described above, 

uncontrolled impurities may also be present in the fiber materials, which may lead to 

changes in the fiber’s response to ionizing radiation. 

 

3.3. Optical Fibers in Ionizing Radiation Environments 
 

 There is interest in using optical fibers in hazardous environments, including 

those containing ionizing radiation. Fibers can easily transmit signals securely through 

long distances, and reliably, but this is impacted by the ability to engineer systems 

capable of withstanding such environments. Especially for applications in space-based 

systems, the low weight, small volume, flexibility, and overall compactness of optical 

fiber plays an important role in their overall desirability [LaBel et al. 1998, Ott et al. 
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1997]. The monolithic structure of optical fibers makes them very rugged and reliable, 

since optical alignment is either achieved once and repeated alignment is unnecessary, or, 

with fiber-coupled components, the connectors themselves handle the optical alignment 

and no advanced technical expertise is required to form an optical connection. 

The current section will illustrate the general application of optical fibers in 

ionizing radiation environments without providing significant details regarding the effect 

of radiation on the material structure of the fibers, which will be reported in Section 3.5. 

Within this section, some application areas in which there is an interest in optical fibers 

are first outlined, followed by some general notes and important caveats regarding the 

consideration of fiber-based systems for use in ionizing radiation environments, and 

concluding with the use of optical fibers for the detection of ionizing radiation. 

 

3.3.1. Application of Optical Fibers in Ionizing Radiation Environments 
 

Optical fibers have many current and potential applications in ionizing-radiation 

environments, some of which will be illustrated briefly. Within reactor environments, 

optical fibers can be used for data transmission purposes. Similar uses are important for 

the space environment; within this environment optical fibers are usually used as bundles 

for data transmission, although active amplifiers are also of great interest [LaBel et al. 

1998, Ott et al. 1997]. For certain underwater systems, ionizing-radiation-hardened fiber 

components including both active as well as passive are desired [Henschel and Baumann 

1996]. 
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3.3.2. Severity, Conditions, and Operation of Optical Fibers in Ionizing Radiation 
Environments 
 

 The consideration of optical systems operating under conditions of ionizing 

radiation raises the question of the sensitivity of optical components. In systems 

containing rare-earth doped optical fibers used for active applications, such as the Er3+- 

and Yb3+-doped fibers, the subject of the present study, these same fibers are found to be 

the most sensitive part of the system [Bussjager et al. 2001], owing (1) to the unusual 

geometry of optical fibers, in which light must pass through a great length of material to 

traverse this optical component (thus enhancing the impact of radiation-induced 

deleterious absorption due to long path lengths through the materials), and (2) to the 

particular constituent dopants and their concentrations within the material. The former 

concern can possibly be mitigated by the informed selection of optical fiber amplifier 

materials that exhibit high gain and high efficiency, thus minimizing the amount of 

material exposed to the radiation (an example of this is Er3+/Yb3+ co-doped fiber, in 

which the absorbing Yb3+ species is more efficient than regular Er3+ absorption, allowing 

for very short fiber lengths (down to at least 1.4 m) for a cladding-pumped laser [Nilsson 

et al. 2003]). The degree to which this can reduce the severity of ionizing-radiation-

induced damage in the fiber material, then, will depend on the whether the higher-

efficiency composition is more or less affected by the ionizing-radiation environment 

than other compositions, in reference to item (2) above. 

Many different irradiation conditions are possible, and these depend on the 

specific type of ionizing radiation environment, some of which are outlined in Section 
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2.4. Important factors necessary for the determination of radiation responses is the type of 

ionizing radiation, such as gamma, proton, neutron, etc., as well as combinations of these, 

temperature of the environments, but also whether or not the radiation is of the transient 

or steady-state type. Cycling of ionizing radiation within environments may provide 

certain opportunities for reducing the system susceptibility to radiation, as is the case for 

the Hubble Space Telescope, which does not collect data while passing through the SAA 

(see Section 2.4.2). This research will primarily focus on steady-state, moderate total-

dose environments (most data is below approximately 200 krad (Si)). 

An example of how to reduce the severity of an active optical element in an 

ionizing radiation environment is to minimize the amount of material exposed to the 

radiation. In the case of a fiber laser or amplifier, the goal is to design the system to 

produce the desired output powers using smaller fiber lengths. One way of accomplishing 

this is to implement an Er3+/Yb3+ co-doped fiber, in which the absorbing Yb3+ species is 

more efficient than regular Er3+ absorption, allowing for very short fiber lengths (down to 

at least 1.4 m) for a cladding-pumped laser [Nilsson et al. 2003]. 

A further important perspective regarding actively-pumped amplifiers operating 

within an ionizing radiation environment is that the output power can, to the first order, 

be viewed as the outcome of two competing processes: the increase of absorption due to 

increased length of the fiber material and the increased generation of gain due to the 

increased length of fiber material. Thus, a particular fiber may, under a given set of 

pumping and (other) operating conditions, yield an optimal length [Nilsson et al. 2003], 

with shorter lengths producing inferior gains due to less pump absorption (particularly for 
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cladding-pumped systems) and longer lengths incurring impractically high absorption. 

When an amplifier is placed in an ionizing radiation environment, the absorption will 

steadily increase, potentially shifting the optimal length of the fiber to smaller values with 

time, thereby requiring careful consideration in the design phase. Of course, other effects, 

such as concentration quenching, and other considerations, including slope efficiency, 

also play an important role in determining the optimal fiber length [Nilsson et al. 2003] 

and pumping configuration, especially in the complicating presence of ionizing radiation. 

Lastly, it should be noted that secondary processes may also be present, such that pump 

or signal laser light for an amplifier may experience radiation-induced current and 

subsequent wavelength drift, thereby lowering system efficiency. 

When an active system based on fiber-optics, such as a rare-earth doped fiber 

amplifier, is installed or located within an ionizing-radiation environment, several modes 

of operation are possible, each with potentially different radiation responses and therefore 

in need of separate evaluation. A rare-earth doped optical amplifier not in active 

operation, meaning no pumping is taking place, experiences what will be referred to as 

passive losses in the fiber material due to the ionizing radiation. An actively-pumped 

amplifier can be expected to experience different behavior, since a mixture of ionizing 

radiation along with intense pump radiation is present within and is affecting the material. 

It should also be noted that a heater installed in proximity to a fiber-based amplifier (a 

distinct possibility in several areas of application, such as those in the space environment) 

can have a profound effect on the ionizing-radiation-induced behavior. The ability to 
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elevate temperatures during both active and passive operation of the amplifier adds two 

additional modes of operation to the previous two. 

 When an ionizing radiation exposure for a particular material is conducted, the 

material may either be a custom composition or a common-off-the-shelf (COTS) 

commercial product that is readily available, and cost-effective for integration into a 

system or sub-system. It is important to realize that information gleaned from materials 

that are experimental in nature may not provide an accurate basis for the evaluation of 

radiation effects, e.g. if a fiber is doped with an artificially high (perhaps even too high 

for application purposes) concentration of a constituent, such as the optically active rare-

earth dopant ion Er3+, the attainment of such high concentrations while retaining 

beneficial spectral properties may require increased aluminum doping to prevent 

clustering. If the focus of the investigative effort is the effect of the trivalent erbium ions 

on the ionizing-radiation response of the fiber material, the increased aluminum content 

will serve as an unwanted secondary influence, the effect of which may reduce the 

generality of the statements made with respect to the erbium ions’ effect on ionizing 

radiation behavior. Of course, one could attempt to extract the dependence of the erbium 

ions by using an experimental control in the form of a fiber doped with an increased 

amount of aluminum comparable to the highly doped Er3+ fiber, but even in this case, the 

local environment of the aluminum species will appear different than in the experimental 

sample, thus rendering the entire experiment (sample and control fiber) descriptive of not 

one, but two events: the effect of Er3+ and the effect of the local configuration of 

aluminum and erbium species on the ionizing radiation behavior of the material sample in 
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question. Due to the secondary aluminum dependence, the generality of any statement 

regarding the concentration of erbium species is diminished. This example is illustrative 

of some of the general problems encountered when conducting and evaluating ionizing-

radiation exposures on materials of interest, as well as illustrative of some of the overall 

complexities encountered when studying the material response to ionizing radiation. 

 A further endemic problem concerning the evaluation of materials for radiation 

hardness is found in uncontrolled impurities, which can lead to significant changes in 

ionizing radiation behavior. When considering COTS fibers (or, oftentimes, custom 

engineered fibers provided from a company for testing), an additional problem presents 

itself when the specific compositions may not be known or may be proprietary. However, 

these studies are beneficial in that they more closely resemble the operation of a deployed 

system along with the associated material ionizing-radiation response. It is this second 

type of fiber, commercial rather than experimental, that will be investigated within the 

scope of this research. 

 

3.4. Ionizing Radiation Effects in Silica Glasses 
 

 The purpose of this section is to provide general background information from the 

literature concerning the effect of ionizing-radiation on silica glasses (the basis of most 

optical fibers) and in particular the ones investigated within the scope of this research. 

Different types of ionizing radiation were discussed in Chapter 2, but the response of 

optical materials will be discussed within the present section and the following section 

(Section 3.5), the latter reviewing data specific to optical fibers. Understanding the basic 
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defects that occur in silica glasses is essential for investigating their occurrences within 

the more complex optical fiber materials. Related fabrication-, purity-, dopant-, and 

length-dependent effects and concerns will be described in more detail in the Section 3.5. 

The ionizing radiation responses discussed within the confines of this section will be 

endemic to all silica-based optical material, and will thus form the foundation on which 

an understanding of ionizing-radiation-induces effects on the more complex fibers can be 

built. 

 The present section begins with basic information regarding the effect of ionizing 

radiation on optical materials, with an emphasis on changes in the band structure of the 

material, modification of which significantly impacts the optical behavior of a material. 

Absorption centers are key to understanding induced changes to band structure and they 

will be discussed initially in terms of precursors found within the glass material. Next, 

general techniques for identifying absorption centers will be discussed, including an 

emphasis on the importance of optical spectroscopy. After this discussion, a table of 

absorption centers commonly found in glasses important for this study will be presented. 

This will provide a foundation for the interpretation of data from later chapters. Finally, 

some basic information on common photoluminescence bands found in silica material 

(with possible dopants) will be presented. 
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3.4.1. Mechanisms of Ionizing-Radiation-Induced Changes in Optical Silica-Based 
Materials 
 

Ionizing radiation, in all of its forms, produces complex changes to material. As 

noted in Chapter 2 (Section 2.2), many particle forms of radiation, such as protons and 

heavy ions, are known to produce atomic displacements and implant themselves within 

the material structure. On the other hand, all types of energetic radiation, including 

photonic types of radiation such as X- and gamma-radiation are able to ionize materials. 

Photonic radiation is highly ionizing not only due to high energies, but also because of 

the lack of competing mechanisms, such as atomic displacement, which are rarely found 

as a result of this radiation due to the photon’s low momentum. 

The damage mechanisms discussed here will be those concerned with ionization-

related phenomena, since ionization has a significant and direct effect on band structure, 

which in turn greatly impacts optical properties of materials. When a material is 

irradiated with gamma-radiation, a large number of primary effects and subsequent 

further interactions can take place, all of which will affect basic material properties and 

some of which will affect optical properties [McFadden et al. 1996]. Primary effects of 

gamma irradiation include the creation and evolution of charge carrier pairs and their 

associated subsequent motion, as well as the formation of radiolytic species (i.e. species 

produced by radiation-induces scission of chemical bonds) such as atomic hydrogen (H), 

molecular hydrogen (H2), hydroxyl ions (OH-), and even water molecules (H2O) 

[McFadden et al. 1996]. Secondary effects include all the interactions of the 

aforementioned species with the host material, optically active ions, and potentially with 
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each other, as well as effects such as increases in photo-induced scattering [Koponen et 

al. 2006]. Mechanisms comprising secondary effects also include knock-on electrons, 

which can dissipate much of the energy of a gamma photon, since the original energy of 

the incident photon in excess of the ionization energy will be imparted to the freed carrier 

as kinetic energy [Friebele 1991], potentially causing a multitude of tertiary events [Lu et 

al. 1999]. 

Following gamma irradiation, particularly large amounts of resultant ionization 

can lead to the emergence of new microscopic atomic configurations as the freed 

electrons and holes travel through the material and interact with various configurations of 

atoms. Such local atomic configurations, which are often intrinsic but can also be brought 

about by atomic displacement of particle-type radiation, act as precursors to absorption 

centers and will be changed into specific centers upon reception of the electron or hole, 

themselves generated by ionization. An absorption center is often called a color center, 

since the associated absorption is often present in the visible part of the spectrum, 

although many color centers also exist in the UV portion of the spectrum and some even 

in the NIR and short-wavelength IR. Such centers are characterized, amongst other 

factors, by a micro-structural (precursor) unit, its charge, the associated band diagram 

defining the energy-location and width of the absorption, as well as the strength of 

absorption (oscillator strength). The centers can be categorized in accordance with their 

function and their associated lifetimes, i.e. the length of time that the structure in question 

persists, which can vary from small fractions of a second to minutes, hours, days, or even 

years. Primarily steady-state absorption centers at room temperature will be discussed 
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here, although some information on transient as well as low-temperature centers in 

irradiated silica-based materials will also be covered since such centers may reveal 

information on structural units. 

Annealing of a center is often due to the de-trapping of the specific electron or 

hole that is responsible for the creation of the center, and since (multi-)phonon transitions 

present a mechanism for de-trapping, the lifetimes of the centers generally exhibit a 

dependence on temperature, with higher temperatures leading to more de-trapping and 

therefore the annealing (or dissolution) of more centers in a given period of time than 

lower temperatures. It must be born in mind, however, that an elevated temperature can 

also generate electrons in the conduction band and associated free holes, potentially 

leading to the creation of more centers. Temperature dependence may be very low if the 

energy needed to anneal the center (often termed the activation energy) is far from the 

operating temperature around which changes in creation and dissolution of the center are 

to be determined [Friebele 1991]. Certain conditions, such as the exposure to ionizing 

radiation, may also raise the temperature of a material, which may help anneal color 

centers. Interestingly, situations may occur in which heat may produce, promote, or 

stabilize color centers [Morita and Kawakami 1989]. 

These newly configured centers can significantly influence the band structure and 

are therefore of prime importance in the study of the ionizing radiation effects on optical 

materials. These changes can be expressed as changes in typical optical quantities, such 

as refractive index, absorption and emission parameters, or as changes describing optical 

loss such as absorbance. The latter quantity, optical loss, as well as the associated specific 
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physical mechanisms and mathematical constructs describing it are the principle 

quantities of interest within the scope of this research. Thus, a close look at absorbance 

and transmittance, or, more specifically, the changes of these quantities as a result of 

gamma irradiation, is of paramount importance. 

A primary characteristic of color centers is frequently optical absorption, i.e. the 

center, when formed by the trapping of an electron or hole by the precursor, may lead to 

(an ionizing-radiation-induced) additional spectral loss over a certain wavelength range. 

Such absorption centers are generated in the visible part of the spectrum (although they 

may occur in the UV and NIR parts, as well), and are therefore often referred to as ‘color 

centers’, as previously noted (see also Chapter 2, Section 2.3.1.3). These color centers 

often give these materials a yellowish or brownish color, resulting in this effect being 

colloquially known as ‘browning’, although other colors such as blue or green are 

sometimes observed as well [Nassau and Prescott 1975]. It should be noted that in optics, 

the creation of these absorption centers usually, and within the scope of this research 

definitively, represents a degradation of the material and is therefore to be avoided. 

However, there are cases where the irradiation of a material for the explicit purpose of the 

creation of preferably stable color centers is beneficial, and the optical absorption is, thus, 

truly ‘functional’ (e.g. broadband, tunable color center lasers [Powell 1998] or fiber 

sensors [Lu et al. 1999]). 

Regular stoichiometric silica, SiO2, consists of a network with no long-range 

order (see also Chapter 3, Section 3.2.3.2.5), but with a short range order in which one 

silicon atom is bonded to four oxygen atoms, all of which are ‘bridging’, i.e. they connect 
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with a further silicon atom. Thus, the fundamental structure of silica can be roughly 

described as an assemblage of trigonal pyramids, each with a silicon atom in the center, 

and each oxygen atom simultaneously belonging to two pyramids. While the pyramids 

are arranged in a (long-range) order in the various types of quartz, vitreous silica exhibits 

a spectrum of bond angles between the pyramids, implying no long-range order as well as 

changes in the optical properties (statistical broadening of various optical bands) due to 

distributions associated with this type of disorder. Silica may be natural or any of various 

forms of synthetic, which will lead to different types of intrinsic defects in the glass as 

well as different types and concentrations of unwanted impurities, such as iron, 

germanium, and aluminum. 

Defects in the glass structure, intrinsic or not, can represent precursors which, if 

appropriate events transpire, can become absorption centers. A brief summary of some of 

the most common, generally intrinsic, precursors, defects or imperfections in glass 

structure, are described in Table 3.1. Among the intrinsic precursors, a defect involving 

hydrogen will be presented, since hydrogen is a common impurity that induces optical 

absorption in the NIR portion of the spectrum (generally peaking at approximately 1400 

nm). Although modern manufacturing techniques implemented for certain high-

bandwidth specialty fibers are able to purge these hydrogen-related impurities from the 

fiber material, hydrogen species can still be considered difficult to remove (in 

comparison with more reactive species such as chlorine), largely justifying their place 

among the intrinsic defects/precursors of Table 3.1. It should be borne in mind, however, 

that species such as hydrogen and even chlorine may also have beneficial properties, 
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since they can, under certain circumstances, increase the radiation hardness by competing 

with other, potentially more deleterious color centers (e.g. silica with these dopants may 

experience increased transient ionizing radiation hardness [Tomashuk and Zabezhailov 

2011]). It should be noted that, within Table 3.1 as well as the rest of this study, the 

symbol ‘≡’ will refer to a species covalently (and tetrahedrally) bonded to three oxygen 

atoms, while ‘-‘ or ‘:’ will denote single bonds (sometimes omitted), and ‘•’ will denote 

an unpaired electron. Superscript ‘+’ and ‘-‘ will be used to denote charges of species, 

and the superscript ‘0’ will occasionally be used to emphasize charge neutrality of a 

species. 

 
Table 3.1. Intrinsic and Hydrogen-Related Precursor Structures in Vitreous Silica 
Presented are basic precursor structures found within vitreous silica. The leftmost column 
gives a depiction of the basic structure of the precursor (symbols are given in the text 
above), the name of the precursor is given in the middle column, and a description of the 
defect is given in the right column. Below are descriptions of the absorption center using 
this structure as a precursor, including additional information, when possible, on its 
structure, abundance, incarnations, and transformations into absorption centers. Further 
information on these structures is available in [Griscom 2011, Friebele 1991]. 
≡Si-O-Si≡ Precursor to 

Self-Trapped 
Hole (1) Center 

This structure is a unit encountered regularly within a 
glass network, and thus generally not considered to be 
a defect. The structure is a bridging oxygen atom 
linked to two silicon atoms, which themselves are each 
linked to three other oxygen atoms. 

This structure represents an intrinsic precursor to the Self-Trapped Hole center (1), 
STH1 [Griscom 2011]. In STH1, a hole is trapped in a non-bonding orbital of one of the 
bridging oxygen species [Griscom 2011, Girard and Marcandella 2010], without the need 
for a usual defect in the glass such as a vacancy. While this center is generally seen to 
anneal out at temperatures at ~200 K, a small population may still be present at room 
temperature [Griscom 2011]. It should also be noted that the bonds in the ≡Si-O-Si≡ 
structure may be strained (especially at the core-cladding interface of an optical fiber 
[Girard et al. 2007b]), which may lead to the ionizing-radiation-induced scission of one 
of the bonds, resulting in precursor structures for certain defects (for the Si-E’ center and 
the Non-Bridging Oxygen Hole Center (NBOHC), see entries below for ‘≡Si-Si≡’ and 
‘≡SiOH’ as well as Table 3.2).                                                    (Table continued below…) 
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             | 
≡Si-O-Si-O-Si≡ 
             | 
 

Precursor to Self-
Trapped Hole (2) 
Center 

This structure is a unit encountered regularly 
within a glass network, and thus generally not 
considered to be a defect. The structure is a 
silicon atom with two bridging oxygen atom 
linked to other silicon atoms. 

This structure represents an intrinsic precursor to the Self-Trapped Hole center (2), 
STH2 [Griscom 2011]. In STH2, a delocalized hole is trapped on two bridging oxygen 
species across a silicon atom to which both are bonded [Griscom 2011, Girard and 
Marcandella 2010]. This center is only seen at low temperatures and anneals out 
temperatures above 200 K [Griscom 2011]. 
 
 
≡Si-Si≡ 
 

(Mono-)Oxygen Vacancy 
(also called neutral oxygen 
vacancy or oxygen 
deficiency center (ODC)) 

This defect represents the lack of a single 
bridging oxygen, i.e. there are two silicon 
atoms bonded to only three bridging 
oxygen atoms, leaving the remaining bond 
to form between the two silicon atoms 
[Friebele 1991]. 

The structure is considered a precursor since an electron may be removed from the Si-Si 
bond, forming an Si-E’ center [Griscom 2011]. This precursor can be generated from 
fabrication conditions (oxygen deficient environment) or particle-type radiation, such as 
neutron radiation, which displaces oxygen atoms from a ≡Si-O-Si≡ structure [Marshall et 
al. 1997]. It should also be noted that the introduction of other co-dopants, such as 
aluminum, can greatly increase the number of oxygen vacancy precursors [Trukhni et al. 
2004], even though this species is not directly involved in the formation of the associated 
Si-E’ color center. It should also be noted that more complex multiple-oxygen vacancies 
are also possible, and have been associated with a number of observed centers [Griscom 
2011]. 
 
 
≡Si-O-O-Si≡ Peroxy Linkage This defect consists of two oxygen atoms linked to 

silicon atoms, instead of the usual one oxygen atom. 
The silicon atoms are each linked to three oxygen 
atoms [Friebele 1991]. 

This defect can act as a precursor of the ionizing-radiation-induced peroxy radical, ≡Si-
O-O•, in which one of the Si-O bonds is severed [Griscom 2011]. Alternatively, the 
breaking of the O-O bond is possible (this bond is particularly weak [Tomashuk and 
Zabezhailov 2011, León et al. 2009]), which can results in two non-bridging oxygen hole 
centers (≡SiO•) described in the entry below.                             (Table continued below…)
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≡SiOH 
 

Silicon Bonded to 
Hydroxyl Radical 
(OH-) 

This defect describes a silicon atom that is bonded to 
four oxygen atoms, one of which is bonded to a 
hydrogen atom. 

The nature of the defect allows it to be a precursor through vulnerability associated with 
the possibility of losing the hydrogen atom: ≡SiOH → ≡SiO• + H0, where the neutral 
radiolytic hydrogen atom will diffuse away, leaving the charge-neutral Non-Bridging 
Oxygen Hole Center (NBOHC), ≡SiO• [Griscom 2011]. Instead of a hydrogen atom, an 
alkali ion may be present, which, after the generation of radiolytic charge carriers, may 
dissociate and lead to the formation of NBOHC [Schreurs 1967, Williams and Friebele 
1986]. More than one NBOHC unit, with associated charge-compensating species, may 
be present as a precursor for yet more complex centers [Griscom 1978]. 
 
 

The fabrication of optical fibers allows for some fine tuning of the magnitude and 

types of precursors present. As an example, thermal energy from torches used in optical 

fiber production can induce in the peripheral regions of the preform precursors to the 

Non-Bridging Oxygen Hole Centers (NBOHC) in the form of peroxy linkages 

[Tomashuk and Zabezhailov 2011]. Aside from intrinsic defects, the inclusion of 

unintended impurities such as Fe3+, Cr3+, Co3+, and Ni3+ can cause absorption in the 

material of interest [Yen and Coble 1979] and is generally considered to be detrimental to 

radiation hardness, due to the increased possibility of color center formation. 

The fundamental defects found in vitreous silica play a profound role in the 

determination of ionizing-radiation-induced optical effects by representing the precursors 

of optical radiation-induced absorption bands. In turn, the speculation and eventual 

determination of specific absorptions involved forms the essential backbone of ionizing 

radiation damage effect studies in optical materials, including the damage experienced by 

optical fibers. The next sections will present some further details necessary to evaluate 
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color centers in more complex silicate-based materials, especially those containing 

additional dopants essential to the operation of optical fibers. 

 

3.4.2. General Techniques for the Identification of Color Centers 
 

 Color centers absorb light over specific bands in the electromagnetic spectrum 

and are associated with specific defect centers, opening up the possibility for the use of 

light as an interrogative agent to determine or narrow the possibilities of certain defect 

centers being present in an uncharacterized material sample. When a material is 

irradiated, a multitude of color centers, generally related to the complexity (i.e. number of 

constituents) of the material, are created. Optical spectroscopy as a tool aiding and 

sometimes determining identification of these centers is, however, only useful if 

foundational data on existing color centers is available with entries of spectral 

absorptions associated with particular microstructural centers. The determination of these 

associations, forming the bases of the identification of color centers, is largely 

accomplished through the use of Electron Paramagnetic Resonance (EPR), sometimes 

called Electron Spin Resonance (ESR). EPR, through the use of superimposed magnetic 

fields and their effect on electron spins, and ample cross-examination with optical 

spectroscopy, temperature measurements and theoretical models, is able to determine 

fundamental material structural units and changes in these units. EPR derives its ability to 

determine such structures from the excitation of spins associated with unpaired electrons 

(i.e. paramagnetic), which is common among predominant color centers found in optical 

materials, but unfortunately not ubiquitous. ESR-silent centers must be identified using 
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other methods, such as optical spectroscopy and the annealing behavior of color centers, 

both important lines of investigation. Especially in the case of overlapping spectral bands 

of the various absorption centers, differences in the thermal energy required for the 

dissociation of the center may help in the identification of a center. Also, in addition to 

the experimental techniques noted, the importance of theoretical models, which may be 

ab initio or based on experimentally determined quantities, cannot be overstated when 

concerning oneself with the identification of color centers, especially those of a 

complicated nature. 

 Experimental data in conjunction with theoretical models thus have described a 

large number of color centers. These descriptions have in turn successfully been used to 

make many predictions, increasing confidence in their overall accuracy. Historically, 

color centers in simple materials, such as alkali halides, were described. As ever more 

complex materials were used, the descriptions evolved with them. Models of centers can 

occasionally be transferred, at least to a first-order approximation, to materials of similar 

composition and sometimes similar structure. Within the scope of this research, which 

concerns itself with vitreous silica-based materials, centers present in quartz, a regular, 

periodic silicate structure, will occasionally be related to centers present in its vitreous 

equivalent. The large amount of research that has been conducted on quartz is of 

immense importance regarding silica-type materials, and most vitreous silica-type centers 

have been elucidated by correspondence to quartz-based centers, a procedure that has 

produced good agreement between models and data and thus provides important insight 

into fundamental mechanisms of ionizing-radiation-induced damage. It should be noted, 
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however, that glassy materials exhibit a broadening of optical bands relative to their 

crystalline counterparts, due to the statistical nature of the glassy structure and associated 

variations of a particular center. 

Within the current research, optical spectroscopy of various forms will be the 

primary investigative tool, and results will be correlated to color centers found in the 

literature. Principle limitations in this approach include the non-uniqueness of peak 

energies of absorption centers, rendering definitive identifications unlikely or impossible. 

The main benefit of optical spectroscopy is that one of the prime metrics of optical 

engineering is the material absorption, rendering the output of this instrument highly 

relevant. A less important side-benefit is that this instrument is able to detect possible 

ESR-silent centers. 

 

3.4.3. Identification of Specific Color Centers in Silica-Based Material 
 

 Section 3.4.2 described identification procedures for color centers and attested to 

the importance of information regarding the centers for the purposes of identifying 

structures in uncharacterized materials. As an aid in examining optical spectra, a simple 

table, Table 3.2, with basic but essential color center information for constituents 

important for this investigation has been compiled. A second table, indicating some basic 

photoluminescent bands, is presented in Section 3.4.3.2. This table, like its absorption-

based counterpart, concerns itself with silicate-based materials, and presents some 

essential information for identification purposes. 
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3.4.3.1. Presentation of Color Center Absorption Data from the Literature 
 

 The color center absorption table primarily assists in the association of peak 

energies observed in a collected optical spectrum of an uncharacterized sample with 

physical centers in the structure (and band-structure) of the material described in the 

literature. The table provides essential information on absorption centers across the 

electromagnetic spectrum, from the UV to the NIR, in silicate-based materials, which 

bear the closest resemblance to the fibers of interest within the scope of this study. 

 Specifically [Friebele 1991] and [Griscom 2011] have been of great importance in 

compiling this list, as well as many of the references therein, some of which are re-stated 

when necessary. Although references are given as often as possible, [Friebele 1991] 

should be checked for additional information (and references) regarding certain centers 

and their characteristic behaviors if needed. Due to the multitude of color centers present 

in silicate materials and associated theories explaining them, newer models not listed in 

Table 3.2 may possibly be found in the literature. Specific references are listed in the 

individual color center entry; newer references are present in some cases. The table 

includes only materials related to silica, which includes silica doped with various 

constituents, particularly those commonly found in optical fibers. This table is not 

intended to provide an exhaustive view of all individual color centers possible in the 

materials listed. Descriptions will be succinct as the addressing of their complexities is 

beyond the scope of this research and the reader is advised to turn to the referenced 

journal papers or appropriate review articles. 
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 The majority of the entries within the table are concerned with irradiated material, 

and entries will be referred to as color centers, although certain other structures may be 

present as well and the term ‘absorption band’ can be used interchangeably within the 

context of this table. The table is divided into major divisions, each of which describes 

one color center (absorption band). Within each division (or entry in the table) are four 

subdivisions, the first of which contains basic quantitative information describing the 

color center. Here the peak position of the center is listed in terms of energy (in eV) and 

wavelength (in ‘nm’, usually rounded from an energy value in ‘eV’), and occasionally a 

range will be given if the energy peak is not consistently located at one energy location. 

(Of course, variation from material to material will also incur changes to absorption peak 

locations, even if no range is indicated.) When available, information on the width of the 

color center associated absorption will be indicated (in eV), as well as the oscillator 

strength. It should be noted that throughout this research, wavelength is indicated in ‘nm’ 

due to its prevalence in the fields of optics and engineering, but within this section and 

Table 3.2, energy is indicated in ‘eV’ for consistency with the literature, which prefers 

this unit due to its fundamental physical association leading to symmetric bands. The 

individual color center entries within the table are ordered from highest energy (shortest 

wavelength) to lowest energy (longest wavelength). It should be noted that multiple 

centers may be co-present at a single energy, although it may be possible in some cases 

that more than one entry relates to the same defect (the table generally assigns 

information conservatively to multiple color centers unless an exact equivalence is found 

in the literature). 
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 The second subdivision, located to the right of the first, indicates the experimental 

conditions under which the center was observed. Important aspects include the material 

in which the center was identified, e.g. whether the material was crystalline, vitreous, or 

drawn into a fiber structure. Other material parameters include whether the material was 

produced under a reducing or oxidizing environment, which dopants were used, technical 

or non-technical impurities present, and whether irradiation is necessary to observe the 

center. If possible, the type of radiation, the temperature of irradiation, and the 

temperature at which experimental measurements were taken are also described, since 

these factors can have a significant impact on the possibility of using such information to 

explain novel data. It is important to note that irradiation of one particular type of 

radiation may or may not show effects similar to irradiation of another type, but in many 

cases the effects are similar and compilation of such results can be informative as to the 

possibilities of obtainable bands in a given material. Although measurements at room 

temperature around 300 K are typically performed, measurements at cold temperatures 

are often made to minimize annealing, generally revealing more color centers than room 

temperature measurements. On the other hand, a cold-temperature absorption spectrum 

may not correspond to a room temperature spectrum, rendering the latter generally the 

more important of the two in regard to engineering concerns for systems operating under 

normal temperature conditions. If the thermal stability of the center was determined 

separately, this information will be listed in this subdivision as well, although more 

detailed annealing behavior will appear in a special section under the title ‘Notes’ (see 

below). 
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The third subdivision, located below the first and second subdivisions, identifies 

the center. The identification will initially state the name of the center, a label which acts 

as a reference for the particular band. This subdivision may also contain a short 

description of the center, which may include the bonding configuration, the overall 

charge of the center, or related radical species responsible for the observed absorption. 

Lastly, a final division communicates extra information about the center in the 

form of notes (explicitly marked as ‘Notes’). This information may include more detailed 

descriptions of the center as well as reactions leading to the formation of the center, 

interaction with other bands, unusual annealing behaviors, etc. It will be noted explicitly 

if there are other bands occupying the same peak energy position of the band in question, 

although this should not be relied upon since peak shifts may occur as a result of material 

parameters, temperature parameters, etc., leading to unexpected overlaps of bands. 

Furthermore, two bands listed as separate entries may eventually be revealed to be the 

same band, as noted above, since only limited information is present in some cases or 

different theories as to their origin exist. 

Due to the intricate complexity of color centers and their interrelations, some 

caveats are appropriate at this point: Precise structures (e.g. physical structures in terms 

of the location of atomic species and/or bonds and charge carriers) are not always known, 

and newer discoveries can overturn older theories (e.g. ESR-ambiguous centers), so the 

raw data (i.e. the observance of a specific band) should always be regarded as 

fundamental. In some cases the origin of the center may even be unknown (ESR-silent 

centers, for instance, are difficult to identify), or there may be multiple theories 
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describing the possible origin of the center. The primary goal of the table can be 

described as trying to provide a basic view of the centers most likely to impact the 

transmittance of a rare-earth-doped silica-based optical fiber. 

 

 

3.4.3.2. Table of Color Center Absorption in Silicate-Based Materials 
 

Below is Table 3.2, which contains many entries describing steady-state (i.e. non-

transient) color centers commonly found in silicate-based materials, with a succinct 

summary of some basic traits attributed to them. For specific notes regarding the scope 

and structure of the table, see Section 3.4.3.1. A general comment regarding color centers 

is that, counter to the nomenclature, the majority of these centers appear in the UV 

portion of the spectrum and less frequently in the visible portion of the spectrum. The 

number of centers in the NIR is sparse, the most common ones being associated with the 

dopant phosphorous. It should be noted that most of the optical fibers tested were 

phosphorous-free, so centers in the visible portion of the spectrum related to this dopant 

are not individually listed here (just one NIR center associated with this dopant is listed). 

It should also be noted that several different color centers can be present at the same 

energy (or wavelength). This list focuses on intrinsic silica-based color centers and those 

associated with the aluminum dopant, common in the materials studies in the present 

investigation. 
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Table 3.2. Color Centers in Silicate-Based Materials 
The current table is comprised of a multitude of steady-state color centers associated with 
silica (SiO2) materials with the dopants/impurities of hydrogen (H) and aluminum (Al) 
(and in one case phosphorous (P)). For more in-depth information on the layout of this 
table, please see Section 3.4.3.1. All energies given are approximate, and the associated 
color center could be found outside the specified region. The term ‘Width’ in ‘eV’ refers 
to the approximate width of the band as measured by half-maximum points, while ‘Osc. 
Str.’ refers to the center’s oscillator strength. 
7.6–7.7 eV (161–163 nm) 
0.5 eV Width, 0.65 Osc. Str. [Friebele 
1991, Girard and Marcandella 2010] 

Irradiated high-purity, low hydroxyl(OH)-
content synthetic silica (Suprasil W) 
[Friebele 1991] 

E center, peroxy radical (≡Si-O-O•) generally regarded as responsible for absorption 
due to correlations between this species and annealing behavior. Specifically the -

2O  
molecular ion’s bonding antibondingσ σ→  transition is thought to cause the absorption 
[Stapelbroek et al. 1979]. 
Notes: This defect displays highly unusual annealing behavior. Up to a temperature of 
approximately 250 °C an increase in the prevalence of this center is detected, followed by 
the usual decrease with temperatures exceeding 250 °C [Stapelbroek et al. 1979]. Also, 
more than one color center is co-present at the energy of 7.6 eV (163 nm) [Friebele 
1991]. 
 
 
7.1–7.2 eV (172–175 nm) 
0.8 Width [Friebele 1991] 

Gamma irradiated natural (aluminum-
containing) quartz [Nassau and Prescott 
1975], heavy-ion-irradiated silica [Friebele 
1991] 

D center, origin may be undiscovered. 
Notes: – 
 
 
6.02–6.1 eV (203–206 nm) 
0.6 eV Width 
[Levy 1961, Friebele 1991] 

Irradiated aluminum-doped silica [Friebele 
1991], irradiated Al2O3 [Levy 1961] 

C center, presumably aluminum-related but exact origin unknown [Nassau and Prescott 
1975, Friebele 1991] 
Notes: – 
 
 
 
 
 
 

(Table continued below…) 
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5.74–5.85 eV (212–216 nm) 
0.6–0.8 eV Width [Williams 
and Friebele 1986, Girard 
and Marcandella 2010], 0.14 
Osc. Str. [Friebele 1991] 
 

Irradiated pure, doped, and lightly-doped [Williams and 
Friebele 1986] silica measured at room temperature. Silica 
can be synthetic [Friebele 1991]. Also found in types of 
silica containing the technological impurity chlorine 
following gamma-irradiation and measurement at 77 K 
[Takida et al. 1988], in irradiated alkali-doped silica glass 
[Williams and Friebele 1986], as well as irradiated 
aluminum-doped silica samples [Nassau and Prescott 
1975, Hosono and Kawazoe 1994]. 

′1Si - E trapped hole center [Weeks and Sonder 1963, Weeks 1956], a hole trapped at a 
neutral oxygen (mono-) vacancy at a silicon atom, (often depicted as ≡Si•), is responsible 
for the absorption (the process can be described more completely as  
≡Si:Si≡ + h+ → ≡Si• + +Si≡, with a positive charge localized on one silicon atom as 
indicated by the ‘+’ and the unpaired electron localized on an sp3 hybrid orbital of the 
other silicon atom [Feigl et al. 1974, Griscom 2011]). 
Notes: Aluminosilicate experiences a higher population of 1Si E′−  centers than pure 
silica, indicating that this dopant stimulates the presence of the (mono-) oxygen vacancy 
precursor (≡Si:Si≡) [Trukhin et al. 2004]. Germanium-doped samples may also display 
absorption of the Ge(2) center at this energy (5.8 eV, 214 nm) [Friebele and Griscom 
1986]. 
 
 
5.3–5.5 eV (225–234 nm) 
0.4– (over) 1.0 eV Width, 
0.28 Osc. Str. [Friebele 1991, 
Williams and Friebele 1986] 

Irradiated pure silica (crystalline or vitreous) [Friebele 
1991] or natural quartz [Nassau and Prescott 1975]. 
Annealing temperature is between 400–500 K [Williams 
and Friebele 1986]. 

′2Si - E  center, a variant of 1Si E′−  center (see color center at 5.74–5.85 eV (212–216 
nm)) in which the unpaired electron still interacts weakly with a nearby proton ( 1Si E′− + 
p) [Nelson and Weeks 1960]. 
Notes: Band is optically bleachable [Weeks and Sonder 1963] and the intensity is found 
to be proportional to alkali absorption [Williams and Friebele 1986]. A related band 
(possibly 1Si E′−  + alkali) found at slightly lower energies (5.1–5.3 eV, 234–243 nm) 
[Friebele and Griscom 1979]. 
 
4.86–5.3 eV (234–255 nm) 
[Friebele 1991] 

Alkali-doped silicate glasses X-irradiated at room 
temperature with iron impurities [Kats and Stevels 1956] 

Absorption due to Fe3+ ion (common impurity). 
Notes: Absorption is radiolytically bleached following low doses, which is attributed to 
conversion from Fe3+ ions to Fe2+ via electron trapping (the latter absorbs around 340 
nm) [Sigel and Ginther 1968, Sigel 1974, Sun et al. 2008, Glebov 2010]. This band not 
the only one present at 5.3 eV (234 nm), but bleaching behavior presumably unique to 
this band.                                                                                     (Table continued below…) 
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3.90–4.1 eV (302–318 nm) 
1.2 eV Width, 0.214 Osc. Str. 
[Nassau and Prescott 1975, Hosono 
and Kawazoe 1994] 

Gamma-irradiated aluminum and aluminum-
ytterbium co-doped bulk silica glass [Arai et al. 
2009, Hosono and Kawazoe 1994] 

B center, with an Al-E’ center responsible for absorption. Specifically, the absorption is 
caused by an electron trapped at a threefold-coordinated aluminum ion (within an s-p 
hybrid orbital) [Brower 1979, Hosono and Kawazoe 1994]. 
Notes: Although analogous to the 1Si E ′− center, the aluminum species fundamentally 
has a lower valence state as compared to the silicon species, and therefore traps an 
electron as opposed to a hole. It also should be noted that the Al E′−  is only found in 
glassy materials and not in quartz [Griscom 2011, Hosono and Kawazoe 1994]. The color 
center can be stabilized with alkali species [Hosono and Kawazoe 1994] if present and if 
temperatures are high enough to allow them to diffuse through the material, resulting in 
possible changes of peak position. 
 
 
 
2.85–3.20 eV (388–435 nm) 
1.0–1.5 eV Width, 0.124 Osc. 
Str. [Hosono and Kawazoe 
1994, Friebele 1991, Meyer et 
al. 1984] 

Gamma-irradiated natural quartz [Nassau and Prescott 
1975] as well as gamma-irradiated aluminum and 
aluminum-ytterbium co-doped bulk silica glass [Arai et 
al. 2009, Hosono and Kawazoe 1994]. Stable up to at 
least 413 K and bleachable by 300 nm light [Cohen and 
Makar 1982]. 

A3 Aluminum-Oxygen Hole Center (Al-OHC) responsible for absorption [Arai et al. 
2009, Hosono and Kawazoe 1994], i.e. an oxygen bridging a substitutional aluminum 
species with a silicon atom trapping a hole [O’Brien 1955, Weil 1984, Friebele 1991]. 
Notes: Responsible for the color of smoky quartz following (ionizing) irradiation 
[Nassau and Prescott 1975, Friebele 1991, Hosono and Kawazoe 1994].  
 
 
 
2.7–2.9 eV (428–459 nm) 
0.95 eV Width 
[Williams and Friebele 1986] 

Soda-lime silicate glass (melted under oxidizing 
conditions) in unirradiated samples as well as in samples 
irradiated and measured at room temperature [Friebele 
1991, Girard et al. 2007b]. Annealing temperature of 
band is 450–500 K [Williams and Friebele 1986]. 

Absorption due to a Non-Bridging Oxygen Hole Center (NBOHC), namely Hole 
Center (1), HC1, consisting of a hole trapped on a non-bonding orbital of a non-bridging 
oxygen (≡SiO•) [Schreurs 1967, Nagasawa et al. 1986, Griscom 1978, Williams and 
Friebele 1986].                                                                             (Entry continued below…)
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Notes: Absorption intensity of band varies linearly with OH concentration [Mackey et al. 
1970, Williams and Friebele 1986], since SiOH is a common precursor for the NBOHC1, 
and high OH content is associated with strains that can facilitate the formation of this 
center [Girard et al. 2007b]. The NBOHC1 may also be formed from a precursor structure 
consisting of a non-bridging oxygen and a nearby alkali species. 
 
2.2–2.6 eV (477–564 nm) 
0.57–0.9 eV Width, 0.06–0.07 
Osc. Str. [Nassau and Prescott 
1975, León et al. 2009, Meyer 
et al. 1984, Hosono and 
Kawazoe 1994] 

Gamma-irradiated aluminum-containing quartz 
[Nassau and Prescott 1975, Itoh et a.l 2002, Nunes and 
Lameiras 2005], gamma-irradiated aluminum-
containing and aluminum-ytterbium co-doped silica 
glass [Hosono and Kawazoe 1994, Marshall et al. 
1997, Trukhin et al. 2004, Arai et al. 2009, León et al. 
2009]. Stable up to 653 K and bleachable by 300 nm 
light [Cohen and Makar 1982]. 

A2 center, aluminum center variant possibly corresponding to an Aluminum-Oxygen 
Hole Center (Al-OHC) consisting of an aluminum species substituting for a silicon atom 
with a hole trapped on a bridging oxygen and an associated charge compensator in the 
form of a proton of alkali species [Nassau and Prescott 1975, Hosono and Kawazoe 
1994]. According to one theory, this center consists of a hole related to two non-bridging 
oxygen at the site of a substitutional aluminum atom [Cohen and Makar 1982]. 
Notes: Most investigations find this defect to be located close to 2.25 eV (550 nm) rather 
than at higher energies. 
 
1.97–2.2 eV (565–630 nm) 
0.17–0.5 eV Width [Friebele 
1991, Williams and Friebele 
1986, Girard et al. 2007b] 

Absorption found in pure silica, especially bulk silica and 
silica fibers [Kaiser 1974]. Also found in soda-lime 
silicate melted under oxidizing conditions and irradiated 
and measured at room temperature [Williams and Friebele 
1986] and in irradiated fused quartz [Marshall et al. 1997]. 
Anneal temperature of center found to be approximately 
450 K [Williams and Friebele 1986, Friebele 1991]. 

Transition of trapped hole in a Non-Bridging Oxygen Hole Center (NBOHC), namely 
the Hole Center (2), HC2 [Friebele et al. 1985]. This defect consists of a hole trapped on 
two non-bridging oxygen species within the same principal glass tetrahedron [Griscom 
1978] (i.e. a more complex version of the HC1). 
Notes: This color center has a weak absorption, and high irradiations (in excess of 1 
Mrad (Si)) are usually needed to observe this center [Friebele 1991]. Drawing a fiber out 
of a preform induces NBOHC in low-OH content silica by the drawing process [Kaiser 
1974]. May be formed from an SiOH precursor, as described in Table 3.1 above. The 
center tends to appear when high alkali concentrations are present [Wieringen and Kats 
1957, Schreurs 1967], since such concentrations stimulate the production of two NBOs 
on the same tetrahedron, representing the precursor of HC2. Intensity of band varies 
linearly with hydroxyl (OH) content [Mackey et al. 1970]. It should be noted that other 
centers are present at this energy of 2.0 eV (620 nm).                (Table continued below…) 
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1.77–2.0 eV (620–700 nm) 
0.55–0.7 eV Width [Nassau and Prescott 
1975, Meyer et al. 1984, Friebele 1991] 

Aluminum-doped irradiated synthetic and 
natural quartz [Nassau and Prescott 1975, 
Itoh et a.l 2002, Nunes and Lameiras 
2005]. Stable up to 653 K and bleachable 
by 300 nm light [Cohen and Makar 1982]. 

A1 center, an aluminum center variant the precise origin of which is unknown 
(presumably an Aluminum-Oxygen Hole Center (Al-OHC): an aluminum species 
substituting a silicon atom with an associated hole trapped on a bridging oxygen and 
possibly a charge compensator in the form of a proton of alkali species [Nassau and 
Prescott 1975]. According to one theory, this center consists of a hole related to three 
non-bridging oxygen at the site of a substitutional aluminum atom [Cohen and Makar 
1982]. 
Notes: – 
 
 
 
1.59–1.63 eV (760–780 nm) 
[Friebele 1991] 

Low-OH gamma-irradiated silica fiber 
[Morita and Kawakami 1989]. This 
absorption anneals rapidly at room 
temperature [Morita and Kawakami 1989]. 

Thought to be a halogen-related electron trap [Morita and Kawakami 1989]. Either not 
found or significantly weaker absorption strength in high-OH fibers, probably due to 
smaller halogen content in these fibers as opposed to the low-OH fibers, where species 
such as chlorine are often used to remove OH [Morita and Kawakami 1989]. 
Notes: – 
 
 
 
1.6 eV (775 nm), 1.5 eV (825 nm), 1.41 
eV (880 nm), 1.31 eV (950 nm), 1.20 eV 
(1030 nm), 1.10 eV (1125 nm), 1.01 eV 
(1230 nm), 0.91 eV (1370 nm) 

Endemic to all optical fibers except for 
certain specialty fibers in which all OH has 
been removed. 

Absorptions associated with the hydroxyl (OH) group [Keck et al. 1973]. Specifically, 
the absorptions are associated with the overtones of the principal OH absorption at 2730 
nm with modifications from the fundamental vibration of the SiO4 lattice unit [Keck et al. 
1973]. 
Notes: – 
 
 

(Table continued below…) 
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0.79 eV (1569 nm) 
0.29 eV Width, 0.0007 Osc. Str. [Friebele 1991] 

Phosphorous-doped silica fiber (50 
kV) X-irradiated to ~1 Mrad at 77 
K [Griscom et al. 1983] 

P1 center, related to the 2
3PO −  radical [Griscom et al. 1983] 

Notes: This color center is unusual in creating absorption at long wavelength in the NIR 
portion of the spectrum [Griscom et al. 1983]. This defect has an anomalous temperature 
dependence [Griscom et al. 1983], the absorption often increasing with increasing 
temperature (presumably due to extra trapping by this defect of holes liberated from other 
traps). There is much interest concerning the effects of radiation on optical 
communication wavelength of 850 nm (1.46 eV). 
 
  

It should be noted that only the primary OH band was given an entry in the table, 

but several other absorption bands related to this species are known and some are listed in 

the entry under OH (0.89 eV, 1400 nm). It should also be pointed out that the A2 center 

(2.5 – 2.6 eV (477 – 497 nm)) and the Aluminum-Oxygen Hole Center (Al-OHC, 2.2 – 

2.30 eV (539 – 564 nm)) may be the same defect, since reports generally indicate the 

existence of only one or the other and not both, and at least one investigation even yields 

a color center in between the two at 2.4 eV, possibly indicating that this center may be 

present in the entire wavelength region from 2.2 – 2.6 eV (477 – 564 nm) [Marshall et al. 

1997]. An exception, in which more than one center is found in this region is [Levy 

1961], in which (in Al2O3) a very large number of unidentified bands may lead to an 

interpretation of multiple centers in this region. There are also some further transitions 

found (and in some cases conjectured) at energies such as 3.3 – 3.4 eV (365 – 380 nm) 

and in the NIR [Itoh et a.l 2002, Nunes and Lameiras 2005]. 
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3.4.3.3. Table of Luminescence in Silica 
 

 Absorption spectroscopy is essential for characterizing silica-based materials, but 

luminescent properties can also be used to gain insight into the band structure of the 

material of interest. When a material is irradiated, excitation of the material can result, 

following a release of the incident energy in the form of luminescence. The luminescence 

signature, much like the absorption band of the material, can be used to characterize color 

centers and can furthermore give important information on important transitions. Some 

basic luminescent signatures of silica are given below in Table 3.3. 

 
Table 3.3. Photoluminescence of Irradiated Quartz and Irradiated Vitreous Silica 
The first division indicates the energy at which the luminescence band is present in the 
irradiated silica. The second division informs about the conditions under which the 
luminescence was observed (e.g. excitation source, material, and purity level of material). 
The final division describes the origin of the band, if known, and provides additional 
details of interest, especially if these relate to color centers present within the material. 
6.7 eV (185 nm) 
[Treadaway et al. 1975] 

Radioluminescence by 2.5 MeV electron 
bombardment in crystalline and high-purity 
non-crystalline silica [Treadaway et al. 
1975] 

Band may be intrinsic silica band-to-band luminescence. 
Notes: – 
 
 
 
4.3–4.4 eV (282–288 nm) 
[Friebele 1991] 

5.0 eV (248 nm) KrF excimer laser excited Corning 7943 
type III silica samples that have been neutron irradiated, 
but only when samples are grown oxygen-deficient 
[Griscom 1979] 

Emission occurs from electron-hole pair recombination at the site of an oxygen vacancy 
[Griscom 1979]. Hole traps at these sites are manifested as Si-E' centers prior to the 
arrival of the electron. 
Notes: – 
 
 

(Table continued below…) 
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2.8 eV (443 nm) 
 [Friebele 1991] 

Quartz and vitreous silica excited by 5.0 eV 
(248 nm) KrF excimer laser [Griscom 1979] 

Possibly a triplet-to-ground state transition on a neutral oxygen vacancy. This 'blue' 
luminescence more efficient in crystalline silica than in fused quartz (Infrasil type I 
silica) or (types III and IV) synthetic silica, even at low temperatures of 4.2 K [Friebele et 
al. 1985]. 
Notes: – 
 
1.9–2.2 eV (564–653 nm) 
0.17 eV Width 
[Dragic et al. 2008, Girard 
et al. 2007b] 

Observed in irradiated silica excited near 4.8 eV (258 nm) 
[Silin et al. 1978] or excited by a He-Ne laser operating at 
1.96 eV (632.8 nm) [Kaiser 1974, Girard et al. 2007b]. Also 
found in oxygen-rich silica excited at 7.9 eV (163 nm) 
[Stathis and Kastner 1984], and ytterbium-doped silica 
fibers with aluminum co-doping excited at 532 nm [Dragic 
et al. 2008] 

Luminescence is generally found to be associated with a Non-Bridging Oxygen Hole 
Center (NBOHC) consisting of a hole trapped on a non-bonding orbital of a non-
bridging oxygen (≡SiO•) [Dragic et al. 2008], although it may be generated through more 
than one mechanism and thus associated with more than one defect center. Besides the 
link to NBOHC-type defects, one theory attributes the 1.9 eV (653 nm) luminescence to 
the radiative decay of an excited oxygen atom photochemically generated from radiolytic 
ozone (O3) [Awasu and Kawazoe 1990, Friebele 1991]. In low-OH content silica 
(Suprasil W) this luminescence has been attributed to a nonparamagnetic electron trap 
[Friebele et al. 1985]. 
Notes: These centers are also referred to as ‘Red’ centers or ‘R’-centers. 
 
 

 
3.5. Ionizing Radiation Effects in Optical Fibers 
 

Descriptions of the effects of ionizing radiation on silica-based crystalline and 

vitreous bulk materials are indispensable for the investigation of ionizing-radiation-

induced damage to rare-earth-doped optical fibers, but vitreous bulk materials, especially 

in regard to optical fibers, pose several additional complications. First, the process of 

manufacturing the fiber (described in Chapter 4, Section 4.1) involves the creation of a 
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preform followed by a process of drawing the fiber out of this preform, both of which can 

significantly influence the glass structure. Specifically, boundaries between different 

layers of the preforms may show evidence of interface-related defects, while the center of 

the preform may also contain additional defects since the preform itself is formed by the 

collapsing of a tube-like structure. Concerning the drawing process, it has been found that 

the population of Non-Bridging Oxygen Hole Centers (NBOHCs) is markedly increased 

in comparison to the initial preform concentration [Kirchhof et al. 2005]. The second 

item of interest concerning the difference between the effects of irradiated vitreous silica 

and the fibers within the purview of this study is the introduction of rare-earth dopants, 

which may further affect the ionizing-radiation-response of the fibers [Williams et al. 

1992, Bussjager et al. 2001]. 

While all optical materials are affected by ionizing radiation, and the fundamental 

processes of color center generation are always present when the optical-material-based 

systems are fielded in an ionizing radiation environment, the geometry of the optical fiber 

presents particular obstacles. An optic such as a lens rarely will exceed 1 cm of axial 

length, implying that a small increase in opacity will generally not affect the operation of 

the system dramatically. An optical fiber, however, represents the worst-case geometry, 

since the light must travel through the long length of the fiber, and even small increases 

in opacity can have a large impact when considered over the length of the fiber. The 

sensitivity to ionizing radiation that optical fibers experience in contrast to their more 

common optical counterparts [Bussjager et al. 2001] allows for the assessment of 
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ionizing radiation damage to fibers to be used as a worst-case estimate for optical fiber 

technology in ionizing radiation environments in general. 

Initially, background information regarding the response of pure silica or silica 

doped with non-lanthanide species to gamma radiation will be reviewed. This 

information will include discussions of both the total ionizing dose as well as the dose 

rate. Although information on other types of radiation is of importance as well, and will 

be presented later within this chapter, gamma radiation will be emphasized, partly due to 

shielding possibilities for other types of radiation (see Chapter 2, Section 2.5.3), but also 

due to the great effect that gamma-radiation displays on optical systems, as well as 

experimental constrains. Gamma irradiation is also of great importance for comparative 

purposes, since other studies are often performed in gamma-radiation environments such 

as 60Co, and comparisons would be, to a large extent, inapplicable if other sources and 

types of radiation were utilized. 

Next, the ionizing-radiation-induced photodarkening of rare-earth doped optical 

fibers will be discussed. This discussion will provide a framework into which the 

experimental results of the following chapters can be integrated. It should also be 

mentioned that aluminum co-doping, due to its utilization in connection with the rare-

earth dopants, will be discussed in conjunction with rare-earth-doped fibers when 

possible. 

 The response of optical fibers with respect to other forms of hazardous ionizing 

radiation will then be presented, with a particular emphasis on rare-earth doped fibers. 

Some discussion of intense laser light induced photodarkening will also be presented, as 
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it is very important for laser and amplifier operation where it might occur as a secondary 

effect if the system is to be used in a harsh ionizing radiation environment. 

 

3.5.1. Gamma Radiation Effects in Silica Fibers 
 

 Silica is the most common fiber material, and as silica-based fibers and associated 

applications are ubiquitous, an understanding of the effects of ionizing radiation on this 

type of fiber is of great importance from the standpoint of ionizing-radiation-hardening of 

systems. Silica is also the fundamental network former for a great variety of more 

specialized optical fibers, including the rare-earth doped fibers examined within this 

research project. Therefore, understanding the response of this host material to ionizing 

radiation is necessary for a full understanding of any specific fiber type based on silica. It 

should also be reiterated that, among the various types of ionizing radiation, gamma 

radiation is particularly important from the standpoint of photodarkening. 

 Within this section, some primary mechanisms of gamma-radiation-induced 

effects will be covered, specifically with regard to optical fibers and the dependence of 

their radiation-behavior on their constituent doping. Specific absorption in pure fiber as 

well as in fiber with certain impurities will be discussed in the context of total ionizing 

gamma doses. Photoluminescence on silica-based materials will also be covered. 

Information regarding the effect of gamma dose rate on non-lanthanide silica fibers is 

then presented, revealing underlying physical processes important to the behavior of 

fibers under irradiation. 
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3.5.1.1. The Mechanisms of Gamma-Radiation-Induced Changes in Optical Silica 
Fibers 
 

When optical fiber materials are irradiated with a gamma source, induced optical 

absorption may seriously impede light transmittance through the great length of fibers 

often necessary for applications, significantly damaging the material and possibly 

impeding proper performance of the optical-fiber-based system. When gamma-radiation 

impinges on a material, as noted in Section 3.4.1, the gamma photon will shed its energy 

primarily by means of ionization of the fiber material. 60Co, the type of gamma source 

used in the majority of the experiments within this study, exhibits photon energies over 1 

MeV, generally ejecting electrons by Compton scattering [Zeng et al. 2008]. Those 

electrons then create generations of secondary electrons leading to the presence of 

electron-hole pairs [Marshall et al. 1997]. The fundamental mechanism for the induced 

opacity important for the evaluation of ionizing radiation damage to optical fibers is the 

creation of light-absorbing, electronic color centers via the trapping of radiation-liberated 

charge carriers by appropriate precursor structures. The formation of precursor structures, 

such as Oxygen Deficiency Centers (ODCs, see Table 3.1) by gamma radiation, Compton 

electrons, or other secondary electrons is inefficient [Marshall et al. 1997] and usually 

found to be negligible, although photochemical (radiolytic) processes are possible 

[Friebele 1991]. 

The complexity associated with photonic ionizing radiation damage is the result 

of the intricate interactions between newly created charge carriers (holes and electrons, 

both primary as well as secondary), radiolytic mobile (often molecular) species, and the 
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defects and impurities of the fiber material present following quenching of the glass.. In 

addition, intrinsic defects are largely responsible for preferential trapping of charge 

carriers within fiber materials, which, due to fabrication conditions, are highly 

concentrated in the fiber core and core/cladding interface, leading to particularly high 

absorption in these regions and causing optical fibers to display great sensitivity to 

fabrication conditions [Tomashuk and Zabezhailov 2011, McFadden et al. 1996]. Color 

center formation in the core region of the fiber is particularly detrimental to overall fiber 

operation, as this is the primary region in which light is guided [Rose et al. 2001]. It 

should be noted that all impurities, whether they be specific dopants, optically active or 

used for index modification, or unwanted or technical impurities, can greatly modify the 

basic silica structure and represent precursors for color centers. 

For the purpose of quantitatively measuring color center formation due to gamma 

irradiation, the total ionizing dose, usually measured with respect to a reference material 

such as silicon, can be used as a measure (see Section Chapter 2, 2.3.3). It is an indicator 

of the amount of energy transferred to the material due to ionizing radiation (per unit 

mass), but it must be borne in mind that this measure is general and specific mechanisms 

are not explicitly accounted for, i.e. the same total accumulated ionizing dose may have 

significantly different effects on optical materials with only small changes in dopant 

concentrations. Also, it is found that the increase in ionizing radiation dose does not 

always scale linearly with color center production [Lu et al. 1999]. Still, especially with 

regard to comparative analysis of studies, the total dose represents an important metric, 
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and its effects on non-rare-earth-doped silica fibers will be discussed in the next section 

(Section 3.5.1.2). 

A more specific ionizing-radiation-related measure is that of ionizing radiation 

dose rate. This dose rate may yield information regarding the competition of several 

mechanisms, such as the formation through trapping and dissolution through de-trapping 

of carriers. Information disclosed by the ionizing dose rate, particularly the dependence 

thereon, may indicate the presence of recombination centers, in which trapped carriers 

such as electrons may recombine with their opposite (holes in this case) to remove 

themselves from the conduction band and therefore eliminate the possibility of the 

creation of additional absorption centers. The effect of dose rate on non-rare-earth-doped 

silica fibers will be discussed in Section 3.5.1.3. 

 

3.5.1.2. Gamma Total Ionizing Dose Effects in Silica Fibers 
 

 When silica-based fibers are subjected to a gamma-radiation environment, they 

experience an increase in opacity, which can be represented either as an increase in 

absorbance or equivalently by a decrease in transmittance. The extent of the gamma-

radiation-induced degradation of the fiber differs with exact fiber specifications, but 

typical values are relatively low in pure materials, and silica fibers are generally 

considered ‘radiation hard’. A standard silica Dow Corning SMF-28 fiber can display 

ionizing-radiation-induced absorptions of ~0.005 dB/(m·krad(Si)) [Lezius et al. 2012], 

implying that 1 krad (Si) will produce an increase in loss of 0.005 dB within a one meter 

fiber of this type, which represents less than 0.12% extra loss per meter. It is important to 
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mention that the differing layers of the fiber, especially the core and the cladding, can 

have associated co-dopants, which are primarily used to raise and/or lower refractive 

indices. These co-dopants can have a large impact on the radiation-hardness of the optical 

fiber, often making them exceedingly sensitive to ionizing radiation. 

 The accumulation of ionizing radiation dose leads almost invariably to an increase 

of ionizing-radiation-induced photodarkening within optical materials, i.e. a decrease of 

transmittance through the medium. The rate of ionizing-radiation-induced 

photodarkening is contingent upon many factors, some of which were discussed in the 

previous sections, but it is slow for radiation-hardened materials or when saturation 

effects occur following significant irradiations. Ionizing-radiation-induced loss generally 

is higher at shorter wavelengths (the visible portion of the spectrum and short 

wavelengths within the NIR portion of the spectrum) [Maurer 1973, Girard and 

Marcandella 2010]. It is this same region that, at sufficiently high total accumulated 

doses, is found to saturate first [Morita and Kawakami 1989]. When the level of the 

induced ionizing radiation damage is far from saturation, the ionizing-radiation-induced 

loss grows either exponentially if the total absorption (inverse of transmittance) is 

considered, or linearly if the loss is viewed in terms of dB/km units [Morita and 

Kawakami 1989]. 

 One important aspect of a silica fiber is its respective hydroxyl (OH) content, 

touched upon in Section 3.4.1. The OH content plays an important role in the ionizing-

radiation-induced photodarkening behavior of the fiber [Maurer 1973, Tomashuk and 

Zabezhailov 2011], and thus can help shed light on the fundamental processes at work 
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during irradiation. Since material defects are generally found to increase sensitivity to 

ionizing radiation, increased OH content can be said to lead to more ionizing-radiation-

induced photodarkening. Exceptions exist in which the defects associated with the high 

OH content prevent the formation of more deleterious color centers, such as STHs 

([Girard and Marcandella 2010, Tomashuk and Zabezhailov 2011] or see the first two 

entries in Table 3.1). Wavelength regions also play a role in the determination of 

radiation-hardness of optical fibers containing different amounts of OH [Evans and Sigel 

1975], i.e. losses around 1400 nm may be larger due to OH absorption ([Morita and 

Kawakami 1989], see also Table 3.2 entry under 1.6 eV for OH-related absorption). More 

specifically, observed temperature dependences suggest the root cause of the increased 

ionizing-radiation-induced absorption within the 1400 nm region observed in fibers to be 

related to reactions between NBOHCs (≡SiO•) with (potentially radiolytic) hydrogen, 

forming hydroxyl groups, ≡SiOH [Morita and Kawakami 1989], rather than related to 

hydrogen derived from ionizing-radiation-induced degradation of polymer material used 

for coatings, as had previously been theorized. It is important to note that constituents of 

optical fiber preforms are usually deposited using hydrolysis of SiCl4 in an oxyhydrogen 

flame, thus possibly leaving trace amounts of chlorine within the fiber structure. An even 

greater presence of residual chlorine is found in low-OH fibers, where further treatment 

in an oxidizing atmosphere such as Cl2 is performed to further reduce the OH content 

[Morita and Kawakami 1989]. Thus, high OH fiber materials may be correlated with 

lower halogen content, preventing color centers associated with these [Morita and 

Kawakami 1989]. As noted before, specifications of the radiation environment and 
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processing conditions are generally necessary for the determination of the application-

dependent ionizing-radiation hardness. 

Besides the OH-related absorptions, the E’ and NBOHC defects are of great 

importance for silica optical fibers [Girard and Marcandella 2010]. It is important to note 

that the amount of Non-Bridging Oxygen (NBO) can also be affected by the halogen 

impurity content [Morita and Kawakami 1989], thus further complicating the analysis of 

ionizing-radiation-induced effects within the material. 

In the UV portion of the spectrum, with investigations using small slabs of pure 

silica glass rather than silica in fiber form, gamma irradiation is found to induce two 

weak absorption bands: one at 163 nm and one at 216 nm [Trukhin 2004]. The latter band 

is attributed to the Si-E’ centers [Weeks 1956], presumably formed by radiolytic holes 

filling the oxygen vacancy precursor site. The centers at higher energies (UV and visible) 

are important, since recovery seen in the region of 1400 nm to beyond 1600 nm can be, at 

least partly, attributed to the annealing of color centers, especially in the visible part of 

the spectrum [Morita and Kawakami 1989]. It must be emphasized that the possible 

effects of color centers at higher energies on absorption in the NIR portion of the 

spectrum are of great importance for this research. 

For identical silica samples doped with aluminum, a dopant important for the 

prevention of clustering of optically active ions within fibers designed for high-power 

systems, it is found that the precise doping of this constituent has only a small effect on 

the absorption spectrum [Trukhin 2004]. Following gamma irradiation, it is visually 

observed that the transparency of the aluminosilicate is reduced, and the spectral 
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absorption shows evidence of three bands: the first peak is the Si-E’ center band at 216 

nm, also seen in the gamma-irradiated pure silica material as noted above, the second 

band peaks at 310 nm, and the third peak is located at 564 nm and is thought to be caused 

by an aluminum related hole center [Trukhin 2004]. It should be noted that the Si-E’ 

center absorption band is much stronger in the case of aluminosilicate as opposed to pure 

silica, suggesting that aluminum stimulates the presence of the oxygen vacancy Si-E’ 

precursor sites, which subsequently trap radiolytic holes upon gamma irradiation 

[Trukhin 2004]. 

Phosphorous is an important dopant in certain fibers, including Er3+/Yb3+-doped 

silica fibers, in which this dopant facilitates energy transfer between the Yb- and the Er-

ions [Ahrens et al. 2001, Laporta et al. 1999]. P-doped fibers are also investigated for 

fiber sensor-driven purposes [Lu et al. 1999]. For the scope of this research, which is 

largely concerned with amplifiers operating in the NIR part of the spectrum, it is 

important to consider P-doping since this dopant can exhibit an absorption peak in the 

NIR as opposed to mere band tails from the UV or visible portion of the spectrum (see 

entry for 0.79 eV in Table 3.2). A study of P-doped silica (up to 10 mol% of the P-

dopant) reveals high ionizing radiation sensitivity, but no evidence of phosphorous-

oxygen-hole-centers or other phosphorous related radicals, such as 

-2 -4 -2 -2
3 4 2 4PO , PO , PO , and PO  [Lu et al. 1999]. The high sensitivity, up to 1.2 dB/(m·krad), 

is instead thought to be related to increased numbers of electrons donated from the 

phosphorous species, causing increased color center formation. However, other 

mechanisms, including phosphorous-related absorptions, cannot be entirely excluded, 
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since their concentration may simply be small relative to other absorption structures, and 

the total gamma-radiation dose in these experiments was low (200 rad) [Lu et al. 1999]. 

Luminescence measurements are an important part of characterizing a sample and 

gaining more insight into the processes and structures present in pristine and irradiated 

silica samples. Broad multi-band X-ray-induced luminescence peaks are observed when 

aluminum is present in the silica, extending roughly from below 350 nm to above 500 

nm, centered about 365 nm, and increasing with higher aluminum content [Trukhin 

2004]. This luminescence in the aluminosilicate generally increases as the temperature is 

lowered down to 80 K [Trukhin 2004], likely due to the elimination of non-radiative 

pathways at these cold temperatures. X-ray luminescent studies on pure silica reveal only 

a small luminescence around 450 nm [Trukhin 2004]. 

Luminescence in the aluminosilicate samples generally increases with increasing 

X-ray radiation dose, by a factor of approximately 30% [Trukhin 2004]. The reason for 

this aluminum-related increase in luminescence might stem from the possible diminishing 

quenching ability of alkali impurity ions, as these cations may change their state and 

luminescence properties following the capture of an electron, similar to the more well-

known Ag+ ion [Trukhin 2004]. 

Performing X-ray luminescence measurements following gamma irradiation of 

the aluminosilicate sample, a decrease of luminescence intensity is observed compared to 

the pristine, non-gamma irradiated sample, as well as the growth of a new band at 460 nm 

[Trukhin 2004]. This band is also seen to grow in pure silica following gamma 
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irradiation, indicating that it is related to a silicon-based center (presumably an Oxygen-

Deficiency Center (ODC)) [Trukhin 2004]. 

Photoluminescence studies (without the use of before/after gamma irradiation) 

using a photon wavelength of around 150 nm show results similar to the X-ray 

luminescence studies. They show the primary aluminum-related peak to be located 

around 376 nm, although photoluminescence using lower photon excitation wavelengths 

(from 177 nm to 310 nm) show different results: photoluminescence bands at 151 nm, 

289 nm, and 400 nm. The first and last of these are thought to be related to small impurity 

levels of germanium present in the samples examined (Germanium-related Oxygen 

Deficiency Centers, GeODC), and the second may be a type of Silicon Oxygen 

Deficiency Center (SiODC(I)) [Trukhin 2004]. 

 

3.5.1.3. Gamma Dose-Rate Effects in Silica Fibers 
 

 The total accumulated dose is a very general descriptor in the field of ionizing-

radiation effects on materials. The dose rate can often give a more complete picture of the 

degradation experienced by the material during irradiation, sometimes indicating the 

existence of competing formation/dissolution mechanisms of color centers [Ahrens et al. 

2001] when dose rate data are combined with other data sets. Temperature-based data 

sets can be particularly useful, as color centers responsible for observed ionizing-

radiation-induced photodarkening can be dissolved (or annealed) with sufficiently high 

temperatures [Henschel et al. 1996, Nassau and Prescott 1975]. As an initial assumption, 

it can be postulated that the annealing rate of existing color centers within the silica fiber 
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material is constant with respect to time and dependent only on temperature [McFadden 

et al. 1996]. It should be pointed out that this assumption may not be applicable in all 

cases, as ionizing-radiation-induced charge carriers and radiolytic species can possibly 

affect color center anneal rates in certain circumstances, possibly increasing these 

[McFadden et al. 1996]. The temperature within a sample may also vary in response to 

different operating conditions, thus making a straight-forward analysis difficult. If, during 

irradiation, the annealing rate is greater than after irradiation, the results obtained under 

the above assumption relating to ionizing-radiation-induced damage would be 

conservative [McFadden et al. 1996]. The causes of color center annealing can, to a large 

extent, be categorized as follows: (1) the supplying of thermal energy to excite charge 

carriers out of color-center-associated trap states, (2) the providing of optical energy to 

excite charge carriers out of color-center-related trap states, and (3) annihilation of color 

centers by providing a necessary charge carrier or radiolytic species, such as an electron 

annihilating a hole center or hydrogen annihilating an NBOHC [McFadden et al. 1996]. It 

should be noted that, especially for case (2), the operational configuration of the silica 

fiber may play a large role in the effect of the ionizing-radiation-induced photodarkening 

rate. 

 The dependence of an ionizing radiation dose rate takes the form of an increased 

dose rate leading to increased ionizing-radiation-induced photodarkening [Alam et al. 

2007, Ahrens et al. 2001, Morita and Kawakami 1989], but the effect of dose rate is, like 

other ionizing-radiation-induced phenomena, dependent upon a myriad of parameters, so 

that this dependence type may be reversed for certain wavelength and temperature 
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conditions. In the reversed case a lower ionizing radiation dose rate will lead to a higher 

rate of photodarkening [Holmes-Siedle and Adams 2002], in some contexts referred to as 

Elevated Low-Dose-Rate Sensitivity (ELDRS) or Suppressed High Dose Rate Sensitivity 

(SHDRS). With respect to silica fibers, it has been observed that high-OH fibers are more 

sensitive to dose rate in general; the high-OH to low-OH gamma-radiation-induced loss 

ratio increases from 1/10 to 1/3 as the dose rate is increased from 24.3 mrad(Si)/s to 

approximately 24.5 rad(Si)/s [Morita and Kawakami 1989]. 

 The thermal environment plays an important role in the de-trapping of carriers 

and therefore also significantly affects the ionizing-radiation-induced photodarkening 

behavior of the optical fiber material [Henschel et al. 1996]. Higher temperatures are 

generally found to diminish the rate of ionizing-radiation-induced photodarkening, while 

lower temperatures see the persistence of strong ionizing-radiation-induced absorption 

[McFadden et al. 1996, Ahrens et al. 2001]. An example of ‘normal temperature 

dependence’ is a halogen-related color center observed in pure and OH-containing silica 

fibers around 760 – 780 nm, which quickly anneals at room temperature, resulting in a 

decrease of absorption immediately following the termination of gamma irradiation 

[Morita and Kawakami 1989]. Occasionally the opposite trend can be found, however, as 

in the case of diffusing alkali species, which are immobilized at low temperatures, 

potentially causing less absorption than at high temperatures where they may diffuse to 

form more detrimental centers (i.e. higher temperatures lead to more intense absorption 

of color centers rather than their dissipation) [Friebele 1991]. Also, this ‘reverse 

temperature dependence’ may, in some cases, be ascribed to stable absorption structures, 
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the formation of which involves a heat-promoted chemical reaction [Morita and 

Kawakami 1989]. 

 Within fibers doped with phosphorous, the NBOHC band in the P-doped fibers is 

observed at about 600 nm (compared with the location of the band in pure, or only OH-

containing, silica, in which the band is closer to 700 nm), and is found to be very dose-

rate dependent, an effect observed especially well at higher dose rates [Lu et al. 1999]. 

When fibers are doped with germanium and/or phosphorous, silicon-related defects are 

known to decrease, as they are not generated as efficiently as centers associated with the 

noted co-dopants [Girard et al. 2007a]. This effect is of great importance, since it 

supports the contention that the behavior of the silica-based material under irradiation is 

largely influenced by the dopants in the structure. 

 

3.5.2. Gamma Radiation Effects in Rare-Earth-Doped Silica Fibers 
 

 Having looked at nominally pure silica fibers, often used for passive applications 

such as communication, the current section will focus on rare-earth-doped fibers, usually 

designed for active applications such as fiber amplifiers and fiber lasers. Specifically, the 

effects of gamma-radiation on silica fibers doped with Er3+ and Yb3+ ions as well as 

fibers co-doped with both of these species are of interest within the scope of this research. 

The incorporation of these large rare-earth ions has a significant effect on the glass 

structure, since, unlike in materials such as YAG, there is no suitable species that the 

large rare-earth ions can substitute for. Also, the solubility of the rare-earth ions in pure 

silica is poor, and clustering can easily occur even for small concentrations, and thus co-
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dopants such as aluminum and gallium are usually implemented to help change the 

microscopic environment of the material to better suit a large rare-earth ion concentration 

with minimal clustering. It should also be noted that the incorporation of some of these 

co-dopants often leads to the presence of other charge-compensating species within the 

material, such as alkali ions in aluminosilicate [Trukhin et al. 2004, Friebele 1991]. The 

simultaneous incorporation of the rare-earth dopants, along with the co-dopants to help 

reduce clustering and their associated impurities, greatly increases the compositional 

complexity of these fibers and opens up new avenues for color center formation, thus 

warranting this section on the effects of ionizing radiation in materials. 

Gamma-radiation-induced changes to rare-earth doped fibers include changes to 

the indices of refraction of the fiber’s core and cladding regions, alteration of fiber 

polarization preserving properties, and induced mechanical effects [Taylor and Liu 2005]. 

In a system implementing a rare-earth doped fiber, irradiation may induce changes in 

wavelength response, changes to stimulated and spontaneous emission rates in amplifiers, 

as well as possible changes in pulse width [Taylor and Liu 2005]. Furthermore, the 

gamma-radiation will induce a possible multitude of color centers which are paramount 

to the absorption behavior of the rare-earth-doped fiber under irradiation and therefore 

also paramount to the current investigation, justifying a section for each of the rare-earth 

ions individually (Er3+ and Yb3+) as well as a section discussing fibers co-doped with 

both of these constituents. 
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3.5.2.1. Gamma Radiation Effects in Er3+-Doped Silica Fibers 
 

 The typical background loss of an Er3+-doped aluminosilicate fiber is 

considerably higher than that of a pure silica fiber [Unger et al. 2008], often several 

tenths of a dB/m in a fiber with a high rare-earth constituent concentration [Nilsson et al. 

2003]. Many additional absorption peaks are evident in a typical Er3+-doped fiber 

spectrum, owing to the interaction of the interrogative reference light with the optically 

active erbium-ions. As more precise data will be given in later sections, this section will 

focus on previous studies revealing basic underlying trends with respect to the gamma-

radiation-induced photodarkening of Er3+-doped aluminosilicate fibers. 

 Optical spectroscopy is one of the primary means of gleaning information about 

the behavior of rare-earth doped fibers. Irradiating fibers and measuring the decrease in 

optical transmittance (or equivalently, the increase in optical absorption) is crucial to 

developing an understanding of the underlying processes of ionizing-radiation-induced 

darkening (see Chapter 2, Section 2.3). This process provides insight into the band 

structure of materials, thereby yielding potentially important information for the 

identification of color centers. 

 When an Er3+-doped aluminosilicate fiber is gamma-irradiated, a loss of 

transmittance (or, equivalently, an increase in absorbance) is seen that is wavelength 

dependent and increases monotonically with increasing total accumulated dose over a 

large region of doses [Girard et al. 2007a, Uffelen et al. 2004, Lezius et al. 2012, Rose et 

al. 2001]. If the ionizing-radiation-induced transmittance damage is represented 

logarithmically and in terms of absorption, the monotonically increasing absorption is 
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found to be linear over most total accumulated doses [Uffelen et al. 2004, Lezius et al. 

2012]. Sublinear deviations may occur at very high doses, presumably due to saturation 

phenomena, or at very low doses [Lezius et al. 2012]. The latter, especially, is often 

difficult to predict owing to measurement ambiguity, slight changes in calibration 

procedures, and small variations in fiber compositions, which, cumulatively, may exceed 

the effects of ionizing radiation at such dose rates [Lezius et al. 2012]. 

The wavelength dependence generally shows that shorter wavelengths within the 

Er3+-doped material exhibit more loss than the longer wavelengths. The order of ionizing-

radiation-induced loss from highest to lowest among three major wavelengths important 

to communications is 980 nm > 1300 nm > 1550 nm [Rose et al. 2001]. Typical values 

and ranges are around to 3.5 dB/m [Rose et al. 2001] for the wavelength of 980 nm and 

0.5 dB/m [Rose et al. 2001] for the wavelength of 1550 nm, for a total accumulated dose 

of 50 krad [Rose et al. 2001]. Ionizing-radiation-induced loss changes are also seen to 

increase linearly with increasing dose when plotted in dB/m [Uffelen et al. 2004, Lezius 

et al. 2012, Rose et al. 2001], which leads to the possible expressions of ionizing-

radiation-induced loss normalized relative to total accumulated dose (see also Equation 

(2.4)). Typical (non-wavelength-specific) values for ionizing-radiation-induced damage 

range from 0.000352 dB/(m·krad) to 0.311 dB/(m·krad) in Er3+-doped fibers [Lezius et al. 

2012]. Specific values for wavelengths of interest are approximately 0.07 dB/(m·krad) 

[Rose et al. 2001] for 980 nm and values ranging from 0.01 dB/(m·krad) [Rose et al. 

2001] to 0.04 dB/(m·krad) [Uffelen et al. 2004] for 1550 nm. It should be noted that 

induced losses can be significantly higher (by at least an order of magnitude [Girard et al. 
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2007a]), depending on other co-dopants. Also, no saturation of losses is found up to 200 

krad (Si) according to some studies [Uffelen et al. 2004]. 

Insight into the dose rate behavior of Er3+-doped aluminosilicate fibers can be 

gathered by looking at the temperature responses of fibers as well as comparing 

darkening rates under different dose rates. Isothermal anneals up to 125 ºC reveal no 

significant recovery [Uffelen et al. 2004], indicating that higher temperatures are needed 

to effect significant changes in post-irradiation transmittance behavior, as well as 

appreciable activation energy of the defect(s) responsible for the absorption. It should be 

noted that some fading of loss has been observed experimentally when gamma irradiation 

is ceased temporarily, but the majority of the loss is generally found to be permanent 

[Uffelen et al. 2004]. Large doses deposited at high dose rates (e.g. over 21 rad(Si)/s 

within one hour or less) may lead to nonlinear effects and unbleachable loss, but lower 

dose rates (e.g. 1 rad(Si)/s) lead to loss that behaves linearly and is bleachable [Lezius et 

al. 2012]. At the wavelength of 1550 nm, a limited Enhanced Low Dose-Rate Densitivity 

(ELDRS) was identified, when a low dose rate irradiation (0.00278 rad/s) yielded a 

ionizing-radiation-induced loss constant of 0.04 dB/(m·krad) as opposed to a higher dose 

rate exposure of 1.25 rad/s leading to a loss constant of only 0.02 dB/(m·krad) [Uffelen et 

al. 2004]. 

 Ionizing-radiation-induced photodarkening has been shown to be largely related 

to co-dopants such as Ge, Al, and P as well as to fabrication parameters [Lezius et al. 

2012]. The amount of ionizing-radiation-induced photodarkening is, however, only found 

to be weakly dependent upon the concentration of the Er3+-ion. It is important to 
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emphasize the role of the aluminum additive in doped aluminosilicate fibers, as it is 

thought that this dopant is primarily responsible for the color centers observed, and 

possibly the cause of changes in other properties observed in rare-earth doped silica-

based fibers [Girard et al. 2007a]. A spectral decomposition of an ionizing-radiation-

induced absorption spectrum suggests that aluminum, rather than other co-dopants such 

as germanium and phosphorous, has a dominant impact on the ionizing radiation 

behavior of the material [Girard et al. 2007a]. The precise aluminum concentration is 

found by some investigators to not have a significant effect on the behavior of these 

materials under irradiation [Girard et al. 2007a], although changes possibly indicative of 

a weak correlation between higher aluminum concentrations and higher induced losses 

have been observed [Lewis et al. 1992, Fukuda et al. 1994]. 

 The effects of gamma irradiation on materials can be broken down into two 

categories: situations where there is a spectroscopic decrease in transmitted light and 

situations where there is an increase in transmitted light over a given spectral range. The 

first category includes of basic material absorption processes. In the case of optical fibers, 

these may be related directly to the host glass, to other constituents found in the glass, or 

to color centers [Uffelen et al. 2004]. In Er3+-doped aluminosilicate glass, the 

modification of basic host glass properties, such as the ionizing-radiation-induced 

formation of color centers is thought to play the predominant role in determining the 

absorption response of the material, rather than absorption directly related to the rare-

earth ion [Uffelen et al. 2004]. With the second category, enhanced absorption (and 

therefore pumping) of the Er3+-ion can lead to an increase in observed output signal, as 
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can a decrease of the fundamental phonon energy of the host matrix, limiting luminescent 

de-excitation paths and thus leading to an increase in the observed signal [Uffelen et al. 

2004]. The permanent changes in phonon energies are interpreted as structural 

modifications in the host matrix, which includes processes such as crystallization 

[Uffelen et al. 2004]. Experimentally, gamma irradiations have been performed on Er3+-

doped fiber samples, and an associated general increase in luminescence has been 

observed both in the visible as well as in the NIR part of the spectrum, indicating that 

enhanced pumping of the rare-earth as well as reduced phonon energy of the host glass 

are involved [Uffelen et al. 2004]. 

When measurements of basic luminescence properties, such as the luminescence 

lifetime, are made on Er3+-doped fibers, it is found that these are not affected by gamma 

irradiations [Girard et al. 2007a, Uffelen et al. 2004]. These results suggest that the 

gamma-radiation affects the aluminosilicate glass in general, but not the microscopic 

environment of the Er3+ ions, neither from the perspective of homogeneous incorporation 

of these rare-earth ions, nor from the perspective of the electronic environment they 

experience [Uffelen et al. 2004]. A possible explanation is that the aluminum species 

forms a solvation shell about the Er3+-ions, leaving the direct environment seen by these 

ions intact and reducing any effects of external fields by intrinsic electronic shielding 

[Girard et al. 2007a, Uffelen et al. 2004]. Besides the consistency of lifetimes, 

consistency of absorption and fluorescence wavelength positions present further benefits 

[Uffelen et al. 2004]. 
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 After gamma irradiation of an aluminosilicate fiber is performed, recovery of 

some of the induced loss may be observed (a decrease of loss by a factor of two was 

observed following a period of four months [Girard et al. 2007a]), especially when the 

absorption has not been saturated [Fox et al. 2009]. 

 

3.5.2.2. Gamma Radiation Effects in Yb3+-Doped Silica Fibers 
 

When fibers are doped with Yb-ions, as well as with the necessary co-doping 

species used to prevent clustering, the background absorption dramatically increases 

compared to regular silica fibers [Nilsson et al. 2003, Williams et al. 1992]. As with the 

Er3+-doped fiber, additional absorption is visible across the spectrum due to the Yb-ions 

optically active absorption properties. Also, as with the Er3+-doped fiber, the Yb3+-doped 

fiber experiences an increase in absorption following gamma irradiation, except that this 

increase in absorption is found to be smaller in general compared to absorptions 

experienced by Er3+-doped fibers given the same irradiation conditions [Lezius et al. 

2012]. 

In one study involving gamma-irradiation at a dose rate of 2.1 rad(Si)/s up to 97.1 

krad (Si), two Yb3+-doped fibers, differing in dose concentration by two orders of 

magnitude, both exhibited excellent ionizing radiation resistance, with insertion losses 

being 0.05 dB and 0.88 dB and ionizing-radiation-induced attenuation being 0.07 dB and 

1.26 dB for the mildly and highly doped fibers, respectively [Taylor and Liu 2005]. 

Typical values of ionizing-radiation-induced loss constants range from 0.009 dB/(m·krad) 

to 0.0099 dB/(m·krad) [Lezius et al. 2012]. It should be noted that differences in Yb3+-
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doped concentrations may also correlate to increases in alumina (Al2O3) as well as other 

dopants, such as F, P, B, and Ge [Taylor and Liu 2005], meaning that an accurate 

correlation cannot always be established, usually due to the lack of knowledge of the 

fiber composition due to proprietary reasons of the manufacturer. Furthermore, it is 

suspected that certain recovery mechanisms are very rapid and could occur before 

measurement has taken place [Taylor and Liu 2005], motivating the collection of in-situ 

data. The fundamental origin of insertion loss increase, as well as the increase of other 

detrimental effects such as Amplified Spontaneous Emission (ASE), is deemed to be 

color center formation within the material [Taylor and Liu 2005]. 

Although, as with Er3+-doped fibers, the presence of the Yb3+-ion leads to a large 

increase in sensitivity of the fiber material to ionizing radiation, in comparison to pure 

silica fibers, the sensitivity to ionizing radiation is generally found to be strongly related 

to co-dopants, such as Al, B, and P, and fabrication conditions, and only weakly related 

to the actual concentration of the rare-earth dopant [Lezius et al. 2012, Griscom 2011]. 

 Concerning the absorption spectrum of aluminosilicate samples, gamma 

irradiation (to doses of approximately 175 krad (Si)) has been found to lead to a large 

increase in absorption at energies higher than about 850 nm [Arai et al. 2009]. A broad 

absorption peak has been observed around 350 nm to 400 nm. This peak could be 

decomposed into three individual bands: 388 nm and 539 nm, both associated with 

Aluminum-Oxygen Hole Centers (Al-OHCs), and 302 nm, associated with an 

Aluminum-E’ (Al-E’) center [Arai et al. 2009] (also see Table 3.2). 
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 An Electron Spin Resonance (ESR)-based study of gamma-irradiated 

(approximately 17.5 krad (Si)) Yb3+-doped aluminosilicate samples identified Al-OHCs 

as being the primary mechanism of ionizing-radiation-induced photodarkening [Arai et 

al. 2009]. The study was motivated by reports of hydrogen treatments improving 

ionizing-radiation-induced losses, suggesting the origins of the absorption to be due to 

atomic structures containing unpaired electrons [Arai et al. 2009]. Within pristine fibers, 

ESR revealed the presence of Si-E’-centers and an Si-E’-related center (Si(H)-E'). 

Gamma irradiation, on the other hand, leads to the presence of Al-OHCs and increases of 

the two E’-type centers, as well as the presence of a small number of NBOHCs [Arai et 

al. 2009]. Interestingly, the Al-E’ center identified in the absorption spectrum is not 

observed in the ESR, but this center is not thought to impact telecommunications and 

other important wavelengths in the NIR region of the spectrum as much as the Al-OHC 

related absorptions [Arai et al. 2009]. 

X-ray absorption fine structure (XAFS) measurements on aluminosilicate indicate 

differences in the next-nearest neighbor bond distances between pre- and post-gamma 

radiation (approximately 175 krad (Si)) data, indicating that the next-nearest neighbor, 

either silicon or aluminum, is involved in the photodarkening process, which is consistent 

with Al-OHCs constituting the primary cause of absorption [Arai et al. 2009]. 

Furthermore, the valence state of the Yb3+-ion is reported to remain ‘+3’ for both pre- and 

post-exposure conditions [Arai et al. 2009]. 

As with Er3+-doped fibers, substantial doses deposited at high dose rates (e.g. over 

21 rad(Si)/s within one hour or less) may lead to nonlinear effects and loss that is not 
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found to be bleachable, while lower dose rates (e.g. 1 rad(Si)/s) behave linearly and are 

bleachable [Lezius et al. 2012]. The recovery of lost transmittance in Yb3+-doped fibers is 

found to proceed at a slower rate than for Er3+-doped fiber [Lezius et al. 2012]. 

 

3.5.2.3. Gamma Radiation Effects in Er3+/ Yb3+-Doped Silica Fibers 
 

 Passive increases in ionizing-radiation-induced absorption have been found to be 

0.0494 dB/(m·krad(Si)) in Er3+/Yb3+-doped silica fibers [Alam et al. 2006b]. When an 

Er3+/Yb3+-doped silica fiber operated as an amplifier was exposed to gamma radiation, it 

was found that losses were on the order of 0.26 dB/(m·krad(Si)) at a wavelength of 1537 

nm and a dose rate of 4.5 rad(Si)/s, and no saturation was observed up to total 

accumulated doses of 90 krad (Si) [Alam et al. 2007]. Losses were also found to be 

significantly higher in lower wavelength ranges, such as 900 nm to 1040 nm, as 

compared to ranges of longer wavelength, such as 1350 nm to 1600 nm [Alam et al. 

2007]. 

 A 15 m long Er3+/Yb3+-doped silica fiber configured as an amplifier can 

experience a significant amount of 60Co gamma-radiation-induced loss, the output power 

decreasing to about 10% following an exposure of about 20 krad (Si) with a dose rate of 

10 rad(Si)/s [Alam et al. 2007]. A higher dose rate is found to lead to even more severe 

ionizing-radiation-induced photodarkening [Alam et al. 2007]. 

A further study involving Er3+/Yb3+-doped fibers indicated significantly lower 

60Co gamma-radiation-induced losses, ranging from 0.018 dB/ (m·krad(Si)) (1.8 dB/m 

following a 100 krad (Si) exposure) at the wavelength of 1550 nm to 0.07 dB/ 
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(m·krad(Si)) for different fiber samples, with no saturation observed [Ahrens et al. 2001]. 

An increase in dose rate was seen to cause an increase in induced absorption [Ahrens et 

al. 2001]. Differences between the ionizing-radiation-induced losses of different fiber 

samples were attributed to slight changes in germanium and phosphorous doping levels, 

which were present in the host glass matrix as co-dopants [Ahrens et al. 2001]. An 

absorption band at 1600 nm was observed, which is thought to be caused by the trapping 

of holes in a defect structure identified as a phosphorous P1-center (see Table 3.2) 

[Ahrens et al. 2001]. It is clear that the impact of ionizing radiation is largely dependent 

on many factors, including fiber length, fiber constituents and doping levels, as well as 

amplifier configuration and ionizing radiation doses and dose rates [Alam et al. 2007, 

Ahrens et al. 2001]. 

 

3.5.3. Non-Gamma Type Radiation Effects in Optical Fibers 
 

 The effects of gamma radiation are of prime importance to the research presented 

within this study, but gamma radiation presents only one form of radiation in a world 

where multiple types of radiation often occur simultaneously in a given environment. 

There are two instances within the scope of this research where the effects of other types 

of radiation are of importance: (1) high intensity photonic radiation stemming from pump 

diode lasers used within the active amplifier tests, and (2) space radiation experienced by 

rare-earth doped optical fibers in Low-Earth Orbit (LEO). Regarding (1), the impact of 

lasers, either signal or pump, with potentially high intensities and photon energies will be 

discussed in the context of optical changes to the materials. Of particular importance are 
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the conditions necessary for this radiation to impact the system in a significant way. 

Radiation of this type will be discussed in Section 3.5.3.1. Regarding (2), proton and 

neutron radiations will be discussed, which will give insight into the similarities between 

these types of radiation and gamma radiation. 

 

3.5.3.1. Laser-Induced Effects in Silica Fibers 
 

 Although the focal point of this research is ionizing radiation, since damage 

(modified optical parameters) is usually associated with ionization of the material, there 

are at least two specific reasons why it is of great importance to take into account non-

ionizing radiation when discussing radiation-induced effects. The principle materials of 

interest within this study are optical fibers used for amplifier applications, and although 

the radiation that is used as the signal wavelength within these materials is usually in the 

near-infrared (low photon energy) and generally of low intensity (since amplifiers are 

usually situated where a boost to the signal is required), this same wavelength will 

acquire much energy (intensity) as it passes through the actively operating amplifier. A 

far greater intensity is achieved by the pump photons, which are of higher photon energy 

than the signal photons (under ordinary pumping that does not involve up-conversion) 

and of higher intensity. This is because the non-unity quantum efficiency of the non-

theoretical material leads to unwanted energy dissipation and higher intensities are 

designed into the energy pumps to counteract this loss. Thus, the first important 

contribution of non-ionizing radiation to radiation-induced damage to materials is that 

from the high-intensity photons present during operation of the fiber amplifier, with 



 158

pump photons being of particular concern. The second contribution to the induced 

damage of a material stems from possible interaction of the non-ionizing radiation with 

the ionizing radiation, which will be covered in Chapter 6. Of course, aside from damage 

mechanisms, non-ionizing radiation is also of importance in the field of radiation-damage 

as a reference for the measurement of optical parameters within the material sample 

studies. 

 When a rare-earth doped optical fiber, e.g. a high-power Yb3+-doped fiber, is 

operated as a fiber laser or amplifier, it experiences laser-induced photodarkening within 

the fiber core, which can be considered significant when the ytterbium ion concentration 

reaches a certain threshold (approximately 5·1025 ions/m3 [Morasse et al. 2007]). This is 

contrasted with radiation-induced photodarkening, which in the context of this study 

refers to the subjection of the system to ionizing radiation (here this radiation is usually 

gamma-radiation). Laser-induced photodarkening appears to have first been observed in 

the 1990s [Paschotta et al. 2007b], when the output powers of fiber lasers and amplifiers 

were found to decrease over long periods of time due to increasing absorption in the core 

of the fiber. In the case of a short, 5 cm piece of Yb3+-doped fiber, not designed for laser-

induced photodarkening reduction and implemented in a core-pumped amplifier 

configuration, a roughly exponential decrease of relative output power has been reported 

that reaches a value of 10% after only 10 minutes, approximately [Morasse et al. 2007]. 

After prolonged exposure, this laser-induced photodarkening saturates [Morasse et al. 

2007, Koponen et al. 2007]. It has also been found that longer pump wavelengths, such as 

1047 nm pumping in an Yb3+-doped fiber, with associated low inversions, produce no 
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laser-induced photodarkening regardless of intensity. In contrast, pumping at shorter 

wavelengths, such as 977 nm, with associated high inversions, can lead to a large amount 

of laser-induced photodarkening [Morasse et al. 2007]. The key aspect for the induction 

of laser-induced photodarkening is thus found to be the inversion level [Morasse et al. 

2007, Koponen et al. 2006], with specific investigations yielding a laser-induced 

photodarkening rate (given in dB/m) proportional to the 7th power of the excited state 

Yb3+ concentration within the rare-earth doped fiber core [Koponen et al. 2007]. 

 The population inversion level, and thus the amount of excited Yb3+-ions and 

therefore also the laser-induced photodarkening, is highly dependent on the interplay of 

several structural and operational amplifier properties, including pump brightness, pump 

intensity, pump wavelength, fiber length, fiber core size, fiber inner cladding size, Yb3+ 

concentration, as well as overall optical feedback [Koponen et al. 2007]. It should also be 

noted that, for the purposes of measuring the severity of laser-induced photodarkening for 

a particular fiber composition, a very short fiber length (e.g. 10 cm) should be used with 

high-power pumps, otherwise measurement times may become unreasonably long 

(estimated tens of thousands of hours in some cases) [Koponen et al. 2007]. 

Having described the effect of laser-induced photodarkening, as well as some 

general factors contributing to the severity of the loss experienced in rare-earth doped 

fibers operated as lasers or amplifiers, it is of interest to conjecture on the origins of this 

darkening. One phenomena which has been suggested involves the generation of 

absorption centers by UV light, which itself is produced by exciting, presumably by 

pump radiation, multiple clustered Yb3+-ions, at least three or four of which cooperatively 
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luminesce [Morasse et al. 2007]. While the aforementioned process relies on UV light to 

induce damage to the fiber material, cooperative luminescence of around seven pump 

photons (at 977 nm) can directly create photoconduction by surmounting the 

(approximately 9 eV) band gap of silica [Koponen et al. 2007], or possibly even 

significantly lower band gap energies if the content of impurities such as sodium are 

high. The dependence of laser-induced photodarkening on pump wavelength, excited 

rare-earth ion concentration, and high rare-earth dopant uniformity (i.e. for the reduction 

of clustering and achieving reduced photodarkening) largely support this theory, as do 

similarities between UV irradiated and core-pumped photodarkened absorption spectra 

[Morasse et al. 2007]. 

Thus, in order to reduce the laser-induced photodarkening, uniformity of the 

optically active rare-earth ion constituents is essential in order to inhibit clustering. To 

alleviate the problem of clustering, special co-dopants, such as aluminum, germanium or 

gallium, can be implemented [Morasse et al. 2007, Kirchof et al. 2005]. This is desired in 

order to avoid laser-induced photodarkening, as well as to increase operational efficiency 

by avoiding possible charge transfer processes which can depopulate excited states of the 

rare-earth dopant during normal operation of the fiber-based laser or amplifier. These 

dopants can modify the material microstructure by strategically placing themselves into 

favorable sites and mitigating the tendency of the heavy rare-earth ions to locate 

themselves in close proximity to one another. This technique successfully reduces laser-

induced photodarkening [Morasse et al. 2007], but it must be borne in mind that the now 

modified and more complex microstructure of the fiber opens up new possibilities for 
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potential charge trapping. It should also be noted that a fiber co-doped with both Er3+- 

and Yb3+-ions experiences a reduction in laser-induced photodarkening, albeit less 

dramatically than in the case of Yb3+ and aluminum co-doping [Morasse et al. 2007]. In 

the former case, the Yb3+-ion transfers its energy more readily to the Er3+-ion rather than 

cooperatively radiating with another Yb3+-ion [Morasse et al. 2007], thus leading to less 

production of absorption centers in the visible part of the spectrum and subsequently to 

less loss in the NIR due to band tailing from the wide color center band. 

At this point it is also appropriate to discuss the role of aluminum in reduction of 

laser-induced photodarkening. Although aluminum is regarded as the laser-induced 

photodarkening culprit due to associated aluminum-related defects such as Al-OHC [Arai 

et al. 2009, Hosono and Kawazoe 1994], this dopant is also responsible for increasing 

uniformity when introduced into the material during fabrication, thus decreasing laser-

induced photodarkening. The dual role of aluminum is an important aspect of this dopant, 

but it is generally agreed that the benefits of aluminum outweigh the detrimental effects, 

thus aluminum is usually present within the rare-earth-doped fiber material [Arai et al. 

2009]. 

As noted above, the reduction of laser-induced photodarkening requires high 

uniformity and thus highly controlled fabrication environments, such as those provided 

by modified chemical vapor deposition (MCVD) with solution doping techniques 

[Morasse et al. 2007]. It has also been found that different processes, such as MCVD and 

DND (Direct Nanoparticle Deposition), lead to similar laser-induced absorption spectra 

[Koponen et al. 2006]. 



 162

Due to the dependency of laser-induced photodarkening on inversion of the 

ytterbium rare-earth dopant, the design and operation of the system is largely implicated 

in determining the radiation hardness of the final application [Morasse et al. 2007]. The 

worst-case scenario is found with core pumping of short fibers, which can lead to high 

inversion levels in excess of 90% and thus to much laser-induced photodarkening 

[Morasse et al. 2007]. Pulsed systems reach even higher inversion levels than CW 

systems, making these even more prone to laser-induced photodarkening effects 

[Koponen et al. 2007, Koponen et al. 2006]. Longer fiber length, larger core diameters, 

and cladding pumped fibers all have lower overall inversion levels, sometimes below 1%, 

due to a small overlap between the energetic pump radiation and the core region in which 

the laser-induced photodarkening is monitored [Morasse et al. 2007, Koponen et al. 

2007]. Also, laser operation leads to lower overall inversion levels than amplifier 

operation, since the oscillation of the light depletes the excited states. But even for the 

latter doped fiber configuration, the inversion level may only be around double the 

former case, which yields a theoretical inversion of only about 2%, far below core 

pumping levels [Morasse et al. 2007]. It should be borne in mind that cladding pumping, 

although superior with regard to resisting laser-induced photodarkening, requires a 

relatively high doping concentration of the optically active dopant. Having high dopant 

concentrations might possibly affect ionizing-radiation induced darkening, which is a 

concern with this methodology. Higher doping levels may also lead to reduced fiber 

lengths, which in turn may be beneficial by limiting non-linear effects such as the Kerr 

effect, Brillouin, and Raman scattering, which become more pronounced as the fiber 



 163

length increases [Nilsson et al. 2003], and which are a particular problem in optical fibers 

due to the small mode. In high power lasers, non-linearities can be particularly 

deleterious, which emphasizes the importance of high optically active ion doping 

concentrations. 

 In terms of specific defect centers responsible for pump-induced photodarkening 

within Yb3+-doped fibers, Al-OHCs have been suggested as the primary cause [Arai et al. 

2009], in accordance with gamma-radiation induced photodarkening. While ESR 

revealed E’-centers and an E’-related center (Si(H)-E') in pristine Yb3+-doped fibers, 

these same fibers showed evidence of Al-OHCs following pump-induced photodarkening 

(the E’-related center concentrations were, unlike the gamma-induced photodarkening 

case, not increased during pump-induced photodarkening, which is attributed to the lower 

energy of the pump photon compared to the gamma photon) [Arai et al. 2009]. 

 

 

3.5.3.2. UV Radiation Effects in Silica Fibers 
 

 In Er3+-doped aluminosilicate fibers, UV irradiation produces effects similar to 

gamma irradiation in terms of observed post-irradiation increases in luminescence, as 

well as locations of luminescence peaks [Uffelen et al. 2004]. These similarities suggest 

similar modification of the host glass matrix under both types of radiation [Uffelen et al. 

2004]. 
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3.5.3.3. Proton Radiation Effects in Silica Fibers 
 

 Protons radiation distinguishes itself from photonic radiation, such as gamma 

radiation and radiation from signal and pump lasers, by carrying a significant amount of 

momentum. Thus, besides producing ionization within the material, atomic displacement 

represents an additional mechanism for energy deposition [Ahrens et al. 2001]. Although 

the fundamental mechanisms of photonic- and particle-type may differ, it is found that, 

from a standpoint of spectral induced photodarkening, proton radiation and gamma 

radiation exhibit comparable features [Girard et al. 2007a, Lezius et al. 2012, Ahrens et 

al. 2001, Rose et al. 2001], indicating that the primary interaction mechanism of protons 

is ionization [Girard et al. 2007a, Lezius et al. 2012, Friebele 1991]. The implications of 

this finding is that the total deposited ionizing energy (i.e. dose in units of, e.g., rad (Si)) 

can, as a first-order estimate and barring special circumstances, be considered the primary 

determinant of the amount of ionizing radiation damage, regardless of whether gamma or 

proton radiation is present (important exceptions as to the magnitude of the induced 

damage have been, however, reported, including one study in which the gamma-induced 

damage after 50 krad (Si) was found to be almost twice the proton-induced damage 

[Alam et al. 2006a]). Comparable features between gamma and proton irradiation include 

both the spectral shape of absorptions, and also the linear increase (in dB/m) in induced 

absorption with proton fluence (the increasing ionizing radiation dose which, for a given 

proton energy, can be related to absorbed dose) [Ahrens et al. 2001]. The occurrence of 

ionization as the primary mechanism of proton-radiation induced damage holds true for 

damage in wavelengths across the spectrum, from visible wavelengths to the NIR portion 
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of the spectrum [Girard et al. 2007a], but it does not hold true at very high dose rates 

(~12.4 krad(Si)/s [Lezius et al. 2012]). 

When proton irradiation is considered, certain energies allow for the protons to 

implant themselves in the ionizing-radiation-sensitive core of the fiber where they will 

cause maximum damage. Very low energies will lead to protons implanting themselves 

in the cladding, while high energies will lead to protons traversing the structure entirely 

[Ahrens et al. 2001]. In one study involving Er3+/Yb3+-doped fibers, it was found that 

irradiations with protons of energy 3.6 MeV implanted themselves within the core of the 

fiber [Ahrens et al. 2001]. Low energy protons can also implant themselves within the 

fiber material and cause densification of the host glass, thereby inducing changes in the 

index of refraction of the material [Presby and Brown 1974]. The aforementioned effects 

of particle-type radiation are in stark contrast with photonic radiation. But, as with 

gamma radiation, proton radiation, especially with high energy, may also cause 

secondary effects, the exact nature of which are difficult to predict [Lezius et al. 2012]. 

For Er3+-doped fibers it has also been found that proton irradiation induces 

photodarkening within the host glass material and does not affect the optically active ions 

directly [Girard et al. 2007a]. As with gamma irradiation, it is found that aluminosilicate 

fibers doped with Er3+ are more sensitive than those doped with Yb3+. In Er3+-doped 

fibers, 20 MeV proton irradiation leads to degradations 2.6 times faster than in Yb3+-

doped fibers and 80 times faster than in standard silica SMF-28 fibers have been 

observed [Lezius et al. 2012]. 
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3.5.3.4. Neutron Radiation Effects in Silica Fibers 
 

 Neutrons possess approximately the same mass as a proton and carry a significant 

amount of momentum and therefore have the ability to atomically displace atoms. They 

do not, however, possess charge, and will therefore experience different degradation 

mechanisms from protons. In particular, neutrons may be able to participate in nuclear 

reactions more readily due to the lack of charge and associated inability of the target to 

repulse the neutron [Lezius et al. 2012]. Investigations in rare-earth doped silica fibers 

indicate that neutron radiation, at energies of 20 MeV and 180 MeV does not 

significantly degrade the transmittance of these fibers, decreases often being undetectable 

[Lezius et al. 2012], although fluxes in this investigation were relatively low. 
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Chapter 4: Sample Suite and Experimental Methods 
 
 

 Two primary topics are discussed within this chapter: (1) the fiber materials 

examined under the purview of this study, and (2) the basic experimental setups and 

methods used to investigate these materials. The present chapter commences with 

information on the suite of fiber materials used within the experiments described in the 

following chapters. Next, technical aspects important for optical fiber work are touched 

upon. These range from general procedures to specific implementations for increased 

experimental accuracy. The last section of this chapter is concerned with the description 

and relevancy of different experimental types used to examine the response of the fiber 

material subjected to ionizing radiation. This final section also highlights the ways in 

which these experimental types complement each other to yield a more complete picture 

of the radiation behavior of optical fiber materials. In addition, it describes some specific 

mathematical formulations for representing the data obtained by the experimental 

methods prescribed. 

 

4.1. Experimental Sample Suite 
 

An assortment of different specialty fiber material types from a number of 

manufacturers served as the sample suite for the experiments conducted within the scope 

of this investigation. The fiber materials consisted of optical fibers as well as optical fiber 

preforms. Among these, primarily rare-earth-doped fibers were of interest, although data 
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was also collected on certain ‘passive’ fibers, i.e. fibers not designed for pumping. Rare-

earth-doped fibers from three manufacturers, Liekki, Nufern, and OFS were investigated, 

and are listed in Table 4.1. These fibers exhibit considerable differences in composition, 

core and cladding size, and peak absorption, as noted in the table. It should also be noted 

that, although manufacturers continually update the compositional recipes to achieve 

better performance from their products, the tailoring of concentrations is often minor and 

the identities of fundamental constituents are likely to remain consistent, thus enabling 

the current study to describe general radiation-hardness properties to a large extent. 

Representative compositional information is given in Table 4.2, where it is seen that all 

Liekki fibers are aluminosilicates. Furthermore, the aluminum concentration in the Er3+-

doped fibers is generally larger than in their Yb3+-doped counterparts. Also, it is notable 

that the Er3+/Yb3+ co-doped fibers contain significantly less aluminum than the singly-

doped Liekki fibers. A further important piece of information, not shown in Table 4.2, is 

that the singly-doped Liekki fibers have either no or negligible phosphorous content. 
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Table 4.1. Experimental Sample Suite 
The ‘RE’ column lists the Rare-Earth dopant (in its atomic form) with which the fiber is 
doped. A ‘/’ with a number on either side designates the core and cladding diameters; the 
former number designates the core and the latter the cladding diameter in units of ‘µm’. 
For the Liekki fibers, the nominal peak absorption is given in the fiber type designation in 
units of ‘dB/m’ after the dopant specification (at a wavelength of 976 nm for Yb3+- and 
1530 nm for Er3+-doped fibers). ‘DC’ specifies a double-clad fiber geometry. Much 
information was obtained from manufacturers’ data sheets, available at the websites of 
the manufacturers [Nufern Product-Specific Data Sheets, Liekki Product-Specification 
Sheets]. 

RE 
Manu-
facturer Fiber Type / Part No. Fiber Code 

Core 
NA 

Pigtail 
Type 

Yb Liekki Yb1200-20/400DC YB05-013B-01-1B 0.082 SMF-28 
Yb Liekki Yb2000-30/250DC YB04-328A-1B1 0.068 SMF-28 
Yb Liekki Yb1200-4/125 YB05-035A-1B1A 0.18 none 
Yb Liekki Yb2000-6/125DC YB04-288B-1A3 0.12 HI-1060 
Yb Nufern LMA-YDF-15/130 DC 07-B0544-00-3B-11 0.08 SMF-28 
Yb Nufern LMA-YDF-15/130-HI 06-B0452-00-3B-06-01 0.08 SMF-28 
Yb OFS OFS Yb PM DC Y092697f / SN 2856 0.12 HI-1060 
Er Liekki Er16-8/125 E05-025C-1B3B 0.13 none 
Er Liekki Er20-4/125 E03-330A-1B3 0.22 none 
Er Liekki Er30-4/125 E04-324A-1A2 0.19 none 
Er Liekki Er80-4/125 E03-227A-1B15 0.21 none 
Er Liekki Er110-4/125 E04-364B-1C1 0.19 none 

Er,Yb Nufern MM-EYDF-12/130 DC 06-A0514-20-3B-01 0.2 SMF-28 
Er,Yb Nufern MM-EYDF-12/130-HE DC 07-A0795-20-3B-01-02 0.22 SMF-28 
Er,Yb OFS OFS Er/Yb PM DCF EY052902F-1 0.17 SMF-28 

Tm Nufern LMA-TDF-25/250 DC 05-A0328-00-3B-03 0.1 SMF-28 
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Table 4.2. Compositional Information on Individual Fibers of the Experimental Sample 
Suite 
All concentrations listed are approximate ranges and listed in terms of oxide mol.%. 
‘N/A’ indicates that the information is not available, not that this dopant is not present. 

RE Manufacturer Fiber Type / Part No. RE2O3 Al2O3 
Yb Liekki Yb1200-20/400DC 0.20–0.23 1.00–1.10 
Yb Liekki Yb2000-30/250DC 0.17–0.20 1.10–1.20 
Yb Liekki Yb1200-4/125 0.25–0.30 4.00–4.20 
Yb Liekki Yb2000-6/125DC 0.30–0.35 1.70–1.80 
Yb Nufern LMA-YDF-15/130 DC N/A 1.0–1.1 
Yb Nufern LMA-YDF-15/130-HI N/A N/A 
Yb OFS OFS Yb PM DC 0.14–0.18 1.25–1.30 
Er Liekki Er16-8/125 0.020–0.022 3.00–3.10 
Er Liekki Er20-4/125 0.035–0.038 6.30–6.40 
Er Liekki Er30-4/125 0.033–0.035 5.20–5.30 
Er Liekki Er80-4/125 0.133–0.138 5.30–5.40 
Er Liekki Er110-4/125 0.171–0.176 5.00–5.10 

Er, Yb Nufern MM-EYDF-12/130 DC N/A <1.0 
Er, Yb Nufern MM-EYDF-12/130-HE DC N/A <1.0 
Er, Yb OFS OFS Er/Yb PM DCF N/A N/A 

 
 

To optimize transmission performance of the specialty sample fibers, some of the 

fiber types listed in Table 4.1 are designed for spliceablilty, a trait useful for 

implementation with pigtail fibers, which are themselves designed for efficient coupling 

and used for guiding light into and out of the core of the specialty fiber. The pigtail fibers 

used were of the SMF-28 and HI-1060 types. Pigtail fiber types associated with specific 

sample fibers are listed in Table 4.1). It should be noted that none of the Er3+-doped 

fibers used pigtails. In addition, many low-OH silica Ocean Optics P100-10-VIS/NIR 

fibers were implemented as delivery fibers, transferring signals from light sources to 

either pigtail fibers spliced to the rare-earth-doped sample fibers or to the rare-earth 

doped fibers themselves, and then transferring the light to other devices such as detectors. 
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Low-OH compositions are beneficial as they may help reduce absorption in certain 

regions, thus allowing the monitoring of wavelengths potentially not accessible in fibers 

with higher OH content [Morita and Kawakami 1989]. 

In addition to the optical fiber samples within the sample suite, four compositions 

of rare-earth-doped aluminosilicate optical fiber preforms from Liekki were tested as 

well. These are listed in Table 4.3. The samples were of the shape of small cylinders, 

exhibiting thicknesses on the order of 2 – 4 mm and diameters on the order of 1 cm. Core 

and cladding regions were easily identified visually, as was the second cladding for the 

YB07-B194A sample. The polishing of the optical surfaces on either side was performed 

in a series of stages with decreasing grain size and was carried out manually on a Buehler 

variable speed EcoMet grinder/polisher. The core region was on the order of 1 mm in 

diameter, necessitating special setups to properly target this region (see Section 4.3.2.2). 

Only the core contained rare-earth doping; the cladding region was undoped with these 

constituents. 

 

Table 4.3. Rare-Earth-Doped Optical Fiber Preform Samples 
Peak absorption is noted for the wavelength of 976 nm for Yb3+- and 1530 nm for Er3+-
doped samples. 

Active Dopant Manufacturer Designation Peak Absorption 
Er3+ Liekki Liekki E03-051A 12 dB/m 
Er3+ Liekki Liekki E03-138A 20 dB/m 
Yb3+ Liekki YB07-B194A 1200 dB/m 
Yb3+ Liekki YB03-150B 2000 dB/m 
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4.2. Optical Fiber Preparation 
 

To accurately conduct these experiments, it is necessary to guide reference light 

into the core of the rare-earth-doped optical fibers. In some cases, especially when 

mismatches in fiber geometries lead to the possibility for non-core-guiding modes of light 

to propagate, pigtail fibers are spliced to the ends of the rare-earth-doped fibers as noted 

in Section 4.1. The procedure for connecting these segments of fiber begins with the 

cleaving of the end of the rare-earth-doped fiber and the end of the pigtail fiber segment 

with a high-precision cleaving tool such as a Fujikura Precision Cleaver. The cleaving 

can only proceed if the necessary jacketing and buffering has been removed. This can be 

accomplished either with specialized jacketing and buffer strippers, or with a razor blade. 

For stripping fiber jacketing, a conventional wire stripper can be implemented but is not 

recommended. It should be used only for making the incision and not the complete 

removal of the fiber jacketing material (recommendation of The Fiber Optic Association). 

Once the proper cleaves have been achieved, the two ends are cleaned using either 

acetone or methanol in combination with either lens tissues or a specialized fiber cleaning 

tool, such as a Cletop refillable cassette cleaner. The ends of the two fibers are then 

inserted into a fusion splicer after a heat-shrinkable splice protector sleeve (e.g. 

MINI140CDS available from the Fiber Instrument Sales Data Archive) has been slid over 

one end. For most of the experiments, an Ericsson FSU 995FA fusion splicer was 

implemented. With the two fiber ends clamped into the fusion splicer, a display shows 

any improper cleaves and/or the presence of any large debris on the fibers, necessitating 

re-cleaving and/or additional cleaning. Fusion of the rare-earth-doped fibers is difficult in 
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the case of very large diameter fibers and requires a custom program to properly instruct 

the splicing tool on how to properly fuse such a fiber. A fusion splicer operates by 

initially aligning the optical fiber ends and using a plasma arc to clean and pre-heat them. 

Then, a second plasma arc in combination with a motor controlled joining of the fibers 

completes the splice. A splice protector is then slid over the splice and the splice is cured 

in a specialized splice-protector oven, which is usually attached to the fusion splicer. 

Following the completion of a splice, the machine will estimate the quality of the 

splice. It is advised to also project, using a lens, the light of a visual fault-finder to ensure 

that the light is guided through the core and that the light traveling through the cladding is 

minimized. Further tests of the splice, e.g. by using a detector, are also recommended. 

During the experiments, the cleaning of fiber connectors was crucial for 

maintaining good signal levels, and was performed every time a connector was re-

connected. If possible, polishing of fiber ends was also performed to increase optical 

signals. To further improve the optical signals from the delivery fibers, which were used 

to transfer optical signals from the light sources, to the amplifier fibers under test, and to 

optical detectors, these fibers were also connectorized by Coastal Connection and 

jacketed by Ocean Optics. 
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4.3. Optical Fiber Material Measurements 
 

To gain an understanding of the behavior of optical fibers in response to ionizing 

radiation, a series of measurements must be conducted to evaluate the performance of the 

fiber materials and provide information concerning possible reasons for the observed 

response. The current section covers the types and some procedures related to the 

experiments conducted for this research effort. Most of the experiments performed within 

the scope of this research involve Er3+- and Yb3+-doped fibers that are not actively 

pumped, although some optical fiber preforms and one set of experiments using active 

pumping, were conducted as well. The experiments comprising this research effort can 

be, to a large extent, categorized using two metrics: (1) whether the experiment was ‘in-

situ’, i.e. carried out with the sample materials of interest in an ionizing radiation 

environment, and (2), whether the nature of the data collection involved spectral 

absorption or spectral emission measurements. Regarding (1), in-situ experimentation 

provides more details of relevant damage mechanisms of the material, potentially 

revealing transient effects not resolved in pre-/post-irradiation-type experiments. It 

should be borne in mind, however, that the ionizing radiation environments in these in-

situ experiments are, as are their pre-/post-irradiation experiment counterparts, simulated 

environments intended for accelerated tests, which may not necessarily match the full 

complexity of the intended environment (if known for a specific application). The in-situ 

experiments will be covered first (Section 4.3.1), and general pre-/post-irradiation 

spectroscopy and UV/Vis/NIR spectroscopy will be covered in the following section 

(Section 4.3.2). Concerning metric (2), only one type of emission experiment was 
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conducted, a set of photoluminescence measurements, and instances of these will be 

discussed last (Section 4.3.2.3). The photoluminescence experiments have the ability to 

greatly complement the absorption measurements, since certain key defects may be 

observed through different experiments. 

 

4.3.1. In-Situ Fiber Irradiation Experiments 
 

In-situ experimental data collected provide insight into processes, which may be 

hidden in pre-/post-irradiation data, by monitoring the temporal evolution of the signals 

involved. In contrast with the pre-/post-irradiation method, in-situ measurements yield a 

large number of temporal data points rather than just two. When collected during an 

irradiation with a known ionizing dose rate, in-situ temporal data may be converted to 

data dependent on the total accumulated ionizing dose, providing important insight into 

the evolution of ionizing-radiation-induced damage and possibly yielding information on 

the underlying damage mechanisms. 

Within the scope of this study, two main in-situ-type experiments were 

conducted. The first of these involved irradiation of unpumped rare-earth-doped optical 

fibers; the second involved data collection on two actively-pumped rare-earth-doped 

amplifiers. Only the first and most basic type of in-situ experiments will be covered 

within this chapter, with the results discussed in Chapter 5 (Section 5.1). The actively-

pumped experiments (both the procedures and the discussion) are left for Chapter 6. 

Nevertheless, the latter two experiments closely resemble the basic setup explained in 

this chapter. 
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For the first in-situ-type experiment noted in the previous paragraph, a suite of 

Yb3+- and Er3+-doped aluminosilicate fibers, as well as some other fibers types such as 

Er3+/Yb3+ co-doped fibers, from various manufacturers was exposed to gamma radiation 

from a 60Co source in a test cell of the Gamma Irradiation Facility (GIF) at Sandia 

National Laboratories in Albuquerque, NM. Multiple irradiations of this type were 

conducted to irradiate the entire sample suite. The tested fibers were on the order of 1 - 3 

m in length, and varied in core and cladding diameter, geometry, numerical aperture, and 

doping concentrations (see information in Table 4.1). All fibers were fitted with SMA 

connectors (Coastal Connections) to facilitate connections to other fibers and test 

equipment. Some fibers (e.g. for the double-clad geometry) were fusion-spliced to 

approximately 1 m long pigtails in order to ensure that the probe light was preferentially 

launched into, and sampled from, the fiber core, as noted in Sections 4.1 and 4.2. 

The 60Co source was raised out of a pool of water into the cell during testing. The 

fibers under test were spooled and placed in plastic boxes, which were vertically 

suspended from holders facing the source, to provide uniform irradiation. Total radiation-

dose data were collected from four CaF2 thermoluminescent devices (TLDs) on each 

spool. These data were averaged and divided by the total irradiation time to give an 

indication of the dose rate received by each fiber at the various experiment locations 

within the test cell. Thermocouples were used to monitor sample temperatures throughout 

the experiment. Temperatures ranged from 26.3 °C to approximately 30 °C, and remained 

stable, varying only by approximately 2 – 3 °C, during the exposures. The locations of 

the fiber holders determined the dose rates the fibers experienced. Fibers closest to the 
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source experienced the highest dose rates (118.7 rad(Si)/s was the highest measured) 

while those further from the source received dose rates below approximately 10 rad(Si)/s, 

depending on their distance to the ionizing radiation source. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
 
Figure 4.1. Experimental configuration for test fibers located in gamma test chamber 
(GIF-A) at Sandia National Laboratories, NM, for radiation exposure studies. Broadband 
optical radiation from a xenon arc lamp, located outside the test chamber, was coupled 
into a set of standard SiO2 delivery fibers. Delivery fibers entered the test chamber 
through access ports and coupled light into the test fibers located inside the gamma test 
chamber. The output signal of the test fibers was transferred back out of the test chamber 
by additional delivery fibers and measured by a spectrometer. Only two channels are 
shown for clarity, and background channels used for correcting for the loss in the 
delivery fibers are also omitted for clarity. The fibers under test were located on stands at 
varying distances from the source to simulate different ionizing dose rates. 
 

Outside of the test cell, broadband reference light from a xenon arc lamp (Oriel 

model 6263), was coupled into a set of standard SiO2 delivery fibers by means of 

collimating optics. The delivery fibers, which carried the optical signal into and out of the 

test chamber, were SMA connectorized and were standard low-OH silica fibers (Ocean 



 178

Optics P100-10-VIS/NIR) with a relatively flat transmission spectrum in the near infrared 

(NIR). Special radiation-hard fibers could not be used due to higher OH levels, which 

introduced unwanted absorption into the wavelength region of interest. Half of the 

delivery fibers were connected to the ends of spooled, doped test fibers within the test 

cell. Light coupled into these delivery fibers traveled into the test cell, through the rare-

earth-doped test fibers, and then back out of the test cell to the diagnostic equipment. 

These fiber lines constituted the test channels. The other half of the delivery fibers ran in 

pairs alongside the test-fiber lines, but the input and output fiber pairs were directly 

connected to one another inside the test cell (i.e. the segment of doped, test fiber was 

absent from the fiber line), constituting background channels. Data collected from the 

background channels in this way were used to evaluate any changes in the transmission 

signals of the test-fiber lines attributable to losses incurred in the delivery fibers 

themselves (rather than in the spools of doped fiber). A time-dependent comparison of 

the spectral signal data with the spectral background data allowed for a direct analysis of 

gamma-induced losses in the rare-earth-doped fibers under test with the background 

removed. Segments of pigtail fibers were also included in the background channel 

configurations for those tests in which pigtails were used to couple light into and out of 

rare-earth-doped test fibers, allowing the radiation-induced losses of the rare-earth-doped 

fibers alone to be determined. 

To evaluate the effects of ionizing-radiation-induced photodarkening, data from 

multiple fiber lines were collected by sampling the fiber outputs sequentially using 

mechanical 1:9 fiber switches (Piezosystems Jena) that divert a single input line into one 
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of nine possible outputs or vice versa. Transmission spectra were collected on each fiber 

approximately once per minute throughout the gamma exposures, which, in some cases, 

lasted up to 6 – 8 hours. The temporal decrease in the xenon arc lamp reference light was 

recorded over a broad near-infrared wavelength window range extending from below 1.0 

µm to over 1.6 µm using an Ocean Optics NIR-512 spectrometer. The transmission 

spectra were recorded at approximately 1 minute intervals throughout the gamma 

exposures. A discussion of the representation of this data is found below and in Chapter 

5, Section 5.1.2, and the results of these in-situ investigations are discussed in Chapter 5, 

Section 5.1.7. 

 

4.3.2. Pre-/Post-Irradiation Experiments 
 

While in-situ-type experiments are able to measure the temporal changes in a 

material under irradiation, various pre-/post-irradiation experiments were performed to 

complement these experiments. In-situ-type experiments may be prohibitively expensive 

and are sometimes technically difficult to conduct due to a variety of factors such as the 

inability of equipment to reside close to an ionizing radiation source, necessitating extra 

instrumentation which may increase inaccuracies. Pre-/post-irradiation-type experiments 

carried out within the scope of this research include rare-earth-doped fiber spectroscopy 

experiments, UV/Vis/NIR spectroscopy, photoluminescence measurements conducted on 

optical fiber preforms, and investigation of rare-earth-doped optical fibers irradiated in 

Low-Earth Orbit (LEO). 
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All pre-/post-irradiation experiments conducted were spectral in nature, since 

spectra are conducive to observation of features that can lead to the identification of 

mechanisms responsible for ionizing-radiation-induced damage. Two categories of pre-

/post-irradiation experiments are distinguished, the first related to spectral absorption 

measurements, and the second related to spectral emission measurements. Both of these 

experimental types complement each other in providing information concerning damage 

mechanisms from different perspectives. 

 

4.3.2.1. Pre-/Post-Irradiation Absorption Measurements 
 

An important experimental technique for the gathering of ionizing radiation data 

is through pre-/post-irradiation spectral absorption measurements (which can, 

equivalently, be viewed as transmission measurements). In these experiments, a material 

is irradiated and compared to a pristine, unirradiated control material, which may be the 

same sample prior to irradiation or a different sample of the same composition. Within 

the scope of this research, an identical composition also denotes an identical production 

lot number of the fiber spool. If a different sample is used for the control and 

experimental materials, this sample must either exhibit the same optical interaction length 

as the material under investigation, or appropriate length normalization to a standard 

length, using the Beer-Lambert formalism (Chapter 2, Section 2.3.1.1), must be 

performed to make results comparable. 

Within this section, the types of pre-/post-irradiation absorption experiments will 

be discussed initially, followed by a discussion of the representation of the data obtained. 
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The representation of the data defines a set of ionizing-radiation-related metrics of 

interest, the importance of which is not entirely restricted to pre-/post-irradiation 

experiments and thus also gives a foundation for the in-situ-based experimental data 

representation covered in Chapter 5, Section 5.1.2. 

 

4.3.2.1.1. Pre-/Post-Irradiation Absorption Experimental Types 
 

The two types of pre-/post-irradiation absorption spectroscopy experimental types 

are direct spectroscopy of rare-earth-doped fiber, conducted in many instances, and 

UV/Vis/NIR-instrument spectroscopy performed on rare-earth-doped optical fiber 

preforms. It should be noted that absorption spectroscopy can also be viewed in terms of 

transmission, and vice versa. Fundamentals of these experimental types are discussed in 

the two sections below, the direct fiber spectroscopy being discussed first. 

 

4.3.2.1.1.1. Optical Fiber Spectroscopy 
 

A typical lab-based (conducted at room temperature) spectral pre-/post-irradiation 

optical fiber absorption measurement consists of a light source, the irradiated 

experimental sample fiber or pristine control fiber, and a spectrometer. A general 

schematic of an experiment configuration for this purpose is shown in Figure 4.2, 

although additional collecting and focusing optics are often used when appropriate. 
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Figure 4.2. Experimental pre-/post-irradiation absorption spectroscopy setup. Broad-
spectrum light from a xenon arc lamp is coupled into the core of a test fiber (either 
pristine control or irradiated) and the output is subsequently analyzed by an appropriate 
grating spectrometer. Pale grey arrows represent the light propagation direction. 
Additional optics for light collection and focusing are used in certain circumstances. 
 

Within the set of experiments performed for this study, an arc lamp was chosen as 

the light source, primarily due to its broad spectral range and low level of power as 

compared to many other sources such as lasers. The broad wavelength range allows for 

spectral data to be collected, which increases the relevancy of the dataset for researchers 

and engineers using differing and/or non-standard wavelengths and allows for the 

detection of features that may identify color center types. Lower powers are useful for 

avoiding luminescence and non-linear effects that may occur within optical fiber 

measurements. The light of the arc lamp is collimated either externally by a set of 

collimating optics or by internal optics of the more sophisticated fiber-coupled sources. 

A microscope objective (usually 20x) is used to focus the collimated light from 

the arc lamp source into the test fiber. Adjustments on the lenses, and especially the 
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microscope lens and translation stage for the fiber under test, are made to maximize 

output light detected by the spectrometer or spectrometers discussed above. 

Connectorization and fiber-coupled devices (such as arc lamps and spectrometers) 

simplify the experimental procedures when available. The light exiting from the test fiber 

is guided either directly into a spectrometer in order to maximize detected signal levels, 

or, when possible, guided into the spectrometer using additional optics to increase 

coupling efficiency. 

Data acquisition was accomplished by using either one or two Ocean Optics fiber-

coupled spectrometers. The primary spectrometer was an Ocean Optics NIR-512, 

measuring near-infrared wavelengths ranging from shorter than 1.0 µm to approximately 

1.6 µm. The spectral region noted includes important operational wavelengths of Er3+- 

and Yb3+-doped fibers, and is thus of primary interest to the investigation of ionizing 

radiation effects upon the behavior of these fibers. An Ocean Optics HR+C1293 visible 

spectrometer was also implemented for a substantial portion of the investigation, 

acquiring data across a wavelength range of approximately 400 nm to wavelengths longer 

than 900 nm. Typically, 100 spectra were averaged to produce a final visible spectrum, 

while 30 spectra were averaged to produce a final spectrum in the NIR (the shorter 

number of averaged samples was due to long integration times in this region). Although 

the NIR region is of most immediate importance regarding the operation of rare-earth-

doped optical fibers, the visible portion of the spectrum is significant since ionizing-

radiation-induced color centers are more common in this region than in the NIR and 

band-tails may affect device operation in the NIR. 
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4.3.2.1.1.2. UV/Vis/NIR Measurments 
 

Pre-/post-irradiation spectroscopic investigations on rare-earth-doped optical fiber 

preforms (Table 4.2) were conduced with a UV/Vis/NIR (ultraviolet/visible/near-

infrared) spectrometer. The specific device used was a Perkin-Elmer Lambda 950, and a 

basic schematic of the spectrometer is depicted in Figure 4.3. This device covers a large 

spectral range (175 – 3.3 µm), by using two sources (Deuterium lamp for the UV and a 

tungsten-halogen lamp for the visible and NIR portions of the spectrum) and two 

detectors (a photomultiplier R6872 detector for the UV and visible portion of the 

spectrum and a Peltier-cooled PbS detector for the NIR). For the spectroscopic 

investigations conducted, a monochromator scanning resolution of 1.00 nm was used 

along with fixed slit widths of 0.50 nm for the UV/Vis portion of the spectrum. A larger 

3.00 nm slit width was used for the NIR portion of the spectrum to acquire sufficient 

signal strength. Detector integration times of 0.52 s for the UV/Vis detector and 0.56 s for 

the NIR detector were used. A common beam depolarizer was also implemented since 

polarization was not investigated within the scope of this research effort. The Perkin-

Elmer Lambda 950 was configured to switch detectors at 860.81 nm and switch lamps at 

319.20 nm. This process, especially in the case of the former, led to data discontinuities, 

in which the UV/Vis portion of the data was taken to be of higher experimental 

confidence due to higher signal strengths, less noise, and higher resolution. Also, all 

spectroscopy was performed at room temperature. 
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Figure 4.3. Perkin Elmer Lambda 950 UV/Vis/NIR spectrometer schematic, from Perkin 
Elmer UV Winlab 2002 software. Spectrometer settings used for the study of rare-earth-
doped optical fiber preforms is shown in parameter boxes. 
 

The preform samples contained a well-defined core, which was of a diameter of 

approximately 1 mm. Spectroscopy was performed on both the core and the cladding of 

the preform samples. For the Yb3+-doped preform sample of lower Yb3+-concentration, 

YB07-B194A, an inner cladding was also present, and spectroscopy was performed on 

this cladding as well. A specially prepared mask, combined with an intrinsic ‘common 

beam mask’ of the spectrometer that was able to reduce the beam to 5% of its full extent, 

was used to ensure that the beam of the spectrometer traversed the targeted region of 

interest. For each set of measurements, the Lambda 950 first performed a background 
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measurement with only the mask present, followed by scans of the preform sample. A 

special calibration program, part of the Perkin Elmer software (Perkin Elmer UV Winlab 

Version 5.15.0637 (2002)), was also run at the beginning of every spectroscopy session, 

to ensure higher fidelity measurements. The results related to this experimental type will 

be discussed in Chapter 5, Section 5.2. 

 

4.3.2.1.2. Representation of Absorption Data 
 

To best represent data stemming from irradiation experiments and maintain 

coherence and uniformity to allow for comparisons, the formalisms described within this 

section will be implemented throughout the current research. In particular, they will show 

how to process pre-/post-irradiation absorption data using only the output values of the 

spectrometer and the material thickness of the sample. The current section will also form 

a foundation for the data representation of in-situ results, discussed in Chapter 5, Section 

5.1.2. 

A decrease in signal strength due to ionizing-radiation-induced absorption can be 

represented either by considering the effect in terms of transmittance or absorption loss 

(related to absorbance by Equation (2.4)). Focusing on the former, the light transmitted 

through a material in following the incident reference light will decrease over time as the 

optical material responds to ionizing radiation by forming absorption centers, as 

discussed in Chapter 2, Section 2.3.1.2. Neglecting the specific mechanisms of the 

induced absorption as well as the temporal aspect of the time necessary to induce the 
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observed, i.e. focusing on the pre-/post-irradiation transmitted intensities, the following 

mathematical formalism can be expressed: 

 
 
         ,  (4.1) 
 
 
where ‘T’ denotes transmittance of the optical material after irradiation, ‘I’ denotes pre-

/post-irradiation transmitted intensities, with the remaining variables discussed below. 

The decrease of transmittance can be expressed as an exponential, and when a base of ten 

is chosen, the absorption value may be stated in ‘dB’, as in the central term of Equation 

(4.1) in which ‘Δα[dB]’ represents the absorption loss in said units. The last two terms in 

(4.1) contain the length of the material (along the propagation direction) ‘L’ in units of 

meters, and the penultimate term describes the absorption as ‘ΔαL[dB]’ with length-

normalization in the units of ‘dB/m’. The last term of (4.1), ‘ΔαL’, is the ionizing-

radiation-induced absorption coefficient in ‘cm-1’ (the extra factor of ‘100’ is due to the 

length units used). All quantities above are understood as being induced by the ionizing 

radiation and are explicitly marked with a ‘Δ’ to denote this change. Conversion from 

‘ΔαL[dB]’ to ‘ΔαL’ is accomplished thus: 

 
           (4.2) 
 

 
The quantities discussed so far do not make any statements regarding the amount 

of absorption damage produced per unit of ionizing radiation. To this end, the following 

formulation is made, in which the dose ‘D’ is explicitly stated: 
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(4.3) 

 
 
In the above equation, the ‘T’ denotes the transmitted optical signal as a function of total 

accumulated ionizing radiation dose, which is denoted with ‘D’ and measured in ‘krad 

(Si)’. The second term contains the absorption rate parameter ‘Λ’, in units of 

‘dB/(krad(Si))’, while the penultimate term contains the length-normalized parameter 

‘ΛL’, in ‘dB/(m·krad(Si))’, called the ‘specific loss’ [Holmes-Siedle and Adams 2002]. 

The term ‘αLD’ denotes the ionizing dose rate absorption coefficient and is labeled in the 

units of ‘Np/(cm·krad(Si))’. ‘Np’ is used to denote the exponential base and the length 

unit of centimeters is employed as is standard for the absorption coefficient. All ionizing-

radiation-dose-rate parameters denote changes in absorbance, and conversions from the 

bases (‘10’ and ‘e’) can be performed analogous to Equation (4.2). 

When discussing the rate of absorption damage to a material in the terms of 

Equation (4.3), the degree to which a parameter, such as the specific loss, ‘ΛL’, 

characterizes a material damage is dependent on the linearity of the ionizing-radiation-

induced absorbance. The degree of linearity of the ionizing-radiation-induced absorption 

of a material can be determined by in-situ spectral absorption measurements. Generated 

plots of ionizing-radiation-induced absorbance versus total accumulated ionizing 

radiation dose can subsequently be inspected for linearity. When linearity is not found, 

parameters such as ‘ΛL’ may still serve to characterize samples for the purpose of 

comparison, but they will generally be inadequate in denoting physical meaning as 

extrapolation and even interpolation could lead to inaccurate estimations. 
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4.3.2.2. Spectral Phololuminecence Measurements 
 

In addition to absorption measurements, the observance of emitted light can help 

characterize the ionizing-radiation-induced effects of an optical fiber material. One set of 

experiments investigated the properties of photoluminescence of laser-beam excited 

Yb3+-doped optical fiber preform samples (listed in Table 4.3). The photoluminescence 

of these samples was obtained spectrally under excitation from a laser at both room 

temperature and at cryogenic temperatures (approximately 11 K). The low temperatures 

were used to reduce thermal effects in measured spectra. The fundamental setup is shown 

in Figure 4.4 below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Experimental pre-/post-irradiation photoluminescence spectroscopy setup. A 
337.1 nm nitrogen laser is guided through a periscope (raising the beam vertically and not 
horizontally) and through a spatial filter before being focused on the sample which is 
mounted on a cryostat. A further lens collects the photoluminescence and passes the light 
through a 337 notch filter, and finally through a focusing lens onto a grating. The grating 
disperses the light onto a -35 ºC cooled CCD array to yield the photoluminescence 
spectrum. The arrow outlines denote the light path. 
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A 337.1 nm nitrogen laser (Photon Technology International model GL-3300) 

served as the excitation source of the photoluminescence. This source was chosen for its 

versatility and compatibility with other equipment, but it restricted the investigation to 

Yb3+-doped samples, as it was found that the Er3+-doped samples only yielded small 

signals, perhaps an effect of weak absorption at this wavelength. The nitrogen laser 

exhibited pulse energies of approximately 1.63 mJ per pulse (average over 30 pulses) and 

was operated at 5 Hz. 

The beam of the nitrogen laser was initially guided through a pair of telescoping 

mirrors (CVI dielectric mirrors with high reflectivity at 337.1 nm) to raise the height of 

the beam to match that of the cryostat. It was subsequently guided through a spatial filter. 

The spatial filter consisted of two 2” plano-convex UV fused silica lenses with focal 

lengths of 7.5 cm separated by a distance of 15 cm with a (nearly closed) iris in the 

middle. This filter was implemented to increase the optical beam quality by rejecting 

high-order modes prevalent in nitrogen-type lasers. Once collimated, the beam was then 

focused by means of a focusing lens (1” plano-convex UV fused silica with a focal length 

of 5 cm) onto the rare-earth-doped preform sample. Since photoluminescence of the 1 

mm diameter preform core was desired, the beam had to be focused tightly, necessitating 

careful alignment of the focusing lens and the sample. To help achieve this, both the 

sample focusing lens and cryostat were mounted on multiple translation stages. 

The sample was mounted at a 45º angle (with respect to the incoming laser beam) 

in a specialized sample holder on a cryostat. This holder was made of copper (due to the 

excellent thermal conductivity of this material) and tightly gripped the sample and 
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cryostat surface with elongated, flexible copper protrusions (see Figure 4.5 (a)). Once the 

sample was mounted, it was carefully covered by an inner and an outer shroud (the 

former also referred to as a ‘radiation shield’, and the latter also denoted a ‘vacuum 

shroud’), allowing a vacuum to be pumped out in the cryostat chamber and cryogenic 

temperatures to be obtained. While the inner shroud contained one opening in the front 

and one located at 90º from the front side, the outer shroud contained silica glass 

windows at these locations, as depicted in Figure 4.5 (b). 

To attain cryogenic temperatures, the cryostat system, based on a 99.995% pure 

helium refrigerant, consisted of multiple modules: A 1R02A single-stage, air cooled, oil-

lubricated rotary compressor module from Air Produces and Chemicals, Inc.; a DE202 

expander from Air Produces and Chemicals, Inc.; a Baldor Industrial Motor USV rotary 

vane vacuum pump model 100-3.5; an APD-E digital temperature indicator/controller 

from Air Produces and Chemicals, Inc.; and a model TGC-201 pressure gauge from 

Huntington Laboratories, Inc. To operate the cryostat system, first a vacuum had to be 

obtained in the shrouded expander module, next the compressor had to be operated for 

approximately 45 minutes to achieve temperatures of approximately 11 K. The 

temperature indicator allowed for monitoring of the cooling procedure. 

Intermediate test data collection and re-adjustments of the cryostat’s translation 

stages were required to ensure that the excitation laser beam hit the sample area of 

interest. Once cryogenic temperatures were reached, further fine tuning of the alignment, 

e.g. moving the cryostat into the beam to counteract the increased density of the samples 

at lower temperatures, was required to ensure proper spectroscopic signals. 
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 (a) 

 
 
                 (b) 
Figure 4.5. (a) Empty sample holder mounted on cryostat. (b) Outer shroud of cryostat, 
showing the fused silica windows positioned 90º from each other. 
 

Scattered photoluminescent light was captured via a 1” UV fused silica 5 cm focal 

length collection optic. The light then passed through a P10-337 notch filter designed to 

reject 337 nm light. This was done to remove spurious 337 nm excitation light and to 

protect the CCD array used for detection of the photoluminescence from saturation and 

potential damage from the laser. The light then was guided, by means of a 1” diameter, 

10 cm focal length fused silica lens, into the adjustable-slit of the Princeton Instruments 

SpectruMM:120B Digital CCD Spectroscopy System. This system consisted of an Acton 

Research Corporation SpectraPro-2150i dual grating imaging spectrograph with an 

attached TE cooled (to -35 ºC) camera (1024 x 122 pixel, back-illuminated CCD array of 

24 µm x 24 µm pixels). Two gratings were used from this instrument, corresponding to 

two wavelength regions of approximately 362 nm – 839 nm and 668 nm – 1132 nm. 
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Specialized software programs (ARCSpectra Pro version3.29 and Winspec32 version 

2.5.16.5) were used to operate the spectrometer (to select the required gratings, to 

calibrate the instrument, and to acquire the 16 bit spectroscopic data from the 

spectroscopy setup). Average data collection integration time was chosen to be 1 s, which 

yielded a stable output without saturating the detector. The spectroscopy system, with its 

associated software, was always activated prior to the operation of the vacuum/cryostat 

system, to allow time to cool and stabilize the CCD array. Results of the 

photoluminescence experiments are given in Chapter 5, Section 5.3. 
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Chapter 5: Ionizing Radiation Testing of Passive Rare-Earth-
Doped Optical Fiber Materials 

 
 

 The present chapter is concerned with results of room-temperature passive 

irradiations, i.e. irradiations of optical fiber materials that are not being actively pumped. 

Three primary experiment types are covered; the first investigates the temporal evolution 

of in-situ Near-InfraRed (NIR) spectral fiber transmittance data, while the other two 

concern themselves with pre- and post-irradiation data of fiber preforms. Among the pre-

/post-irradiation experiments, the first is a UV/Vis spectroscopic study, while the latter is 

a photoluminescence study. Data presented within this chapter, especially when results of 

the three experiment types are taken in conjunction, form a foundation for the behavior of 

optical-fiber materials in ionizing-radiation environments, elaborated on in subsequent 

chapters. 

 

5.1. In-Situ Irradiations of Unpumped Optical Fibers 
 

 An experimental dataset formed from a large suite of fibers was collected and 

analyzed to provide essential information on the behavior of optical fibers under 60Co 

gamma irradiation. The primary focus was on the rare-earth-doped fibers with the 

specific constituents Er3+ and Yb3+, as well as fibers co-doped with both of these 

constituents. Fibers used for transferring light into and out of the chamber as well as 

pigtail fibers constituted a part of the investigation and some relevant data on these will 

be examined as well. A discussion of the experimental setup of these in-situ optical fiber 
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investigations can be found in Chapter 4, Section 4.3.1, while the sample suite is 

discussed in Chapter 4, Section 4.1, and the specific fiber types are listed in Table 4.1. 

 The current section begins with specific experimental information not covered in 

Chapter 4, Section 4.3.1, followed by some information on the processing and 

representation of data. Next, the data on delivery channels and background channels are 

presented. Subsequent parts of this section are concerned with the rare-earth-doped 

sample compositions. Er3+-containing compositions will be covered first, followed by 

Yb3+-doped and Er3+/Yb3+ co-doped fiber compositions. Additional data for background 

channels and sample channels are presented in Appendix A. The final part of this section 

discusses the results of the entire in-situ irradiation dataset with an emphasis on 

narrowing the possible origins of the effects observed. 

 

5.1.1. Experimental Specifics of In-Situ Irradiations 
 

The experiments were conducted in two sessions at the Gamma Irradiation 

Facility (GIF), at Sandia National Laboratories, NM. The National Laboratories also 

provided Thermoluminescent Devices (TLDs) for dosimetry as well as processing of 

these. The ionizing dose rates used during experimentation ranged from 13.4 rad(Si)/s to 

118.4 rad(Si)/s, with the two most commonly used being approximately 14.3 rad(Si)/s 

and 40.1 rad(Si)/s. The basic experimental setup (shown in detail in Chapter 4, Section 

4.3.1) consisted of rare-earth-doped fiber spools at different distances from the 60Co 

ionizing radiation source, with delivery fibers coupling the (unmodulated) continuous-

wave, broad-spectrum reference light from outside the radiation chamber to the test fiber 
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spools located inside the test chamber. Such delivery fibers were also used to couple the 

reference light back out of the test fiber spools and carry it to the diagnostic equipment 

(detectors, spectrometers) located outside of the radiation chamber. Data collected in this 

way comprised the data of the ‘sample channels’. To correct for the absorptions in the 

delivery fibers, data was also collected on ‘background channels’, which were usually 

composed only of delivery fibers with no rare-earth-doped sample fibers. The rare-earth-

doped fibers were of lengths ranging from approximately 1 – 3 m. Some rare-earth-doped 

compositions required fiber pigtails (see Chapter 4, Section 4.1), and background 

channels for these samples consisted of delivery fibers connected to only the fiber pigtails 

(again with no sample fiber attached). In general, the use of background channels allowed 

for the correction of absorptions not stemming from the rare-earth doped fiber samples. 

The temperature in the chamber was monitored and found to be approximately 

27.3 ºC on average during the irradiations, with very little variation (2 – 3 ºC total), 

indicating that any thermal kinetics that may be observed in the data are not likely due to 

ambient temperature fluctuations of the facility. Spectra in the NIR were collected for 

each channel during, and prior to, the irradiation, with a frequency of approximately one 

spectrum per minute per channel. 

 

5.1.2. Processing and Representation of In-Situ Experimentation Data 
 

The dataset collected, consisting of spectra for each channel for a multitude of 

times spanning the irradiation, was processed in a series of steps, beginning with the 

subtraction of instrumentation noise from all data. The instrumentation noise floor of the 
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NIR-512 spectrometer was found to be an approximately constant function with regard to 

wavelength that was integration-time dependent. For each particular data channel this 

noise spectrum was determined by blocking the spectrometer for several measurements 

and using the averaged value to determine the noise across the spectrum measured. The 

noise data was then averaged and subtracted from the remaining data spectra. For the 

background and sample channels, each spectrum within the time span of irradiation was 

subsequently divided by the initial signal, prior to irradiation, resulting in a percent 

transmittance for each spectrum with respect to time. This aided in the characterization of 

the ionizing-radiation-induced absorption within the fiber or fibers at successive times 

and is shown in the form of the equations below: 

 
 
           (5.1) 
 
 
           (5.2) 
 
 

where the ‘N’ refers to the signal intensity of the ambient noise (the average of several 

spectra and specific to the channel), ‘I’ refers to the signal intensity (also in spectrometer 

counts) from the lamp as measured by the spectrometer at a specific time and 

wavelength, and ‘T’ refers to the transmittance of the channel as a function of time and 

wavelength. The notation ‘t = 0-’ in Equations (5.1) and (5.2) denotes the time spectrum 

just prior to the beginning of the irradiation. The ‘Tsample’ measurement still contains 

losses from the background fibers (from delivery fibers and possibly also from pigtail 

fibers), since the light forming the ‘Isample’ signal traversed the delivery (and possibly also 
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pigtail) fibers to reach the spectrometer. The ‘Tbackground’ refers to the transmittance of a 

background channel (comprising delivery fibers and possibly pigtail fibers). 

The resulting temporal sequence of background transmittances can now be used 

to correct for delivery fiber and pigtail fiber contributions to loss represented in the 

‘Tsample’ spectra defined above in (5.2). To achieve this, the ratio between the two 

transmittances is formed, matching the appropriate collection times of spectra as closely 

as possible: 

 
 
           (5.3) 
 
 
 
where ‘Tsample,corrected’ represents the true transmittance of the rare-earth-doped fiber over 

time and wavelength, excluding effects of delivery (and possibly pigtail) fibers. 

Sample channels and many background channels were furthermore length-

normalized by using a Beer-Lambert law formalism (Chapter 2, Section 2.3.1.1). A 25 

point smoothing was also applied to data plots for noise reduction. 

Some remarks regarding the representation of data contained within the next three 

sections will conclude the current section. The processed spectra found in the following 

sections are shown only for sufficiently high signal levels, leaving low-signal regions 

blank. Two-sided arrows are used in the graphs to bridge the lacunae. The ionizing-

radiation-induced loss is measured in dB in all plots, but conversion to Optical Density 

(OD) is easily accomplished by dividing the loss by a factor of ‘10’. Also, all ionizing-
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radiation dose values are rounded to the nearest krad (Si), except in cases where doses are 

smaller than 1 krad (Si), or where explicitly calculated values are deemed important. 

An important metric in determining the effects of ionizing radiation on the fiber 

material is the ‘specific loss’ [Holmes-Siedle and Adams 2002], denoted within this study 

by ‘ΛL’ and measured in ‘dB/(m·krad(Si))’ (for the closely related parameters ‘Λ’ and 

‘αLD’, see Chapter 4, Section 4.3.2.1.2). This parameter is a description of ionizing-

radiation sensitivity, i.e. higher values denote larger ionizing-radiation-induced 

absorption losses per unit of ionizing dose. Much use will be made of this parameter for 

comparative purposes. It was computed using the following method: Length-normalized 

absorption spectra during the time span of irradiation were divided by their corresponding 

total accumulated ionizing radiation dose, and a limit to which the spectra converged as 

the total dose increased over time was determined. High accuracy was achieved even 

with small total doses of 5 krad (Si), implying that even short irradiations could help 

benchmark ionizing-radiation effects. The total ionizing dose at which the specific loss 

parameter (ΛL) was considered to be sufficiently accurate for the current experiments was 

10 krad (Si), although a total dose of around 40 krad (Si) was used for most of the data 

processing. 

Before turning to the analysis of the rare-earth-doped fibers, it should be noted 

that the background data may, to an extent, also be viewed as an investigation of the 

fibers themselves, and some of these results are discussed in the following section. 
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5.1.3. In-Situ Characterization of Irradiated Background Channels 
 

Data from the background channels is discussed within this section. This 

information is useful for determining the accuracy of measurements of the rare-earth-

doped samples as well as permitting insight into the behavior of fiber not designed for 

active applications in ionizing radiation environments. All averages reported are taken 

over the noise-free portions of the NIR spectrum for the particular channel reported. 

Dosimetry was conducted on all channels, but only represents a pinpointed measurement 

in the case of rare-earth-doped and pigtail fibers, since these were spooled and could be 

approximated to be present at one location. For the delivery fibers, the ionizing-radiation-

dose measurements represent an estimate of the maximum total dose that the delivery 

fiber was exposed to, since the majority of the length of these fibers were usually further 

away from the ionizing radiation source. The next two sections, Section 5.1.3.1 and 

Section 5.1.3.2, present data on background channels (the former on background 

channels composed solely of delivery fibers and the latter on background channels 

composed of delivery and pigtail fibers), after which results from the data will be 

discussed in Section 5.1.3.3. Additional data on background channels can be found in 

Appendix A, Section A.1. 
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5.1.3.1. In-Situ Characterization of Irradiated Delivery Fibers 
 

All delivery fibers were Ocean Optics P100-10-VIS/NIR silica fibers, and were 

designated low-loss and low-OH content. The delivery fibers were of differing lengths 

(over 10 m); the precise length depended primarily on how far the fiber reached into the 

irradiation chamber (longer fibers were used to transfer signals to sample fiber spools 

located closer to the 60Co source). The low-OH content was beneficial from the 

standpoint of transmittance (due to a reduction of the OH-related absorption around 1400 

nm). 

An example of unprocessed data obtained from a delivery fiber representative of 

the dataset collected prior to irradiation is shown in Figure 5.1 (a), below, with the label 

‘pristine’ (additional data on delivery fibers is presented in Appendix A, Section A.1). 

The spectrum from the xenon arc lamp is clearly observed here. As discussed above, in 

processing the data gathered from the background channels, the first step involved the 

subtraction of the instrumentation noise floor. The result of this subtraction is depicted in 

Figure 5.1 (b). Regions of low SNR are easily identified in this figure as they have a very 

low number of (adjusted) spectrometer counts. In the case of the fiber in Figures 5.1, the 

broad-band lamp intensity is seen to be very low at longer wavelengths. At wavelengths 

longer than approximately 1650 nm, the signal was deemed too low to make any specific 

assertions regarding ionizing-radiation-induced behavior, and data in this region was 

omitted from subsequent graphs. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              (b) 
 
Figure 5.1. (a) Unprocessed data of a delivery fiber background channel in terms of 
spectrometer counts vs. wavelength in the NIR prior to and after gamma irradiation, and 
(b) data with noise floor subtracted out. The maximum ionizing dose rate was 
approximately 39.4 rad(Si)/s, and maximum total ionizing dose was approximately 1.1 
Mrad (Si). 
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 Information on the performance of the delivery fiber following the 60Co 

irradiation is also shown in Figures 5.1 (a) and (b), and designated by the total 

accumulated ionizing radiation dose. The pre- and post-irradiation plots almost coincide, 

even after the large ionizing dose of 1.1 Mrad (Si), implying low ionizing-radiation-

induced absorption in this delivery fiber. A scaled version of the data is depicted in 

Figure 5.2, showing that the signal has indeed been lost in the fiber due to ionizing 

radiation. It should be noted that the decreases, albeit small, were reproducible and found 

in all channels that were not disturbed during irradiation (i.e. through disconnection and 

reconnection). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Scaled image of unprocessed data of a delivery fiber in terms of spectrometer 
counts vs. wavelength in the NIR for both pre- and post-irradiation. The maximum 
ionizing dose rate was approximately 39.4 rad(Si)/s. 
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 The induced absorption at two individual wavelengths, 1000 nm and 1200 nm, 

with respect to total accumulated ionizing dose in a delivery fiber, is depicted in Figure 

5.3. Due to relatively minor ionizing-radiation-induced absorption, measurement 

sensitivities are crucial, and some noise is apparent in the figure for this reason. Figure 

5.3 indicates that an increase in the total accumulated ionizing-radiation dose results in an 

approximately linear increase in induced loss within the optical fiber. The increase in 

induced loss continues until the irradiation experiment ceases; no saturation of radiation-

induced degradation is observed among the delivery fiber data. It is also of importance to 

highlight that the slopes of the absorption curves for the two wavelengths, 1000 nm and 

1200 nm, are approximately equal, indicating that wavelengths in this range are about 

equally affected by the ionizing radiation. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. Ionizing-radiation-induced loss vs. maximum accumulated ionizing radiation 
dose throughout the time span of the exposure. The maximum ionizing dose rate was 
approximately 14.2 rad(Si)/s. 
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 To gain more insight into the spectral nature of the ionizing-radiation-induced 

signal decay, a spectral transmittance plot of a representative delivery fiber is shown in 

Figure 5.4 (a), where the maximum total accumulated ionizing dose and dose rates are 

408 krad (Si) and 14.2 rad(Si)/s. The plot shows the transmittance of the delivery fiber 

after irradiation, giving a quantitative evaluation of the effect of ionizing radiation on the 

delivery fiber. The transmittance decrease following the above-noted low-dose-rate 

experiments is approximately 2.2% (the average value over the wavelengths shown) and 

relatively wavelength-independent. The same trend is also represented in terms of 

induced loss in Figure 5.4 (b), where the post-irradiation accumulated absorption is found 

to be approximately 0.097 dB or 0.0097 OD (as averaged over the wavelength depicted). 
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         (a) 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         (b) 
 
Figure 5.4. (a) Spectral transmittance plot of a delivery fiber. (b) Spectral ionizing-
radiation-induced loss of the same delivery fiber. The maximum ionizing dose rate was 
approximately 14.2 rad(Si)/s. 
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5.1.3.2. In-Situ Characterization of Irradiated Delivery Fibers Plus Pigtail 
Background Channels 
 

 The goal of this section is the characterization of the background channels, which 

contain delivery fibers as well as segments of fiber pigtails. The potential effect of these 

fibers on the rare-earth-doped samples will be covered in the following section (Section 

5.1.3.3). Two types of pigtail fibers, present in the background data were implemented 

during the in-situ 60Co irradiation experiments: SMF-28 and HI-1060 type fibers. The 

former will be analyzed first. 

Depicted in Figure 5.5 is an example of the unprocessed spectrum through a 

background channel containing an SMF-28 fiber, a fiber type used for high reliability, 

efficient coupling, and low attenuation, and often as component pigtails. It can be seen 

that the transmitted spectrum is very similar to the spectrum of delivery fibers, as in 

Figure 5.1 (a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. Unprocessed data of a background channel containing an SMF-28 pigtail in 
terms of spectrometer counts vs. wavelength in the NIR prior to and after gamma 
irradiation. The maximum ionizing dose rate was approximately 34.0 rad(Si)/s, and the 
maximum total ionizing dose was approximately 633 krad (Si). 
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 To gain insight into the degree to which the background fibers (pigtail fibers and 

delivery fibers) affect the data of the sample channels, the transmittance and induced loss 

of an irradiated background channel are shown in Figures 5.6 (a) and (b), respectively 

(the pigtail fiber is a representative SMF-28 fiber). The average decrease in 

transmittance, or equivalently, the increase in induced loss, is seen to be relatively 

unstructured in terms of wavelength-dependence, and small in magnitude over the total 

accumulated ionizing dose of 242 krad (Si) (there is a 1.9% length-normalized 

transmittance decrease and a 0.22 dB length-normalized ionizing-radiation-induced loss 

increase). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 209

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
           (a) 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

             (b) 
 
Figure 5.6. (a) Spectral length-normalized transmittance data plot of a background 
channel containing SMF-28 fiber. (b) Spectral length-normalized ionizing-radiation-
induced loss of the same channel. The maximum ionizing dose rate was approximately 
13.0 rad(Si)/s. 
 

The second type of pigtail used in the rare-earth-doped fiber experiments is the 

HI-1060 fiber, a fiber type that, like the SMF-28, is used for low splice losses, reliability, 
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and low attenuation, and often as a component pigtail. Figures 5.7 (a) and (b) depict the 

losses of a representative HI-1060 background channel in terms of length-normalized 

transmittance and induced loss in ‘dB’. A slight wavelength dependence is observed in 

these figures; more loss is apparent at shorter wavelengths. The average loss is 1.58% or 

0.069 dB/m (over the spectrum depicted below, irradiated to 289 krad (Si)). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
         (a) 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
           (b) 

Figure 5.7. (a) Spectral length-normalized transmittance data plot of a background 
channel containing HI-1060 fiber. (b) Spectral length-normalized ionizing-radiation-
induced loss of the same channel. The ionizing dose rate was approximately 13.4 
rad(Si)/s. 
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5.1.3.3. Impact of Background Channels on In-Situ Irradiation Experiment 
 

 The effect of radiation on the behavior of delivery and pigtail fibers was 

investigated, and only small overall losses were identified. In general, the 

transmittance/absorption was found to be either wavelength-independent or slightly 

wavelength dependent with slightly more absorption observed at shorter wavelengths. 

For all background channels consisting solely of delivery fibers, the values of 

ionizing-radiation-induced transmittance decreases were minimal, approximately 1.7% 

averaged over all delivery fibers used (with an associated absorption increase of 0.07 dB) 

and across the measured spectrum (approximately 900 nm to 1600 nm). 

Within the SMF-28 fiber data, no specific wavelength dependence was identified, 

and the induced absorption was very weak (an approximately 5.53% average 

transmittance decrease over all of the fibers, or, equivalently, a 0.248 dB increase in 

loss). The HI-1060 pigtail data yielded similarly negligible losses; an approximately 

1.98% transmittance decrease or 0.087 dB loss increase averaged over wavelength and 

individual fibers. Within the HI-1060 pigtail fiber data, a weak wavelength dependence 

was observed, which is consistent with the formation of absorption centers in the visible 

and UV portions of the spectrum, with band-tailing into the NIR (as is evidenced by, e.g., 

the slope in Figure 5.7 (b)). 

In summary, the delivery fibers and fiber pigtails that comprised part of the in-situ 

irradiation experiments were found to be radiation hard with respect to ionizing radiation 

dose rates and total accumulated ionizing doses used within the scope of these 

experiments. The average delivery channel lost less than 2% transmittance and the 
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average background channel lost less than 6%. No complete loss of signal transmittance 

was identified. As discussed in the next three sections, the delivery and background 

channel data, which provided corrections for the data from the sample channels, was 

deemed radiation-hard up to the total ionizing doses tested within the scope of this 

research and found to have very little impact on the data collection of the experiment. 

 

5.1.4. In-Situ Characterization of Irradiated Er3+-Doped Fibers 
 

 In this section the results of in-situ 60Co gamma irradiations of Liekki Er3+-doped 

aluminosilicate fiber samples are presented. The specific compositions tested are 

summarized in Chapter 4, Section 4.1. The experimental setup is discussed in Chapter 4, 

Section 4.3.1 and in Chapter 5, Section 5.1.1. Data presented within this section serves as 

a foundation for the further discussion and characterization of ionizing-radiation-induced 

effects in optical fiber materials. The results of this section (as well as the following two 

sections) will be discussed in Chapter 5, Section 5.1.7. Further data on Er3+-doped fibers 

can be found in Appendix A, Section A.2. 

 An example of unprocessed spectrometer data for a 60Co gamma-irradiated Liekki 

Er20-4/125 fiber channel is shown in Figure 5.8, where it can be seen that the optical 

transmission (depicted in number of spectrometer counts) decreases as the irradiation 

proceeds. This fiber type is representative of the Er3+-doped fibers within the fiber suite, 

although other compositions will be discussed at the end of this section. Apparent are flat 

regions with little or no signal, where the instrumentation noise floor has been reached. 

These regions result from high absorption. Two of them can be identified as the 4I15/2 → 
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4I11/2 absorption transitions near 980 nm, often used in active pumping, and the 4I15/2 → 

4I13/2 transitions (see Chapter 3, Section 3.2.3.2.2). The latter transitions occupy the 

region around 1500 nm and may be used for pumping. They contain the industrially 

ubiquitous emission transition around 1530 nm, characteristic of the erbium dopant. At 

sufficiently long irradiation times, and by correlation also sufficiently large doses, the 

complete absorption of the reference signal is observed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. Unprocessed data of a sample channel containing a Liekki Er20-4/125 Er3+-
doped fiber in terms of spectrometer counts vs. wavelength in the NIR during gamma 
irradiation. The ionizing dose rate was approximately 14.2 rad(Si)/s. The total 
accumulated dose was approximately 40 krad(Si) at the last curve depicted (47 min 20 s). 
 
 

 A depiction of the individual wavelengths from the unprocessed data is found in 

Figure 5.9 (a). The initial signal levels are not identical as they have not yet been 

normalized to unity. The figure shows that the initial lamp spectrum is stable leading up 

to the irradiation, which commences at time ‘0’, after which precipitous decreases in the 
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signal intensities of the wavelengths depicted is observed. Also, the initial intensities of 

each wavelength become progressively smaller as the wavelength becomes longer due to 

the shape of the lamp spectrum. Figure 5.9 (b) shows processed data for the same 

wavelengths, in which the decreases of the individual wavelengths, and therefore also 

their behavior under ionizing radiation, can be assessed and compared. An increase of 

ionizing-radiation absorption that becomes stronger as wavelengths become shorter is 

evident. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 

Figure 5.9. (a) Spectrometer counts of unprocessed data from a sample channel 
containing a Liekki Er20-4/125 Er3+-doped vs. irradiation time. (b) Length-normalized 
transmittance of processed data with respect to ionizing radiation dose for several 
wavelengths. The ionizing dose rate was approximately 14.2 rad(Si)/s. 
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Although exponential decreases in signal intensity are observed in both Figure 5.9 

(a) and (b), the identity of this exponential shape becomes more evident by assessing the 

linearity of the loss on a logarithmic scale. Ionizing-radiation-induced length-normalized 

loss, along with the ionizing-radiation-induced absorption coefficient, is given in Figure 

5.10 over a range of total ionizing doses. The appearance of the wavelength plots using 

these logarithmic units of measure attest to the linearity of the ionizing-radiation-induced 

absorption with respect to total accumulated ionizing dose. Figure 5.10, as does Figure 

5.9, also clearly shows the increased ionizing-radiation-induced absorption at shorter 

wavelengths. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10. Length-normalized loss vs. total ionizing dose for several wavelengths of a 
Liekki Er20-4/125 Er3+-doped fiber. The ionizing dose rate was approximately 14.2 
rad(Si)/s. 
 
 

 The next graph, Figure 5.11, shows the background-corrected, fully-processed 

sample data plotted in terms of transmittance and with small total ionizing doses (doses 
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are shown as calculated). No data was obtained at wavelengths around 1500 nm due to 

high absorption. It can clearly be seen that increases in ionizing-radiation dose lead to 

decreases in transmittances, and a wavelength dependence is observed in which shorter 

wavelength experience more radiation-induced absorption than do longer wavelengths. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11. Spectral length-normalized transmittance plot of a Liekki Er20-4/125 Er3+-
doped fiber at low total accumulated ionizing radiation doses. The ionizing dose rate was 
approximately 14.2 rad(Si)/s. 
 

 
 To better gain an appreciation of the behavior of the Er3+-doped fibers under 

larger total accumulated ionizing doses, Figure 5.12 (a) shows the ionizing-radiation-

induced absorption in a length-normalized transmittance scale, while Figure 5.12 (b) 

shows this absorption in terms of length-normalized ionizing-radiation-induced loss and 

absorption coefficient. The ionizing dose rate for this fiber was 14.2 rad(Si)/s. The trend 

of higher absorption at shorter wavelengths is observed in both figures. It should also be 

noted that the complete loss of signal within this fiber was achieved at total accumulated 
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doses of over approximately 120 krad (Si). Figure 5.12 (a) shows a curve close to the 

value at which the instrumentation noise floor is reached. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
              (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              (b) 
Figure 5.12. (a) Spectral length-normalized transmittance of a Liekki Er20-4/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 14.2 rad(Si)/s. 
 

 The plots of length-normalized transmittance of a Liekki Er20-4/125 Er3+-doped 

fiber exposed to a higher dose rate of 39.4 rad(Si)/s are shown in Figure 5.13 (a), while 
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the ionizing-radiation-induced length-normalized loss and absorption coefficient are 

shown in Figure 5.13 (b). Both figures are similar in appearance to Figure 5.13 (a) and 

Figure 5.13 (b) in terms of wavelength-dependence, but the ionizing-radiation-induced 

absorption is larger in the case where the energy of the ionizing radiation is deposited at a 

higher dose rate. This will be illustrated more explicitly by a direct comparison below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
               

         (a)      
         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  (b) 
Figure 5.13. (a) Spectral length-normalized transmittance of a Liekki Er20-4/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 39.4 rad(Si)/s. 
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 While the majority of the in-situ fiber transmittance experiments were carried out 

using only two dose rates (approximately 14.2 rad(Si)/s and 39.4 rad(Si)/s), one sample 

of Liekki Er20-4/125 Er3+-doped fiber was additionally exposed to a dose rate of 118.7 

rad(Si)/s. The ionizing-radiation-induced length-normalized transmittance of this fiber is 

shown in Figure 5.14 (a), while the length-normalized ionizing-radiation-induced loss 

and associated absorption coefficient are shown in Figure 5.14 (b). As with the two lower 

dose rates, the plots of Figure 5.14 show similar wavelength-dependent behavior as seen 

previously, but the overall effect of ionizing-radiation in terms of the magnitude of the 

induced absorption is greater than in the previous two, as will be discussed next. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              (b) 
Figure 5.14. (a) Spectral length-normalized transmittance of a Liekki Er20-4/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 118.7 rad(Si)/s. 
 

 For the purpose of investigating the effect of ionizing-radiation dose rate on the 

induced absorption of the Liekki Er20-4/125 sample fibers, a short wavelength (1060 nm) 

is chosen, primarily due to the high absorptions seen in this spectral region. Next, the 
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length-normalized transmittances for each of the three dose rates are plotted in one graph, 

yielding Figure 5.15. The three dose rate curves appear linear, and the highest dose rate is 

seen to experience the most ionizing-radiation-induced absorption, i.e. it displays the 

lowest length-normalized transmittances. The fiber sample exposed to the lowest dose 

rate, by contrast, experiences the lowest overall ionizing-radiation-induced darkening, 

which is seen by the length-normalized transmittances exhibiting larger magnitudes than 

with higher dose rates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15. Length-normalized transmittance in a Liekki Er20-4/125 Er3+-doped fiber is 
plotted against total ionizing dose for three ionizing dose rates at the wavelength of 1060 
nm. 
 

 The effect of different ionizing radiation dose rates can also be observed 

spectrally. Figure 5.16 shows the length-normalized transmittance data from the three 

Liekki Er20-4/125 Er3+-doped fiber samples irradiated at different dose rates over a 

spectral range. Once again it is clear that higher dose rates lead to more ionizing-

radiation-induced absorption than lower dose rates. 
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Figure 5.16. Length-normalized transmittance is plotted spectrally at three different 
ionizing dose rates for a Liekki Er20-4/125 Er3+-doped fiber. 
 

 A valuable comparison of the effect of different dose rates in terms of damage in 

the form of absorption to the optical materials is shown by the specific loss parameter 

(ΛL). Linearity of ionizing-radiation-induced absorption with respect to increasing total 

accumulated ionizing-radiation dose, as shown in Figure 5.10, increases the confidence in 

the fundamental validity of this measure. The specific loss, i.e. length-normalized loss per 

krad (Si) of ionizing radiation dose, is shown in Figure 5.17 over a spectral range in the 

NIR. A clear trend is seen in all ionizing dose rates in which a longer wavelength in the 

NIR leads to lower induced losses than a shorter wavelength. The average specific loss 

for the three dose rates are: 0.128 dB/(m·krad(Si)) for 14.2 rad(Si)/s, 0.138 

dB/(m·krad(Si)) for 39.4 rad(Si)/s, and 0.142 dB/(m·krad(Si)) for 118.7 rad(Si)/s. 

 
 
 
 
 



 224

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17. Specific loss vs. wavelength for three ionizing dose rates on a Liekki Er20-
4/125 Er3+-doped fiber. 
 

 The Liekki Er20-4/125 fiber displays fundamental trends seen in all of the Er3+-

doped fibers. Below is a list of common characteristics found in the entire set of Er3+-

doped fibers within the 60Co in-situ irradiation studies: 

 
• Complete absorption of the reference signal (no transmitted signal) found from 

approximately 80 – 120 krad (Si) 
 

• Spectral trend, within the NIR, in which shorter wavelengths experience 
significantly more ionizing-radiation-induced darkening than longer wavelengths 

 
• Approximately linear increase in ionizing-radiation-induced loss with increasing 

total accumulated ionizing radiation dose 
 

• Differing dose rates do not affect the overall shape of the absorption 
 

• Ionizing-dose-rate behavior in which higher dose rates lead to more specific loss 
(i.e. more induced absorption per unit of radiation dose) than lower dose rates 
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The specific loss (ΛL) is a physically meaningful performance parameter 

evaluating the damage in units of length-normalized induced loss per unit of ionizing 

dose. An average (over the spectral range of 1300 nm to 1400 nm) of this parameter is 

displayed for the set of examined Er3+-doped fibers in Table 5.1 below. Averaging is 

performed at a stable (and relatively low) point of specific loss to increase confidence in 

the estimate by decreasing the possibilities of fluctuations that can occur when data on 

single wavelengths are presented. The average of the specific loss values for all Er3+-

doped fibers is found to be approximately 0.145 dB/(m·krad(Si)). This average of specific 

loss for all Er3+-doped fibers at a dose rate of 14.22 rad(Si)/s is found to be 0.142 

dB/(m·krad(Si)) while the specific loss at a dose rate of 39.82 rad(Si)/s is found to be 

0.154 dB/(m·krad(Si)), a small but consistent increase. Focusing on a specific 

composition, Er20-4/125, from which data was taken at three separate dose rates, a clear 

increase of the specific loss (averaged over 1300 nm to 1400 nm as noted above) is found 

as illustrated graphically in Figure 5.17: A specific loss of 0.101 dB/(m·krad(Si)) for 

14.17 rad(Si)/s, 0.109 dB/(m·krad(Si)) for 39.45 rad(Si)/s, and 0.111 dB/(m·krad(Si)) for 

118.7 rad(Si)/s. The differences in the specific loss for different dose rates 

(approximately 14.22 rad(Si)/s and 39.82 rad(Si)/s), for each individual Er3+-doped 

composition, are given in the final column of Table 5.1. These differences are found to be 

small, but consistently positive (the average difference is 0.0120 dB/(m·krad(Si))). For 

the Liekki Er20-4/125 Er3+-doped fiber, a further increase from approximately 40 

rad(Si)/s to 120 rad(Si)/s leads to only a very weak increase in the specific loss of about 
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0.002 dB/(m·krad(Si))). Further data graphs for Er3+-doped fibers not shown in this 

section can be found in Appendix A.2. 

 
 

Table 5.1. Length-Normalized Transmittance and Induced Loss Data for Er3+-Doped-
Fiber Channels 
All values are averaged over the spectral range of 1300 nm to 1400 nm. Differences 
between specific losses pertaining to different dose rates, marked by a ‘Δ’, are given in 
the last column and were calculated by subtracting the specific loss of the smaller dose 
rate from the specific loss of the larger dose rate. The ‘*’ marks a difference in specific 
loss between the highest dose rate, 118.7 rad(Si)/s, and the smaller dose rate of 39.45 
rad(Si)/s for the Liekki Er20-4/125 Er3+-containing composition. 

Composition Manufacturer Dose Rate 
(rad(Si)/s) 

Specific Loss 
(dB/(m·krad(Si)) 

Δ(Specific Loss) 
(dB/(m·krad(Si))

14.24 0.158 Er16-8/125 
 

Liekki 
39.91 0.171 

0.0136 

14.17 0.101 
39.45 0.110 

0.00843 Er20-4/125 Liekki 

118.7 0.111 0.00182* 
14.24 0.118 Er30-4/125 Liekki 
39.91 0.133 

0.0151 

14.24 0.156 Er80-4/125 Liekki 
39.91 0.165 

0.00933 

14.24 0.179 Er110-4/125 Liekki 
39.91 0.193 

0.0138 

 
 

Looking at the specific loss parameter spectrally and with compositional 

dependence, as shown in Figure 5.18, it is seen that the Liekki Er20-4/125 fiber displays 

the lowest overall damage rate. The next lowest damage rate as measured by the specific 

loss is the Liekki Er30-4/125 fiber followed by the Liekki Er80-4/125. The Liekki Er110-

4/125 fiber exhibits the largest specific loss of the Er3+-doped fibers tested. The Liekki 

Er16-8/125 fiber shows a specific loss spectrum that is similar to the Er30-4/125 fiber, 
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except for wavelengths longer than approximately 1275 nm, where significant additional 

ionizing-radiation-induced absorption is seen. In all fibers, the specific loss is seen to 

increase at shorter wavelengths. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
                        (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
               (b) 

 
Figure 5.18. Specific loss (ΛL) across the NIR spectrum for different Er3+-doped fiber 
compositions at a dose rate of approximately 14.3 rad(Si)/s. Both graphs (a) and (b) show 
the Liekki Er20-4/125 and Liekki Er110-4/125 fibers (which serve as boundaries for the 
specific loss), in addition to other compositions. 
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As with the lower ionizing dose rate of 14.3 rad(Si)/s, the specific loss (ΛL) for 

the higher ionizing dose rate, 40.1 rad(Si)/s, is seen to be larger at shorter wavelengths for 

all compositions, as shown in Figure 5.19. All Er3+-doped fibers tested were found to 

have a similar specific loss spectrum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.19. Specific loss (ΛL) across the NIR spectrum for different Er3+-doped fiber 
compositions at a dose rate of approximately 40.1 rad(Si)/s. 
 

 

5.1.5. In-Situ Characterization of Irradiated Yb3+-Doped Fibers 
 

 The current section presents results of in-situ 60Co irradiation of unpumped Yb3+-

doped fiber samples. The specific compositions tested are summarized in Chapter 4, 

Section 4.1 while the experimental configuration is discussed in Chapter 4, Section 4.3.1 

and in Chapter 5, Section 5.1.1. The results of this section (as well as the previous and 

next sections) will be discussed in Chapter 5, Section 5.1.7. 
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 For the purpose of illustrating the in-situ behavior of an Yb3+-doped fiber exposed 

to gamma radiation from a 60Co source, data from an Yb3+-doped fiber composition 

representative of the sample suite, a Liekki Yb1200-4/125 aluminosilicate fiber, will be 

presented. Information on other Yb3+-doped compositions will be given towards the end 

of the section and in Appendix A, Section A.3. 

The unprocessed data from a sample channel, corresponding to an Yb3+-doped 

fiber of the composition stated above, and the contributing background losses (from 

delivery fibers) are shown in Figure 5.20, in the NIR region of the spectrum. The data are 

plotted as spectrometer counts versus wavelength, and spectra collected at various 

irradiation times are displayed. The xenon arc lamp spectrum with its associated peaks is 

clearly visible in this figure, as is the absorption of the Yb3+-doped fiber below 

approximately 1050 nm, where the rare-earth ion undergoes transitions between the 2F5/2 

and 2F7/2 manifolds (see Chapter 2, Section 3.2.3.2.3). The signal drops with increasing 

irradiation times, and correspondingly also with increasing ionizing radiation dose, until 

reaching the noise floor after approximately 3 hours, corresponding to a total 

accumulated ionizing radiation dose of approximately 150 krad (Si). The spectrum of the 

signal when the optical fiber is fully darkened, i.e. when it has reached the 

instrumentation noise floor, appears in Figure 5.20 as a flat spectrum under the label ‘3 hr 

10 min’. 
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Figure 5.20. Unprocessed data of a sample channel containing a Liekki Yb1200-4/125 
Yb3+-doped fiber in terms of spectrometer counts vs. wavelength in the NIR during 
gamma irradiation. The ionizing dose rate was approximately 14.3 rad(Si)/s. 
 

 Following data processing, which includes noise subtraction, removal of delivery 

and pigtail fiber effects (using data from the associated background channel), length-

normalization, and smoothing, a dataset amenable to meaningful representation is 

obtained. Figure 5.21 (a) shows the decrease of the length-normalized transmittance of 

several wavelengths in response to increasing total ionizing dose. It is clear that the 

optical transmission of the fiber decreases monotonically. Shorter wavelengths are seen 

to experience more radiation-induced darkening than longer wavelengths. The decay of 

the length-normalized transmittance is also found to be exponential, which is more 

apparent in Figure 5.21 (b), which depicts the length-normalized induced loss versus 

accumulated ionizing radiation dose and clearly displays the linear functionality of the 

ionizing-radiation-induced loss (in ‘dB’). As noted for the previous figure, shorter 
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wavelengths exhibit more ionizing-radiation-induced darkening than longer wavelengths, 

as is manifested by the overall higher length-normalized ionizing-radiation-induced loss 

values evident in the figure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

               (b) 
 
Figure 5.21. (a) Length-normalized transmittance of processed data from a sample 
channel containing a Liekki Yb1200-4/125 Yb3+-doped fiber vs. irradiation time. (b) 
Length-normalized induced loss of processed data with respect to ionizing radiation dose 
for several wavelengths. The ionizing dose rate was approximately 14.3 rad(Si)/s. 
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Figure 5.22 shows the spectral length-normalized transmittance of the Liekki 

Yb1200-4/125 Yb3+-doped fiber for low total accumulated ionizing doses as calculated 

from TLD measurements. Apparent from the figure is a wavelength dependence in which 

shorter wavelengths experience more ionizing-radiation-induced darkening than longer 

wavelengths. The optical transmittance is also seen to be monotonically decreasing with 

the accumulated ionizing radiation dose. The spectral shape of the curves at increasing 

total accumulated ionizing radiation doses at longer wavelengths remains consistent. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.22. Spectral length-normalized transmittance plot of a Liekki Yb1200-4/125 
Yb3+-doped fiber at low total accumulated ionizing radiation doses. The ionizing dose 
rate was approximately 14.3 rad(Si)/s. 
 

 Data depicting the impact of large total ionizing dose on the optical fibers 

depicted in Figure 5.22 can be seen in Figure 5.23. The length-normalized transmittance 

across the spectrum, plotted in Figure 5.23 (a) with ionizing doses rounded to the nearest 

krad (Si), shows that larger total accumulated doses do indeed have an effect on the 

spectral shape as increasing total accumulated ionizing doses are reached, with shorter 
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wavelengths experiencing more darkening than longer wavelengths. This trend is also 

seen in Figure 5.23 (b), which displays length-normalized ionizing-radiation-induced loss 

over the spectrum, showing not a flat line but rather a curve that increasingly emphasizes 

the absorptions of shorter wavelengths as the irradiation progresses. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

              (b) 
Figure 5.23. (a) Spectral length-normalized transmittance of a Liekki Yb1200-4/125 
Yb3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the 
same fiber. The ionizing dose rate was approximately 14.3 rad(Si)/s. 



 234

Length-normalized transmittance and induced loss over the NIR spectrum are 

shown in Figure 5.24 (a) and (b) for the higher dose rate of 40.3 rad(Si)/s. The same 

trends are observed as with the lower dose rate data of Figures 5.23 (a) and (b). These 

figures illustrate the monotonic ionizing-radiation-induced increase of absorption and the 

spectral dependence in which shorter wavelengths are affected more than longer 

wavelengths. It can also be seen that the absorption at a given total accumulated ionizing 

dose is larger when the material is exposed to higher dose rates as opposed to lower dose 

rates. This trend, also observed in the Er3+-doped compositions, warrants further 

investigation and will be discussed at a later point (Section 5.1.7). 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

               (b) 
 
Figure 5.24. (a) Spectral length-normalized transmittance of a Liekki Yb1200-4/125 
Yb3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the 
same fiber. The ionizing dose rate was approximately 40.3 rad(Si)/s. 
 

 To gain a more in-depth understanding of the nature of the dose rate behavior of 

Yb3+-doped fiber materials, length-normalized transmittance is plotted with respect to 

total accumulated ionizing doses for a single wavelength in Figure 5.25 (a), and over the 
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spectrum in Figure 5.25 (b). In the first plot, the length-normalized transmittance of the 

wavelength of 1060 nm is seen to decrease more rapidly at the higher dose rate, i.e. at a 

specified total accumulated ionizing dose, the sample exposed to the larger dose rate 

experiences more losses than the sample exposed to the smaller dose rate. The same trend 

holds spectrally, as shown in Figure 5.25 (b). 

 
 
 
 
 
 
 
 
 
 

 
 
    
                 (a)            

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
Figure 5.25. (a) Length-normalized transmittance in a Liekki Yb1200-4/125 Yb3+-doped 
fiber is plotted against total ionizing dose for two ionizing dose rates at the wavelength of 
1060 nm. (b) Length-normalized transmittance is plotted spectrally at two ionizing dose 
rates for a Liekki Yb1200-4/125 fiber. 
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 To further examine the effect of dose rate on ionizing-radiation-induced 

absorption, the specific loss parameter (ΛL), denoting the loss per unit of ionizing 

radiation, is plotted spectrally in Figure 5.26. A clear decrease in loss is observed at 

longer wavelengths. It can also be seen that the parameter plotted at a larger dose rate 

exceeds that of the smaller dose rate. At the same time, the distance between the two 

curves is consistent, which explains the lack of spectral deformation observed when 

comparing transmittance and ionizing-radiation-induced loss from one dose rate to 

another. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.26. Specific loss vs. wavelength for two ionizing dose rates on Liekki Yb1200-
4/125 Yb3+-doped fiber. 
 

The fundamental trends seen in the Liekki Yb1200-4/125 fiber are characteristic of all 

Yb3+-doped fibers examined. Below is a list of common characteristics found in the set of 

examined Yb3+-doped fibers within the 60Co in-situ irradiation studies: 
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• Complete absorption of reference signal (no transmitted signal) at approximately 
160 krad (Si) 

 
• Spectral trend, within the NIR, in which shorter wavelengths experience more 

ionizing-radiation-induced darkening than longer wavelengths 
 

• Approximately linear increase of induced loss with increasing total accumulated 
ionizing dose 

 
• Differing dose rates do not affect the overall shape of the absorption 

 
• Ionizing-dose-rate behavior in which higher dose rates lead to more induced 

absorption (per unit of radiation dose) than lower dose rates 
 

 

When discussing radiation-hardness, a physically important performance 

parameter is specific loss, i.e. the length-normalized damage measured in units of ‘dB/m’ 

per unit of ionizing dose (ΛL). A spectral average (over 1300 nm to 1400 nm) of this 

parameter is displayed for the set of Yb3+-doped fibers in Table 5.2 below. The spectral 

average is performed to reduce fluctuations of single-wavelength measurements and is 

implemented in a stable (low) region of the specific loss (i.e. the actual specific loss 

within an application may exceed this value). The average of the specific loss values for 

all Yb3+-doped fibers is found to be approximately 0.0794 dB/(m·krad(Si)). The average 

of specific loss for all Yb3+-doped fibers at a dose rate of around 14.24 rad(Si)/s is found 

to be 0.0676 dB/(m·krad(Si)) while the specific loss at a dose rate of 40.06 rad(Si)/s is 

found to be 0.0751 dB/(m·krad(Si)), a small but consistent increase. Higher dose rates 

thus consistently induce higher specific loss in comparison to the lower ionizing dose rate 

for a specific composition. The differences in the specific loss for different dose rates 

(approximately 14.24 rad(Si)/s and 40.06 rad(Si)/s) for each individual composition are 



 239

given in the final column of Table 5.1. These differences are found to be small, but 

consistently positive (the average difference is 0.0301 dB/(m·krad(Si))). Further data 

graphs for Yb3+-doped fibers not shown in this section can be found in Appendix A.3. 

 

Table 5.2. Length-Normalized Transmittance and Induced Loss Data for Yb3+-Doped-
Fiber Channels 
All values are averaged over the spectral range of 1300 nm to 1400 nm. Differences 
between specific losses pertaining to different dose rates, marked by a ‘Δ’, are given in 
the last column and were calculated by subtracting the specific loss of the smaller dose 
rate from the specific loss of the larger dose rate. 

Composition Manufacturer Dose Rate 
(rad(Si)/s) 

Specific Loss 
(dB/(m·krad(Si)) 

Δ(Specific Loss) 
(dB/(m·krad(Si))

Yb PM DC OFS 14.14 0.0463 – 
13.92 0.0637 Yb1200-

20/400DC 
Liekki 

40.12 0.0662 
0.0025 

13.92 0.0667 Yb1200-
30/250DC 

Liekki 
40.12 0.0809 

0.0143 

14.31 0.0688 Yb1200-4/125 Liekki 
40.08 0.0744 

0.00566 

14.89 0.0711 Yb2000-
6/125DC 

Liekki 
39.91 0.0788 

0.00763 

LMA-YDF-
15/130 

Nufern 23.04 0.118 – 

LMA-YDF-
15/130-HI 

Nufern 23.42 0.138 – 

 
 

Looking at the specific loss parameter (ΛL) spectrally and with compositional 

dependence, as shown in Figure 5.27, it is seen that the OFS fiber displays the lowest 

damage rate on average. Among the Liekki fibers, the Yb1200-20/400DC displays the 

lowest damage, possibly indicating that a core diameter sufficiently large may reduce the 

amount of ionizing-radiation-induced darkening experienced. Figure 5.27 (b) shows two 

Yb3+-doped fiber compositions from the previous figure, along with an additional Liekki 
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fiber (Yb1200-30/250DC), which displays a flatter specific loss (ΛL) spectrum than all 

other Yb3+-doped fibers. Two Nufern Yb3+-doped fibers, irradiated at a slightly higher 

dose rate of just over 20 rad(Si)/s, are also shown. They display a higher damage rate as 

defined by the specific loss than the other fibers. 

 
 
 
 
 
 
 
 
 
 
 
 
 
    
               (a) 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
    (b) 

Figure 5.27. Specific loss (ΛL) across the NIR spectrum for different Yb3+-doped fiber 
compositions at a dose rate of approximately 14.3 rad(Si)/s. Both graphs (a) and (b) show 
the Liekki Yb1200-4/125 and OFS Yb PM DC fibers (which serve as benchmarks for the 
specific loss) in addition to other compositions. 
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 The compositional dependence of the set of Yb3+-doped fibers at a higher dose 

rate is shown in Figure 5.28. Here, the specific loss parameter is displayed spectrally for 

an ionizing dose rate of 40.1 rad(Si)/s. Similar trends can be identified, as in the previous 

figures, such as the higher impact of ionizing-radiation-induced absorption at shorter 

wavelengths. Noteworthy are the Liekki Yb1200-30250DC and Liekki Yb1200-

20/400DC fibers, which show a spectrally flatter specific loss curve. At shorter 

wavelengths these fibers appear to have the lowest damage rate as defined by the specific 

loss. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.28. Specific loss (ΛL) across the NIR spectrum for different Yb3+-doped fiber 
compositions at a dose rate of approximately 40.1 rad(Si)/s. 
 

Having investigated both Er3+- and Yb3+-doped fibers, the final fiber composition 

type, Er3+/Yb3+ co-doped fibers, will be discussed within the next section. 
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5.1.6. In-Situ Characterization of Irradiated Er3+/Yb3+-Doped Fibers 
 

 The present section reviews results of in-situ 60Co irradiation of unpumped 

Er3+/Yb3+ co-doped fiber samples. The specific compositions investigated are 

summarized in Chapter 4, Section 4.1 and the experimental configurations are described 

in Chapter 4, Section 4.3.1 and in Chapter 5, Section 5.1.1. The results of this section 

(along with the results of the previous two sections) will be discussed in Chapter 5, 

Section 5.1.7. 

 Within this section, data for an OFS Er3+/Yb3+ co-doped fiber sample gamma 

irradiated by a 60Co source will be presented, and considered to be representative of the 

Er3+/Yb3+ co-doped compositions investigated. Information on other Er3+/Yb3+-doped 

compositions is given towards the end of the section and in Appendix A, Section A.4. 

The unprocessed data from the channel corresponding to the OFS Er3+/Yb3+ co-

doped fiber sample and the contributing losses from delivery and pigtail fibers are shown 

in Figure 5.29. The plot shows spectrometer counts versus wavelength, and spectra 

collected at a set of different irradiation times are given. The xenon arc lamp spectrum 

with its associated peaks is clearly visible. Absorption below approximately 1050 nm is 

observed and related to absorption from Yb3+-ions, specifically the transitions between 

the 2F5/2 and 2F7/2 manifolds (see Chapter 2, Section 3.2.3.2.3), and most likely also the 

Er3+-ion 4I15/2 → 4I11/2 transitions. Around 1550 nm, absorption from the Er3+-ion 4I15/2 → 

4I11/2 transitions is observed (see Chapter 2, Section 3.2.3.2.2). In all cases, complete 

absorption, as a result of irradiation, manifests itself as a reduction of the broadband 

xenon arc lamp signal, eventually reaching the instrumentation noise floor (flat regions in 
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Figure 5.29). The signal is seen to decrease with increasing irradiation times, and 

correspondingly also with increasing ionizing radiation dose, until reaching the noise 

floor, at most wavelengths, at ionizing radiation doses over 270 krad (Si). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.29. Unprocessed data of an OFS Er/Yb PM DC fiber containing sample channel 
in terms of spectrometer counts vs. wavelength in the NIR during gamma irradiation. The 
ionizing dose rate was approximately 14.1 rad(Si)/s. 
 
  

Turning to processed data in which delivery and pigtail fiber absorptions have 

been removed and length-normalization has been performed, Figure 5.30 (a) shows the 

length-normalized transmittance decay of several wavelengths with increasing total 

accumulated ionizing dose. It is evident that the reference signal at longer wavelengths, 

such as 1600 nm, decays more rapidly during exposure to ionizing radiation than at 

shorter wavelengths, such as 1060 nm. Figure 5.30 (b), which shows the increase of 

length-normalized absorption with increasing ionizing-radiation dose, also attests to the 

increased absorption at longer wavelengths. This plot also shows that the ionizing-
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radiation-induced loss is somewhat sub-linear, such that specific loss parameter (ΛL) may 

overestimate the effect of damage imparted to the fiber by ionizing radiation. The 

deviation from linearity may also, in part, stem from the longer irradiation times possible 

for this co-doped fiber composition before it attains complete photodarkening and 

reaches the instrumentation noise floor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
               (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            (b) 
Figure 5.30. (a) Length-normalized transmittance of processed data from an OFS Er/Yb 
PM DC sample channel vs. irradiation time. (b) Length-normalized ionizing-radiation-
induced loss of processed data with respect to ionizing radiation dose for several 
wavelengths. The ionizing dose rate was approximately 14.1 rad(Si)/s. 
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Displayed below in Figure 5.31 is a spectral plot of the length-normalized 

transmittance for low total accumulated ionizing doses, indicated by values calculated 

from TLD measurements. Structured wavelength dependence is evident in which the 

absorption of the fiber generally increases with longer wavelengths, with the exception of 

some intermediate lower points of absorption, as seen around 1300 nm. Increasing 

ionizing doses lead to lower signal transmittances, but the overall structure of the 

wavelength dependence remains approximately constant for the total ionizing doses 

shown in Figure 5.31. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.31. Spectral transmittance plot of an OFS Er/Yb PM DC fiber at low total 
accumulated ionizing radiation doses. The ionizing dose rate was approximately 14.1 
rad(Si)/s. 
 

 Figure 5.32 (a) plots the spectral length-normalized transmittance for a number of 

different total ionizing doses at a low dose rate of 14.1 rad(Si)/s. It is clearly seen that 

increased ionizing doses lead to increased absorption. Furthermore, a wavelength 
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dependence is observed in which longer wavelengths experience more absorption than 

shorter wavelengths. Figure 5.32 (b) depicts spectral length-normalized induced loss, and 

displays the same trend, with large ionizing-radiation-induced absorption observed at 

wavelengths longer than approximately 1450 nm. 

 
 
 
 
 
 
 
 
 
 
 
 

    
 

 
         (a) 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
                    (b) 

Figure 5.32. (a) Spectral length-normalized transmittance of an OFS Er/Yb PM DC fiber. 
(b) Spectral length-normalized ionizing-radiation-induced loss of the same fiber. The 
ionizing dose rate was approximately 14.1 rad(Si)/s. 
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 Examining data at a higher dose rate of 41.2 rad(Si)/s, the length-normalized 

transmittance versus wavelength is plotted in Figure 5.33 (a). The figure appears similar 

to Figure 5.32 (a) (taken at a lower dose rate), with the same general wavelength 

dependence of higher absorption at longer wavelengths. A curve at the total ionizing dose 

of 400 krad (Si) shows that for shorter wavelengths, around 1100 nm, there is still some 

signal transmittance, although other wavelengths have reached the instrumentation noise 

floor at these large ionizing doses. Figure 5.33 (b) shows the length-normalized ionizing-

radiation-induced loss versus wavelength, clearly showing the increasing absorption 

feature at long wavelengths over 1500 nm. 
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             (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
              (b) 

 
Figure 5.33. (a) Spectral length-normalized transmittance of an OFS Er/Yb PM DC fiber. 
(b) Spectral length-normalized ionizing-radiation-induced loss of the same fiber. The 
ionizing dose rate was approximately 41.2 rad(Si)/s. 
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 To further investigate the dose rate behavior of the co-doped fibers in response to 

ionizing-radiation-induced darkening, length-normalized transmittance against total 

accumulated ionizing radiation dose is plotted in Figure 5.34 (a). This plot, showing the 

wavelength of 1600 nm lying in the high-absorption region of the co-doped fiber, 

indicates an approximately linear decrease of transmittance (on a logarithmic scale) with 

respect to total ionizing dose up to total doses below 100 krad (Si). A higher dose rate is 

seen to lead to more ionizing-radiation-induced darkening than the lower dose rate, as can 

be seen by the higher transmittance values of the latter for all total accumulated ionizing 

doses. Figure 5.34 (b) shows the spectral length-normalized transmittance for the two 

ionizing dose rates investigated, and the higher dose rate is found to result in higher 

absorption for the same total accumulated ionizing doses. 
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          (a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
Figure 5.34. (a) Length-normalized transmittance in an OFS Er/Yb PM DC fiber is 
plotted against total ionizing dose for two ionizing dose rates at the wavelength of 1600 
nm. (b) Length-normalized transmittance is plotted spectrally at two ionizing dose rates 
for an OFS Er/Yb PM DC fiber. 
 

 Figure 5.35 depicts the specific loss (ΛL), signifying the damage rate of the 

ionizing radiation to the optical fiber in terms of length-normalized loss increase per unit 

of ionizing radiation. Noteworthy is the unusual wavelength dependence in which (for 
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wavelengths between approximately 1100 nm and 1600 nm) longer wavelengths 

experience more absorption than shorter wavelengths. The data also, once again, clearly 

show that the larger dose rate leads to more induced damage relative to the lower dose 

rate. Also, the spectral dependence of the two specific loss curves is very similar in 

shape, the difference between the two increasing slightly at longer wavelengths. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.35. Specific loss vs. wavelength for two ionizing dose rates on OFS Er/Yb PM 
DC fiber. 
 

Certain features were characteristic of all Er3+/Yb3+ co-doped fibers tested. Below 

is a list of common characteristics found in the set of examined Er3+/Yb3+ co-doped fiber 

samples within the 60Co in-situ irradiation studies: 

 
• Complete absorption of reference signal (no transmitted signal) at more than 270 

krad (Si) 
 

• Spectral trend, within the NIR, in which longer wavelengths experience more 
ionizing-radiation-induced darkening than shorter wavelengths 
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• Approximately linear increase of loss (in logarithmic units) with increasing total 
accumulated ionizing dose up to approximately 100 krad (Si) and eventual sub-
linear increase in loss 

 
• Ionizing-dose-rate behavior in which higher dose rates lead to more induced 

absorption (per unit of radiation dose) than lower dose rates 
 

• Differing ionizing dose rates do not greatly affect the overall shape of the 
absorption 

 
 

As a tool for the comparison of different Er3+/Yb3+ co-doped fiber compositions, the 

specific loss parameter (ΛL) averaged over wavelength from 1300 nm to 1400 nm, will be 

implemented, the results of which are given in Table 5.3. The average of the specific loss 

values for all Er3+/Yb3+ co-doped fibers at a ionizing dose rates ranging from 

approximately 14 to 40 rad(Si)/s is found to be approximately 0.0536 dB/(m·krad(Si)). 

Further data graphs for Er3+/Yb3+ co-doped fibers not shown in this section can be found 

in Appendix A.4. 

 

 

Table 5.3. Length-Normalized Transmittance and Induced Loss Data for Er3+/Yb3+ Co-
Doped-Fiber Channels 
All values averaged over the spectral range of 1300 nm to 1400 nm. 

Composition Manufacturer Dose Rate 
(rad(Si)/s) 

Specific Loss 
(dB/(m·krad(Si)) 

Er/Yb PM DC OFS 14.10 0.0285 
Er/Yb PM DC OFS 41.21 0.0309 

MM-EYDF-12/130 Nufern 26.81 0.0834 
MM-EYDF-12/130-HE Nufern 31.53 0.0716 
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Plotting the specific loss parameter spectrally, as shown in Figure 5.36, reveals 

that all Er3+/Yb3+ co-doped fibers have a similar spectral shape. The OFS fiber displays 

the lowest damage rate as indicated by the specific loss (ΛL) parameter. It must be borne 

in mind, however, that the different fibers may have different characteristics aside from 

radiation-hardness that may impact the specific fiber choice for a particular application, 

as will be discussed further in the next section. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.36. Specific loss (ΛL) across the NIR spectrum for different Er3+/Yb3+ co-doped 
fiber compositions. 
 

 

5.1.7. Discussion of Rare-Earth-Doped Fiber Behavior in Response to Ionizing 
Radiation 
 

 Three different rare-earth doped fiber types, Er3+-, Yb3+- and Er3+/Yb3+ co-doped 

fibers, have been investigated spectroscopically within the scope of the in-situ 60Co 

irradiation experiments. Many trends concerning the behavior of these fiber types in 
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response to ionizing radiation, such as the formation of absorption within the NIR 

spectrum, have been found in all three fiber types. Such absorption is found in optical 

materials in general, including the delivery and background fibers presented in Section 

5.1.3. 

The overall damage induced in the rare-earth doped fiber sample channels was 

significantly larger than that in the delivery or pigtail fibers. The Er3+- and Yb3+-doped 

fibers exhibited complete radiation-induced photodarkening within the total doses used in 

the experiments, with no measurable signal remaining. In all cases, the darkening was 

found to be permanent (at room temperature storage), even when the fibers were 

examined years later. For Er3+-doped fibers this complete darkening generally occurred at 

ionizing doses from 80 – 120 krad (Si), while for Yb3+-doped fibers it occurred at 

ionizing doses of 160 krad (Si) and higher. The rare-earth Er3+/Yb3+ co-doped fibers also 

experienced complete loss of transmittance over most of the spectral range of the NIR, 

but in some samples a small remaining transmittance was still measurable at the end of 

the irradiations, beyond 270 krad (Si). These observations indicate that the Er3+/Yb3+ co-

doped fiber compositions are the most radiation hard, and the Er3+-doped fiber 

compositions the most radiation sensitive. An examination of various compositions of the 

fiber suite, shown in Figure 5.37 shows this clearly (after [Fox et al. 2008b] for the 

wavelength of 1100 nm, although other wavelengths show the same trend): The Er3+/Yb3+ 

co-doped fiber is seen to decay the least, followed by the Yb3+-doped fibers, and the Er3+-

doped fibers are seen to be the most radiation sensitive, i.e. they experience the largest 
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reductions in transmittance for a given total accumulated ionizing radiation dose. Figure 

5.37 also shows the linearity of the compositions at doses up to at least 35 krad (Si). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.37. Logarithm of length-normalized transmittance of most of the samples of the 
rare-earth-doped fiber suite vs. total ionizing dose at a wavelength of 1100 nm [Fox et al. 
2008b]. The ionizing dose rate was approximately 40.1 rad(Si)/s. 
 

 When length-normalized transmittances were plotted for the three fiber types, the 

singly-doped fibers exhibited a wavelength dependence in which the shorter wavelengths 

experienced more ionizing-radiation-induced absorption than the longer wavelengths. 

This behavior is expected and ascribed to absorption-center formation in the visible and 

UV portions of the spectrum, where most absorption is typically found (e.g. [Koponen et 

al. 2006]). These centers cannot reliably be identified by their band-tails in the NIR data 

and require visible spectroscopy (see Section 5.2). In contrast, the co-doped fiber 

exhibited the opposite wavelength dependence over most of the observed spectrum (from 

approximately 1100 nm to 1600 nm); the longer wavelengths experienced more 

photodarkening than the shorter wavelengths. This is most likely a result of phosphorous-
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related absorption (see Chapter 3, Section 3.4.3.2 and [Ahrens et al. 2001]). Phosphorous 

is a dopant often used in Er3+/Yb3+ co-doped fibers to improve operational efficiency of 

the fiber by facilitating energy transfer between the rare-earth ions [Vienne et al. 1996, 

Ahrens et al. 2001]. The phosphorous P1 center (see also Chapter 3, Table 3.2) usually 

displays a peak absorption around 1570 nm [Griscom et al. 1983], which is consistent 

with the spectral data of Er3+/Yb3+ co-doped fibers, as can be seen by the maximal 

absorption in Figures 5.32, 5.33, 5.35, and 5.36. 

 The increase in the ionizing-radiation-induced loss was generally found to be 

linear with respect to increasing total accumulated ionizing dose within the Er3+- and 

Yb3+-doped fibers up to doses of at least 100 krad (Si) (see, e.g., Figure 5.37). The 

Er3+/Yb3+ co-doped fiber also showed linearity at lower total ionizing doses, but once 

ionizing doses of 100 – 200 krad (Si) were reached, a sub-linear increase in ionizing-

radiation-induced loss (in logarithmic units) with respect to increasing total accumulated 

ionizing dose was observed. The reason for this behavior cannot be ascertained with 

certainty from the data taken, but most likely has its origin in the interactions of specific 

charge carriers and absorbing structures. A possible reason for this saturation effect 

would be reduced trapping of charge carriers by an absorption center type which is 

prominent at lower total accumulated ionizing radiation doses due to filling of these 

centers (also called band bleaching). 

 A corollary of the linearity of the induced absorption, as noted in the previous 

paragraph, is that differing ionizing dose rates will have a tendency to maintain the 

spectral shape of the features. The linear increase of length-normalized loss, with respect 
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to total accumulated ionizing dose, increases the accuracy of the specific loss 

performance parameter (ΛL) measuring the induced loss per unit of ionizing dose. If this 

parameter is established as a constant, preservation of the spectral shape is a necessary 

consequence. 

 Using the specific loss (ΛL) parameter as a measurement of radiation sensitivity 

of the fiber, the different rare-earth-doped fiber types can be compared. This comparison 

is shown in Figure 5.38. The average radiation sensitivity as measured by the specific 

loss (ΛL) over the wavelength range of 1300 nm to 1400 nm over all ionizing dose rates 

was 0.145 dB/(m·krad(Si)) for Er3+-doped fibers, 0.0794 dB/(m·krad(Si)) for Yb3+-doped 

fibers, and 0.0536 dB/(m·krad(Si)) for Er3+/Yb3+ co-doped fibers, clearly indicating that 

the lattermost exhibited the more radiation hardness compared to the other two. Focusing 

on the ionizing dose rate dependence of the singly-doped Liekki fibers (with a dose rate 

of approximately 14 rad(Si)/s to 40 rad(Si)/s), a slight but consistent increase in specific 

loss with increasing dose rate was observed (an increase of 0.0120 dB/(m·krad(Si)) for 

the Er3+-doped fibers and 0.0301 dB/(m·krad(Si)) for Yb3+-doped fibers). This behavior is 

opposite to ELDRS/SHDRS, as discussed in Chapter 3, Section 3.5.1.3. Responses in 

which larger ionizing dose rates lead to a higher specific loss than lower ionizing dose 

rates have been observed in pure silica fibers [Morita and Kawakami 1989]. These 

responses were attributed to the possibility of the formation of stable color centers which 

are produced by chemical reactions and promoted by heating. Such responses have also 

been witnessed in rare-earth-doped fiber (e.g. in Er3+-doped fibers [Williams et al. 

1999]), although not consistently in all fiber types investigated. 



 258

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.38. Specific loss (ΛL) across the NIR spectrum for representative Er3+-doped, 
Yb3+-doped, and Er3+/Yb3+ co-doped fiber compositions. The ionizing dose rate was 
approximately 14 rad(Si)/s for all three compositions. 
 

A dependence on the rare earth dopant concentration was not obvious. While the 

data generally suggest that higher concentrations of the rare earth dopant lead to more 

ionizing-radiation-induced photodarkening (e.g. Figure 5.18 (a) and Figure 5.28), 

exceptions do exist (e.g. Figure 5.18 (b)). Also, no clear correlation between aluminum 

concentration and the amount of ionizing-radiation-induced photodarkening could be 

made, although the data are suggestive that an increase in aluminum doping leads to more 

darkening. The Er3+-doped fibers, generally displaying higher aluminum doping levels, 

do experience more darkening than the Yb3+-doped fibers, which generally display lower 

aluminum doping concentrations. Also, one of the Er3+/Yb3+ co-doped fibers, all of which 

exhibited excellent radiation hardness, is known to have extremely low aluminum 

content. Some specific loss data from the Yb3+-doped Liekki fibers suggest a weak 

correlation between larger core sizes and lower ionizing-radiation-induced 
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photodarkening (e.g. the relatively low specific loss of the Yb1200-20/400DC and 

Yb1200-30/250DC fibers in Figure 5.28). Physical reasons for such a correlation include 

a higher density of core/cladding interface in the cross-section of the fiber states 

[Tomashuk and Zabezhailov 2011], and possible defects in the center of the core, due to 

fabrication processes (such as collapsing the preform). Such states may increase the 

darkening experiences of smallcore fibers in comparison with large-core fibers, e.g. due 

to the mode area more significantly overlapping the core/clad interface in fundamental 

modes of small-core fibers. All in all, these trends may have been largely obscured by the 

fiber suite, which was assembled from various commercial products and did not consist 

of systematically varied dopants and fiber geometries. 

 As noted above, a possible reason for the increased radiation sensitivity observed 

in the singly-doped fibers is the presence of aluminum which is used as a common anti-

clustering agent (see also Chapter 3, Section 3.2.3.2.5). All Liekki and Nufern fibers are 

known to be aluminosilicates (see Chapter 4, Section 4.1). Studies have pointed to the 

host matrix as the likely origin of ionizing-radiation-induced photodarkening [Van 

Uffelen et al. 2004], and aluminum as the possible primary dopant contributing to the 

radiation sensitivity [Girard et al. 2007, Arai et al. 2009]. Er3+/Yb3+ co-doped fibers often 

contain less (or even no) aluminum co-doping, as is known from manufacturers’ 

information. The superior radiation-hardness of the co-doped fibers may thus be largely a 

consequence of the relative absence of the aluminum dopant. 

The complete removal of dopants involved or potentially involved in the 

generation of absorption centers may not be the best choice of action, since these dopants 
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may also help prevent ionizing-radiation-induced formation of absorption centers. They 

may block the formation of more detrimental absorption centers or prevent the filling of 

trap states by acting as an anti-clustering agent and thus reducing non-radiative energy 

transfers. It is generally accepted that the benefits of this dopant, when introduced during 

the manufacturing process, outweigh the potential problems encountered during fielding 

of the materials [Arai et al. 2009]. Lack of more specific knowledge, especially regarding 

ionizing-radiation effects which are usually eclipsed by the related and more commonly 

studied pump-radiation effects, precludes a proper assessment of ideal levels of doping. 

In general, radiation-sensitivity is only one important factor in the design of a system, and 

for a particular application a more radiation-sensitive fiber might be a better choice if 

special circumstances prevail. 

Before turning to a discussion of the pre-/post-irradiation experiments 

investigating optical fiber preforms, mention should be made that a thulium (Tm3+)-

doped fiber was also investigated, in which increases of absorbance similar in shape and 

magnitude to the other rare-earth-doped fibers was identified. The data for this fiber can 

be found in Appendix B. 

 

5.2. Rare-Earth-Doped Optical Fiber Preform Irradiations 
 

 To gain a more in-depth understanding of the behavior of ionizing-radiation-

induced effects on optical materials, a set of 60Co irradiations was performed on rare-

earth-doped fiber preforms. Data from the irradiated preforms yield additional 

information about ionizing-radiation-induced effects within the material. Specifically, the 
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spectroscopy performed in the visible portion of the spectrum provides important 

information regarding induced color centers, especially at the short wavelengths where 

optical fiber absorption is too large to yield any results due to long lengths of material. 

 The current section begins with some specific information about the experimental 

procedure. Specific sample information can be found in Chapter 4, Section 4.1. Next, the 

effects of 60Co-radiation on Er3+-doped preform cores is presented, followed by the 

effects of the same radiation on Yb3+-doped preform cores. Data concerning the effect of 

ionizing-radiation on the silica cladding of the various compositions can be found in 

Appendix C. Lastly, a discussion of results regarding the rare-earth-doped optical fiber 

preforms is presented. 

 

5.2.1. Experimental Specifics of Preform Irradiations 
 

 Passive UV/Vis spectroscopy on irradiated rare-earth-doped fiber preform 

samples is the subject of the current section. The fiber preform samples were 

manufactured by Liekki and were individually doped with the constituent ions Er3+ and 

Yb3+. For each dopant type, two samples were examined, yielding a total of four samples. 

One of the samples for each of the rare-earth-doped materials contained a significantly 

higher active dopant concentration than the other (more information on these samples and 

their preparation can be found in Chapter 4, Section 4.1, especially Table 4.3). The fiber 

preform samples were irradiated by a 60Co gamma source at Leach Science Center, 

Auburn University in Auburn, AL, at an ionizing dose rate of approximately 0.116 

rad(Si)/s. Four sequential irradiations were performed, each with an increasing total 
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accumulated dose and each occurring approximately 2 months after the previous one. The 

irradiation schedule is shown in Table 5.4 below: 

 
 

Table 5.4. Irradiation Schedule of Rare-Earth-Doped Optical Fiber Preforms 
All irradiations were performed at an ionizing dose rate of 0.116 rad(Si)/s. 
Irradiation Number Time Until Next 

Irradiation (days) 
Irradiation Dose 

(krad (Si)) 
Total Accumulated 

Dose (krad (Si)) 
Irradiation #1 ~57 7.6 7.6 
Irradiation #2 ~58 22.8 30.4 
Irradiation #3 ~61 68.4 98.8 
Irradiation #4 – 100 198.8 

 
 

 Prior to and following the individual irradiations, spectroscopy in the UV, visible, 

and NIR was carried out using a Perkin Elmer Lambda 950 spectrometer (for more 

information, see Chapter 4, Section 4.3.2.1.1.2). Especially in the case of the last two 

irradiations performed, which contributed a significantly larger total dose to the preform 

samples than the first two irradiations (see Table 5.4), the annealing at room temperature 

following the irradiations was closely monitored. This was done not only to gauge the 

degree of possible transmittance recovery, but also to help interpret key spectral features 

comprising the ionizing-radiation-induced darkening in the event that differences in 

room-temperature-anneal rates of distinct color centers might lead to the evolution of 

structure in the absorption spectra being studied. Data processing consisted primarily of 

maintaining continuity of the absorption spectra and scaling the measured output. At 860 

nm, the instrument changes detectors, leading to a step function in which the UV/Vis data 

and the NIR data can lose continuity. In each case, the UV/Vis data was considered 
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primary and the NIR data adjusted to be made continuous to this data, due to lower SNR 

in the NIR wavelength region and associated higher repeatability in the UV/Vis region. 

Length-normalization of the data to the units of meters was also performed for both 

absorption and transmittance data. When considering the length-normalized data it must 

be borne in mind, however, that the extrapolation to one meter was performed with 

samples of thicknesses in the order of 2 – 4 mm, leading to possible inaccuracies due to 

this small dimension, and that each section of optical fiber preform volume would be 

stretched to lengths of several meters of length in real processing conditions. Lastly, the 

initial collection of the spectrum for each sample was not performed immediately 

following irradiation, as the samples had to be shipped from the location of exposure 

(Alabama) to the location at which the measurements were performed (Arizona). Thus, 

extra annealing time was present prior to measurement. When monitoring the 

spontaneous annealing of the samples, the point at which the maximum extent of 

annealing had occurred was sought. This point is defined as the approximate time at 

which the samples reached a stable absorption spectra that was, within instrumentation 

errors, equal to the absorption spectra collected weeks later, or in the case of the final 

irradiation, over a year later. 

 

5.2.2. Irradiation of Er3+-Doped Preform Samples 
 

The raw absorbance data from a 12 dB/m maximally absorbing Er3+-doped 

preform sample (Liekki E03-051A) across the UV/Vis/NIR is shown in Figure 5.39. Both 

the absorbance data prior to the four irradiations as well as following the four irradiations 
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is shown. Much radiation-induced absorption is seen at UV and visible wavelengths, with 

higher absorbance at the UV end of the spectrum. Some instrumentation noise is present 

around 860 nm, resulting from the switching of detectors by the spectrometer. The 

induced absorbance in the NIR was found to be too small to be accurately determined 

given instrumentation and sample constraints of these particular experiments, but the 

relatively minor effect in this region, as compared to shorter wavelengths regions, is 

noteworthy. Optical transitions at wavelengths just longer than 500 nm (4I15/2→2H11/2 

[Strohhöfer and Polman 2003]) and just shorter than 400 nm (4I15/2→4G11/2 [Hehlen et al. 

1997]) are clearly evident, while other peaks, such as the 4I15/2→4I13/2 transition around 

1500 nm, are only barely observable. The optical transitions do not appear greatly 

affected by the ionizing-radiation-induced absorption, which will be further illustrated 

below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.39. Spectral absorbance of a Liekki E03-051A (12 dB/m maximum absorption) 
Er3+-doped preform core over UV, visible, and NIR parts of the spectrum. The spectra 
both prior to the four irradiations as well as following the four irradiations are depicted. 
The total accumulated dose of combined irradiations was 200 krad (Si), and in each case 
the ionizing dose rate was 0.116 rad(Si)/s. 
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Figure 5.40 (a) depicts the ionizing-radiation-induced loss of the 12 dB/m 

maximally-absorbing Er3+-doped preform sample compared to the initial intrinsic loss for 

the individual irradiations. The total accumulated ionizing radiation dose of the 

successive irradiations is indicated in both plots, and it can clearly be seen that each 

increase in total accumulated dose leads to an increased absorption, even taking into 

account the annealing that occurred in between irradiations. The Er-ion transitions seen in 

Figure 5.39 are not visible in these plots. The absence of changes in absorption of these 

transitions when comparing the initial sample loss to the post-irradiation loss shows that 

the absorption strength of these optical transitions was generally unaffected. An 

absorption peak is apparent around 300 nm, as well as a structural shoulder at 

wavelengths just longer than 200 nm and a shoulder at wavelengths just shorter than 550 

nm. The associated transmittance plot for the irradiated Er3+-doped preform sample is 

shown in Figure 5.40 (b). A severe decrease in transmittance to below 10% 

(approximately the instrumentation noise floor) is seen at wavelengths shorter than about 

300 nm. 
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          (a)         

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure 5.40. (a) Ionizing-radiation-induced loss of a Liekki E03-051A (12 dB/m 
maximum absorption) Er3+-doped preform core over the UV and visible spectrum for 
successive irradiations. (b) Same spectrum shown in terms of transmittance. The total 
accumulated dose of combined irradiations was 200 krad (Si), and in each case the 
ionizing dose rate was 0.116 rad(Si)/s. 
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Figures 5.41 (a) and (b) depict the room temperature annealing that followed the 

last two irradiations of the 12 dB/m maximally-absorbing Er3+-doped preform sample. 

Figure 5.41 (a) shows the total accumulated dose of the first three irradiations with the 

associated annealing occurring after the third annealing. The maximum extent of 

annealing occurred approximately 11 days after collection of the initial post-irradiation 

spectra, and a significant decrease in induced loss is seen. It is interesting to note that the 

absorption peak around 300 nm anneals at a higher rate than the absorption at shorter 

wavelengths, leading to a flattening of the annealed absorption. Figure 5.41 (b) shows the 

absorption following the fourth and final irradiation as well as the maximum extent of 

annealing afterwards, which occurred approximately 9 days after the collection of the 

first post-irradiation spectrum. Again, a significant decrease in loss is seen across all 

wavelengths in the visible portion of the spectrum. The absorption peak at 300 nm is seen 

to anneal at a significantly higher rate than in the shorter wavelengths, becoming so 

eroded as to appear only as a shoulder in the final induced loss curve. 
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             (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             

         (b) 
 
Figure 5.41. (a) Ionizing-radiation-induced loss of a Liekki E03-051A (12 dB/m 
maximum absorption) Er3+-doped preform core over the UV and visible spectrum for 
penultimate irradiation. (b) Ionizing-radiation-induced loss of the same Liekki Er3+-doped 
preform over the UV and visible spectrum for ultimate irradiation. The ionizing dose rate 
was 0.116 rad(Si)/s. 
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 To highlight the relative annealing of spectral regions, Figure 5.42 depicts the 

differences in the curves of Figure 5.41 (the top curve represents the difference in the 

curves of Figure 5.41 (a) and the bottom curve represents the difference in the curves of 

Figure 5.41 (b)). A significant decrease of the peak at 300 nm is evident, indicating 

favorable annealing kinetics of the underlying structure of this absorption center at room 

temperature. It is also notable that the annealing is able to reduce absorption across the 

visible spectrum, as well as the UV part of the spectrum, as depicted in Figure 5.42. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.42. The degree of annealing following the last two gamma-irradiations of a 
Liekki E03-051A (12 dB/m maximum absorption) Er3+-doped preform core over the UV 
and visible spectrum (100 krad (Si) and 200 krad (Si)). The top curve represents the 
difference in the curves of Figure 5.41 (a) and the bottom curve represents the difference 
in the curves of Figure 5.41 (b). The ionizing dose rate for the irradiations was 0.116 
rad(Si)/s. 
 

The second Er3+-doped preform sample examined, a Liekki E03-138A preform 

producing a 20 dB/m maximal absorption, is shown in Figure 5.43. The figure shows the 

absorbance spectrum of this sample across the UV, visible, and IR wavelengths prior to 
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and after the set of irradiations. As was observed in the previous sample, the majority of 

the induced absorption is seen in the UV and visible wavelengths, and overshadows any 

absorption in the IR in terms of magnitude. The Er-ion related absorption peaks at a 

wavelength slightly longer than 500 nm (4I15/2→2H11/2 [Strohhöfer and Polman 2003]) 

and just short of 400 nm (4I15/2→4G11/2 [Hehlen et al. 1997]) are again clearly seen in this 

sample, while the 4I15/2→4I13/2 absorption around 1500 nm shows up only weakly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.43. Spectral absorbance of a Liekki E03-138A (20 dB/m maximum absorption) 
Er3+-doped preform core over UV, visible, and NIR parts of the spectrum. The spectra 
both prior to the four irradiations as well as following the four irradiations are depicted. 
The total accumulated dose of combined irradiations was 200 krad (Si), and in each case 
the ionizing dose rate was 0.116 rad(Si)/s. 
 

Figure 5.44 (a) shows the ionizing-radiation-induced loss in the 20 dB/m 

maximally absorbing Er3+-doped preform sample relative to the intrinsic loss prior to 

irradiation (successive irradiations are individually shown). It is evident that the total 

accumulated ionizing-radiation dose of the successive irradiations consistently increases, 

even though annealing occurs in between irradiations. It should be noted that the optical 
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transitions noted in Figure 5.43 are not visible in these plots, indicating that they are, at 

least from the standpoint of total loss, not significantly affected by the radiation. An 

absorption structure peak is again apparent at approximately 300 nm, as well as a 

possible peak at a wavelength just longer than 200 nm. A shoulder is evident around 550 

nm. These locations correspond to the ones identified for the lower-absorbing preform 

depicted in Figure 5.40. The transmittance plot associated with the second, lower-

absorbing sample of Figure 5.44 (a) is shown in Figure 5.44 (b), also indicating a 

consistent decrease of transmitted signal with increasing total accumulated ionizing 

radiation. It is clearly seen that wavelength shorter than 300 nm exhibit a very small 

transmittance of only about 10%, which approximately represents the instrumentation 

noise floor. 
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            (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
              (b) 
 
Figure 5.44. (a) Ionizing-radiation-induced loss of a Liekki E03-138A (20 dB/m 
maximum absorption) Er3+-doped preform core over the UV and visible spectrum for 
successive irradiations. (b) Same spectrum shown in terms of transmittance. The total 
accumulated dose of combined irradiations was 200 krad (Si), and in each case the 
ionizing dose rate was 0.116 rad(Si)/s. 
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 Comparing the irradiations of the current higher-absorbing Er-ion doped preform 

(Figure 5.44) with the lower-absorbing preform (Figure 5.40), large similarities are seen 

with regard to shape. The first three irradiations, however, induce higher losses in the 

higher-absorbing sample relative to the lower-absorbing one. The final irradiation, on the 

other hand, is seen to induce approximately the same amount of damage in both samples. 

Figure 5.45 (a) and (b) depict the annealing following the next to last and last 

irradiations of the E03-138A (20 dB/m maximum absorption) Er3+-doped preform. Figure 

5.45 (a) shows the total accumulated dose of the first three irradiations as well as the 

subsequent annealing. The maximum extent of annealing occurred approximately 15 days 

after collection of the initial post-irradiation spectra, and a significant decrease in loss is 

observed across the visible spectrum. While the irradiated curve is clearly defined by a 

peak at 300 nm, the annealed curve is monotonically decreasing from 220 nm onward. 

The maximum extent of annealing after the final irradiation is shown in Figure 5.45 (b), 

occurring approximately 10 days after the collection of the first post-irradiation spectrum. 

Again, a significant decrease in loss is seen: the peak at 300 nm is eroded so as to appear 

as only a shoulder in the final loss curve. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
              (b) 
 
Figure 5.45. (a) Ionizing-radiation-induced loss of a Liekki E03-138A (20 dB/m 
maximum absorption) Er3+-doped preform core over the UV and visible spectrum for 
penultimate irradiation. (b) Ionizing-radiation-induced loss of the same Liekki Er3+-doped 
preform core over the UV and visible spectrum for ultimate irradiation. The ionizing dose 
rate was 0.116 rad(Si)/s. 
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 Depicted in Figure 5.46 are the two difference-curves of the curves of Figure 5.45 

(a) and 5.45 (b), respectively. These curves indicate the amount of annealing incurred at 

room temperature in the core of the Liekki E03-138A (20 dB/m maximum absorption) 

Er3+-doped sample. Annealing is identified across the entire visible portion of the 

spectrum. A significant decrease of the peak at 300 nm is evident, indicating favorable 

annealing kinetics of the underlying structure of this absorption center at room 

temperature, as was seen for the lower-absorbing Er3+-doped preform sample. The 

magnitude of the maximum recoverable loss is also seen to be significantly larger than 

for the lower-absorbing sample (depicted in Figure 5.49). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.46. The degree of room temperature annealing following the last two gamma-
irradiations of a Liekki E03-138A (20 dB/m maximum absorption) Er3+-doped preform 
core over the UV and visible spectrum (100 krad (Si) and 200 krad (Si)). The top curve 
represents the difference in the curves of Figure 5.45 (a) and the bottom curve represents 
the difference in the curves of Figure 5.45 (b). The ionizing dose rate for the irradiations 
was 0.116 rad(Si)/s. 
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5.2.3. Irradiation of Yb3+-Doped Preform Samples 
 

Focusing on the Yb3+-doped preform sample with the lower maximum absorption 

of 1200 dB/m (Liekki sample YB07-B194A), the spectrum prior to the irradiation as well 

as after the irradiation is shown in Figure 5.47 for the UV, visible, and NIR portions of 

the spectrum. Much absorption is evident at shorter wavelengths in the UV and visible 

portion of the spectrum, while relatively little absorption is discernible at longer 

wavelengths in the IR. Unlike in the Er3+-doped samples, no optical transitions are seen 

in the visible portion of the spectrum, due to the simple energy levels of this dopant, 

which provide only for the 2F7/2→2F5/2 transition clearly seen in Figure 5.47 at 

approximately 980 nm in the NIR portion of the spectrum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.47. Spectral absorbance of a Liekki YB07-B194A (1200 dB/m maximum 
absorption) Yb3+-doped preform core over UV, visible, and NIR parts of the spectrum. 
The spectra both prior to the four irradiations as well as following the four irradiations 
are depicted. The total accumulated dose of combined irradiations was 200 krad (Si), and 
in each case the ionizing dose rate was 0.116 rad(Si)/s. 
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In Figure 5.48 (a) the ionizing radiation data of the 1200 dB/m maximally 

absorbing Yb3+-doped sample just discussed are plotted in terms of the final loss relative 

to the initial, intrinsic loss. The data for successive irradiations are plotted as well. The 

associated plot depicting transmittances is given in Figure 5.48 (b). Both plots show the 

total accumulated ionizing radiation dose of the successive irradiations consistently 

increasing, notwithstanding intermittent annealing between irradiations. The plots of 

Figure 5.48 also reveal an absorption peak at 300 nm, as well as at least one shoulder 

around 550 nm. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              (b) 
 
Figure 5.48. (a) Ionizing-radiation-induced loss of a Liekki YB07-B194A (1200 dB/m 
maximum absorption) Yb3+-doped preform core over the UV and visible spectrum for 
successive irradiations. (b) Same spectrum shown in terms of transmittance. The total 
accumulated dose of combined irradiations was 200 krad (Si), and in each case the 
ionizing dose rate was 0.116 rad(Si)/s. 
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Figure 5.49 (a) and (b) depict the annealing following the last two irradiations. 

The recovery of this particular preform sample was small, making an exact determination 

of the room-temperature-induced recovery of transmittance difficult. Data of the second-

to-last irradiation are given in Figure 5.49 (a). This figure shows the total accumulated 

dose of the first three irradiations (i.e. up to and including the second-to-last) as well as 

the subsequent annealing, which is indicated by the lower curve of the plot. The 

maximum extent of annealing is seen to occur approximately 19 days after collection of 

the initial post-irradiation spectra. A small but still measurable decrease in induced loss is 

observed at wavelengths shorter than 500 nm, and is significantly smaller than the 

recoveries observed in the Er3+-doped samples, as seen in Figures 5.41 (a) and 5.45 (a). 

Regarding the shape of the induced absorption, a clearly defined peak is seen at 

approximately 300 nm. There are also two shoulders, one at approximately 430 nm and 

one at approximately 550 nm. The absorption responsible for the shoulder at 550 nm is 

not seen to anneal under the present experimental conditions. Concerning the final 

irradiation, the maximum extent of annealing is achieved after approximately 8 days, and 

the appropriate spectra are shown in Figure 5.49 (b). Again, a decrease in loss is seen, 

and in this case the decrease in loss is larger than was found following the third 

irradiation. Also, recovery of loss is seen across the spectrum shown, although only a 

small amount of recovery is seen at the 300 nm peak. The shape of the absorption is 

similar to the shape of the absorption in Figure 5.49 (a), including the 300 nm peak and 

the two shoulders noted previously. The loss recovery at wavelengths longer than 400 nm 

is approximately constant. 
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               (b) 
 
Figure 5.49. (a) Ionizing-radiation-induced loss of a Liekki YB07-B194A (1200 dB/m 
maximum absorption) Yb3+-doped preform core over the UV and visible spectrum for 
penultimate irradiation. (b) Ionizing-radiation-induced loss of the same Liekki Yb3+-
doped preform core over the UV and visible spectrum for ultimate irradiation. The 
ionizing dose rate was 0.116 rad(Si)/s. 
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The absorption spectra before and after the consecutive irradiation for the higher 

doped Yb3+-doped preform sample (designated YB03-150B with a maximum absorption 

of 2000 dB/m) are shown in Figure 5.50 for the UV, visible, and NIR portions of the 

spectrum. Once again, much absorption is seen at shorter wavelengths in the UV and 

visible portion of the spectrum, while relatively little absorption is found at longer 

wavelengths in the NIR. No specific optical transitions between energy levels are 

observed in this preform, except for the 2F7/2→2F5/2 transition, seen at around 980 nm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.50. Spectral absorbance of a Liekki YB03-150B (2000 dB/m maximum 
absorption) Yb3+-doped preform core over UV, visible, and NIR parts of the spectrum. 
The spectra both prior to the four irradiations as well as following the four irradiations 
are depicted. The total accumulated dose of combined irradiations was 200 krad (Si), and 
in each case the ionizing dose rate was 0.116 rad(Si)/s. 
 

In Figure 5.51 (a) the ionizing-radiation-induced loss of the 2000 dB/m 

maximally absorbing Yb3+-doped sample is plotted relative to the initial, intrinsic loss, 

and is plotted for successive irradiations, also. The associated plot showing the absorption 
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in terms of transmittances is given in Figure 5.51 (b). The two plots show the total 

accumulated ionizing-radiation-induced loss of the successive irradiations consistently 

increasing, despite annealing between irradiations. The spectral features induced by the 

ionizing radiation are similar to the features observed in the previous Yb3+-doped preform 

sample, although the shoulders are less pronounced in the current figures. The spectral 

features are also found to remain approximately constant throughout the irradiations. The 

magnitude of absorption constitutes the prime difference between the irradiations. 
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                            (b) 
 
Figure 5.51. (a) Ionizing-radiation-induced loss of a Liekki YB03-150B (2000 dB/m 
maximum absorption) Yb3+-doped preform core over the UV and visible spectrum for 
successive irradiations. (b) Same spectrum shown in terms of transmittance. The total 
accumulated dose of combined irradiations was 200 krad (Si), and in each case the 
ionizing dose rate was 0.116 rad(Si)/s. 
 

Depicted in Figures 5.52 (a) and (b) is the annealing behavior of the 2000 dB/m 

maximally absorbing Yb3+-doped optical fiber preform following the final two 
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irradiations. Data of the penultimate irradiation, Figure 5.52 (a), show the total 

accumulated dose of the first three irradiations as well as the subsequent annealing 

following the third irradiation. The maximum extent of annealing is seen to occur 

approximately 14 days after collection of the initial post-irradiation spectra. The decrease 

in loss is found to occur across the visible spectrum. The maximum decrease is observed 

around 350 nm. For the final irradiation, the maximum extent of annealing is seen after 

approximately 9 days, and the associated spectra are shown in Figure 5.52 (b). Following 

the third irradiation, again a decrease in loss is seen, and in this case this decrease is 

significantly larger than was found previously. The room temperature anneal incurs 

absorption recovery across the UV and visible spectrum depicted, but it does not 

significantly affect the shape of the absorption. 
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          (b) 
 
Figure 5.52. (a) Ionizing-radiation-induced loss of a Liekki YB03-150B (2000 dB/m 
maximum absorption) Yb3+-doped preform core over the UV and visible spectrum for 
penultimate irradiation. (b) Ionizing-radiation-induced loss of the same Liekki Yb3+-
doped preform core over the UV and visible spectrum for ultimate irradiation. The 
ionizing dose rate was 0.116 rad(Si)/s. 
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 Figure 5.53 depicts the two difference-curves of the curves of Figures 5.52 (a) and 

(b). These curves indicate the extent of annealing incurred by room temperature in the 

core of the Liekki YB03-150B (2000 dB/m maximum absorption) Yb3+-doped sample. 

Annealing is identified across the entire portion of the spectrum shown, with the majority 

of recovery found at short wavelengths. The anneal following the third irradiation 

exhibits an almost linear recovery, while the anneal following the fourth irradiation is 

more structured, clearly showing a shoulder around 550 nm and structure around 350 – 

400 nm. The magnitude of the maximum recoverable loss is seen to be significantly 

larger than for the lower-absorbing sample (compare with Figures 5.49 (a) and (b)). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.53. The degree of room temperature annealing following the last two gamma-
irradiations of a Liekki YB03-150B (2000 dB/m maximum absorption) Yb3+-doped 
preform core over the UV and visible spectrum (100 krad (Si) and 200 krad (Si)). The top 
curve represents the difference in curves of Figure 5.52 (a) and the bottom curve 
represents the difference in curves of Figure 5.52 (b). The ionizing dose rate for the 
irradiations was 0.116 rad(Si)/s. 
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5.2.4. Discussion of Preform Core Irradiation Results 
 

 Within the cores of all four rare-earth-doped preform samples, ionizing-radiation-

induced absorption is observed after each of the four successive irradiations. The 

absorption in the cores of the fiber preforms was found to be significantly higher than in 

the corresponding claddings (see Appendix C), an expected result due to the dopants 

incorporated into the core to promote waveguiding and amplification. For all sample 

cores, this induced absorption was found to be significantly higher in the UV and visible 

portions of the spectrum as compared to the NIR part of the spectrum, consistent with the 

formation of color centers, which are usually associated with short-wavelength spectral 

regions. It should be noted that the inability of these experiments to clearly resolve the 

absorption in the NIR portion of the spectrum, where active amplifiers typically operate, 

does not imply the absence of such absorption, but merely the small magnitude of 

absorption relative to the UV and visible portions of spectrum. It should also be noted 

that the high absorbance values observed in these experiments are a result of the preform 

containing much material (even a small portion of preform material, such as the samples 

used for the present experiments, may be drawn to long lengths on the order of meters). 

 Overall, the induced absorption within the preform cores was observed to be most 

prominent in the UV and visible portion of the spectrum. Optical transitions, such as the 

4I15/2→2H11/2 and 4I15/2→4G11/2 transitions of the Er-ion (e.g. shown in Figure 5.39 at a 

wavelength just short of 400 nm and just longer than 500 nm), do not appear when the 

ionizing-radiation-induced spectra are plotted normalized to the initial absorbance of the 

samples prior to irradiation (this can be seen in graphs such as Figure 5.40). An important 
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implication is that the optical transitions are only indirectly affected by the ionizing 

radiation. That is, the decay of ionized carriers into trap states forms absorption bands 

that overlap the narrow optical transitions in terms of wavelength, but these processes do 

not lead to a direct modification of the absorption strength of these transitions. The 

immutability of certain rare-earth-dopant properties has been found in other experiments 

[Girard et al. 2007, Uffelen et al. 2004]. A possible explanation for this is that the 

aluminum species form a shielding solvation shell around the Er-ions [Girard et al. 2007, 

Uffelen et al. 2004, Williams et al. 1992]. 

 Focusing on the individual irradiations, the initial irradiations provided only small 

increases in absorption while the latter two irradiations induced the greatest magnitude of 

ionizing-radiation-induced damage. Such behavior is expected when considering the 

magnitudes of the total ionizing doses associated with the latter two irradiations 

(approximately 70 krad (Si) and 100 krad (Si) compared to approximately 30 krad (Si) 

for the initial two irradiations combined – see Table 5.4). That larger total ionizing doses 

produce greater absorption than smaller total ionizing doses is expected since a higher 

concentration of absorption centers should lead to more absorption. 

 The absorbance spectra of the higher and lower Er3+-doped preform sample cores 

(20 dB/m and 12 dB/m of maximum absorption, respectively) exhibited ionizing-

radiation-induced damage of approximately the same magnitude within the visible 

portion of the spectrum (the precise band-tailing effect into the NIR was not determined 

with high accuracy from these measurements). Moreover, the shape of the induced 

absorption was similar, showing evidence of peaks at 300 nm, and at wavelengths just 
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longer than 200 nm, as well as a shoulder around 550 nm. While the identity of the peak 

around 200 nm is still unclear, the 300 nm absorption peak in these cores, especially 

when combined with annealing data, can be associated with an Al-E’ center (an electron 

trapped in an orbital of a triply-coordinated aluminum atom [Hosono and Kawazoe 1994, 

Arai et al. 2009]), consistent with compositional information of the preform samples. The 

shoulder around 550 nm also can be related to an aluminum absorption structure (a 

further Al-OHC with an electron trapped at an oxygen nearby an aluminum atom and 

possibly a charge-compensating species [Hosono and Kawazoe 1994, Marshall et al. 

1997, Arai et al. 2009]). These reasonable identifications strengthen the argument that the 

aluminum co-dopant is involved in the ionizing-radiation-induced photodarkening 

process experienced by these rare-earth-doped optical fiber preforms. 

 Turning to the Yb3+-doped optical fiber preform samples, similar behavior as in 

the Er3+-doped samples was observed, such as much induced absorption in the UV and 

visible portions of both Yb3+-doped preform samples. The sample with the higher 

maximum absorption (2000 dB/m) was found to incur more damage than the sample with 

lower maximum absorption (see Figures 5.48 (a) and 5.51 (a)), especially for the final 

two irradiations. 

Concerning the absorption shape of the optical fiber preform samples containing 

Yb-ions, evidence of aluminum-related centers is apparent, especially at wavelengths of 

around 430 nm (aluminum A3-center, which is an aluminum-oxygen-hole center, i.e. a 

trapped hole next to a substitutional aluminum atom on a bridging oxygen [Nassau and 

Prescott 1975, Levy 1961, Friebele 1991]) and 550 nm (Al-OHC [Hosono and Kawazoe 
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1994, Arai et al. 2009]). An evident peak at around 360 nm is also observed, possibly 

also related to the aluminum dopant in the form of an aluminum-oxygen-hole center [Itoh 

et al. 2002, Nunes and Lameiras 2005]. 

 Comparing the absorption within the cores of the Er3+-doped and Yb3+-doped 

optical fiber preform samples, it can be said that the latter exhibited less overall 

absorption. While the Er3+-doped preform samples experience maximum absorptions of 

approximately 3700 dB/m in the UV, the Yb3+-doped fiber preforms experience 

maximum absorption of approximately 1500 dB/m or less in the UV. For all four preform 

sample cores tested, absorption could be related to color centers associated with the 

constituent aluminum. The most evident peaks indicating a link between the ionizing-

radiation-induced absorption and the constituent aluminum in the preform samples are 

the 430 nm and 550 nm peaks. 

 All four preform samples recovered transmittance when annealed at room 

temperature, and the majority of this recovery generally occurred within two weeks. It is 

interesting to note that the Er3+-doped preform samples incurred significant absorption at 

a wavelength of around 300 nm (presumably an Al-E’), but this peak is found to anneal 

more quickly at room temperature than the absorption deeper in the UV (the annealing of 

this center is noted in [Griscom 2011]). This leads to a change in curve morphology in 

which the curve begins with a well-defined peak but anneals at room temperature to be 

nearly monotonically decreasing (e.g. Figures 5.41 and 5.45). The absorption shape of the 

Yb3+-doped fiber preform samples, on the other hand, is not found to be significantly 

affected by room temperature annealing. 
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 While the preform measurements provide information on the absorption spectra of 

the materials of interest, photoluminescence spectra have the ability to further 

characterize such rare-earth-doped materials. The discussion of results from such 

experiments will be covered in the following section. 

 

5.3. Photoluminescnece Study of Irradiated Rare-Earth-Doped Optical 
Fiber Preforms 
 

 To extend the inquiry into the behavior of ionizing-radiation-induced effects on 

optical fiber amplifier materials, a set of photoluminescence studies were conducted on 

Yb3+-doped optical fiber preforms. (Studies on Er3+-doped compositions in the form of 

preforms were also attempted, but signals were found to be extremely low, presumably 

due to geometrical considerations, and in particular the small core dimensions.) A 

photoluminescence investigation has the ability to reveal information about defects by 

several means. In particular, the detection of a luminescence from a known luminescence 

center in the electromagnetic spectrum following exposure to ionizing irradiation can 

lead to identification of damage mechanisms. In addition, the investigation of changes of 

luminescence, however, may also yield useful information, as it can indicate the 

generation of non-radiative de-excitation paths. 

 The current section begins with specific information about the photoluminescence 

study not covered in Chapter 4, Section 4.3.2.2. The next part of the chapter is devoted to 

the results of this study, followed by a discussion of these results. This discussion also 
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includes an extended analysis in terms of Gaussian curve fittings of some of the figures 

presented in the results section. 

 

5.3.1. Experimental Specifics of Photoluminescence Study 
 

A discussion of the basic 337 nm nitrogen laser photoluminescence setup can be 

found in Chapter 4, Section 4.3.2.2. Two Yb3+-doped optical fiber preform types were 

investigated, as shown in Table 4.3. Irradiations of these preforms were conducted at the 

ionizing-dose-rate of 0.116 rad(Si)/s, and the irradiation schedule is shown in Table 5.4, 

although only the latter two irradiations lead to significant changes in the 

photoluminescence spectrum. 

The cores of Yb3+-doped optical fiber preform samples were investigated with 

photoluminescence spectroscopy in the visible and NIR portions of the spectrum before 

irradiation and after the irradiations. Magnitudes of the absolute photoluminescence 

signal were stable with respect to time, but varied drastically with respect to the beam 

location on the preform sample. The variations in signal intensity, resulting from 

difficulties in hitting the small preform core target area, precluded the making of direct 

correlations in many, but not all, cases. Data processing consisted of the removal of a 

background spectrum, which was conducted by spectrometer software after collection of 

the dark background signal. All data presented in the following section are unsmoothed 

(which is permitted by high signal strength due to a wide ability to translate the focusing 

lens and cryostat), and the only processing besides the removal of the dark spectrum is 

normalization of peak intensities to compare shapes of the luminescence spectra. All data 
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were taken both at room temperature (approximately 300 K) and at cryogenic 

temperatures of the cryostat (approximately 11 K). 

 

5.3.2. Results of Photoluminescence Study 
 

 Representative 337 nm nitrogen-laser-induced photoluminescence data of the 

Yb3+-doped optical fiber preform sample with the lower absorption of 1200 dB/m (Liekki 

sample YB07-B194A) in the NIR portion of the spectrum are shown in Figure 5.54, and 

the graphs of the pristine sample are given in Figure 5.54 (a). To emphasize the 

difference in shape of the room temperature and cryogenic temperature curves, the curves 

have been normalized to their respective peaks. The Yb3+-ion 2F5/2→2F7/2 decay transition 

is clearly observed at a wavelength just shorter than 980 nm in both cases. Cryogenic 

temperatures are found to increase the definition of the graph, i.e. features appear slightly 

sharper and narrower, as expected, due to the reduction of thermal noise signals in both 

samples examined. The shoulder at the 2F5/2→2F7/2 transition is observed to be 

significantly smaller relative to the main peak in the cryogenic sample. At the short 

wavelength side of the spectrum, a slope relating to the photoluminescence at visible 

wavelengths is seen. The slope is found to be steeper at cryogenic temperatures as 

compared to room temperature, indicating that luminescence in the visible portion of the 

spectrum is higher at colder temperatures relative to the 2F5/2→2F7/2 transition peak (this 

is also witnessed in both samples examined). 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              (b) 
 
Figure 5.54. (a) 337 nm induced photoluminescence of pristine Yb3+-doped Liekki 
YB07-B194A fiber preform sample (1200 dB/m maximum absorption) in NIR at room 
temperature and at cryogenic temperatures. (b) 337 nm induced photoluminescence of 
200 krad (Si) gamma-irradiated Yb3+-doped Liekki YB07-B194A fiber preform sample 
(1200 dB/m maximum absorption) in NIR at room temperature and at cryogenic 
temperatures. Curves have been normalized to maximum peak. 
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Figure 5.54 (b) shows room temperature and cryogenic temperature graphs for the 

same sample following a 200 krad (Si) gamma-irradiation. Once again, the 2F5/2→2F7/2 

transition is clearly identified, as is an increased slope in the visible portion of the 

spectrum and an increase in the definition of features at cryogenic temperatures. Overall, 

the absolute strength of the photoluminescence signal in the NIR portion of the spectrum 

was not found to be appreciably or consistently different than in any of the cases 

described within the constraints of this particular set of experiments. 

Figure 5.55 shows the Yb3+-doped optical fiber preform sample with the lower 

absorption of 1200 dB/m (Liekki sample YB07-B194A) for both pre- and post-irradiation 

at cryogenic temperature. The shape of the dominant 2F5/2→2F7/2 is not altered following 

irradiation. The shallow photoluminescence slope observed at the short wavelength side 

of the NIR spectrum indicates a suppression of luminescence in the visible portion of the 

spectrum following irradiation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.55. 337 nm induced photoluminescence of pristine and 200 krad (Si) gamma-
irradiated Yb3+-doped Liekki YB07-B194A fiber preform sample (1200 dB/m maximum 
absorption) in NIR at cryogenic temperature. Curves have been normalized to maximum 
peak. 
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 Within the visible portion of the spectrum, the Yb3+-doped optical fiber preform 

sample with the lower maximum absorption of 1200 dB/m (Liekki sample YB07-B194A) 

showed 337 nm nitrogen-laser-induced photoluminescence depicted in Figure 5.56. The 

first plot, Figure 5.56 (a), shows the luminescence of the pristine sample at both room 

temperature and cryogenic temperature normalized to their respective peaks. This 

luminescence peaks at around 525 nm for both temperatures. Figure 5.56 (b) depicts the 

luminescence in the visible portion of the spectrum of the same sample following the 200 

krad (Si) gamma-irradiation. A slight narrowing of the luminescence spectrum is found at 

cryogenic temperature, as well as a slight blueshift of the photoluminescence peak from 

approximately 540 nm to 530 nm when cooled to cryogenic temperatures. The 

luminescence also reveals a previously unseen (presumably due to thermal noise) peak in 

the form of a shoulder at around 650 nm. Both Figures 5.56 (a) and (b) show evidence of 

a further shoulder at around 585 nm. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               (b) 
 
Figure 5.56. (a) 337 nm induced photoluminescence of pristine Yb3+-doped Liekki 
YB07-B194A fiber preform sample (1200 dB/m maximum absorption) in the visible 
portion of the spectrum at room temperature and at cryogenic temperatures. (b) 337 nm 
induced photoluminescence of 200 krad (Si) gamma-irradiated Yb3+-doped Liekki YB07-
B194A fiber preform sample (1200 dB/m maximum absorption) in the visible portion of 
the spectrum at room temperature and at cryogenic temperatures. Curves have been 
normalized to maximum peak. 
 
 



 298

 Although variances in the absolute photoluminescence signal were observed in 

general, a significant decrease in luminescence signal strength following large 

irradiations was nevertheless clearly and unambiguously identified. These reductions of 

total luminescence with increasing total accumulated ionizing-radiation dose are shown 

in Figure 5.57. Figure 5.57 (a) illustrates representative pristine YB07-B194A (1200 

dB/m maximum absorption) fiber preform sample data at cryogenic temperatures. Figure 

5.57 (b) compares the differences in shapes of the data from Figure 5.57 (a), normalized 

to the common peak located around 530 nm. Two significant features found are the 

absence of the shoulder around 500 nm, following a significant irradiation of 100 krad 

(Si), and the gradual appearance of a new peak around 650 nm, with increasing ionizing-

radiation dose. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            (b) 
 
Figure 5.57. (a) Raw 337 nm induced photoluminescence spectra of pristine, 100 krad 
(Si) and 200 krad (Si) gamma-irradiated Yb3+-doped Liekki YB07-B194A fiber preform 
sample (1200 dB/m maximum absorption) in visible portion of the spectrum at cryogenic 
temperature. (b) Same curves plotted normalized to peak luminescence. Curves have 
been normalized to maximum peak. 
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 A representative graph for the 337 nm laser-induced photoluminescence of the 

Yb3+-doped optical fiber preform sample with the higher absorption of 2000 dB/m 

(Liekki sample YB03-150B) for both pre- and post-irradiation in the NIR portion of the 

spectrum and at cryogenic temperatures is shown in Figure 5.58. The curves have been 

normalized to their respective peaks to emphasize the difference in shapes. Following a 

200 krad (Si) irradiation, no change in the photoluminescence intensity at the prominent 

2F5/2→2F7/2 peak (clearly observed at the wavelength just shorter than 980 nm) or the long 

wavelength shoulder is observed. Moreover, the photoluminescence slope observed in the 

short wavelength side of the NIR spectrum also indicates a suppression of luminescence 

in the visible portion of the spectrum following irradiation, as in the room temperature 

case. Overall, as in the lower-absorbing Yb3+-doped sample, the absolute strength of the 

photoluminescence signal was not found to be appreciably or consistently different in 

most of the cases described within the constraints of this particular set of experiments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.58. 337 nm induced photoluminescence of pristine and 200 krad (Si) gamma-
irradiated Yb3+-doped Liekki YB03-150B fiber preform sample (2000 dB/m maximum 
absorption) in NIR at cryogenic temperature. Curves have been normalized to maximum 
peak. 
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 Focusing on the photoluminescence of the higher-absorbing Yb3+-doped optical 

fiber preform (Liekki YB03-150B, 2000 dB/m maximum absorption sample) at 

cryogenic temperatures, substantial and systematic decreases of absolute 

photoluminescence intensities were observed with increasing total accumulated ionizing-

radiation dose, as depicted in Figure 5.59 (a). Figure 5.59 (b) shows the same data 

normalized to the maximum peak intensities, emphasizing the shapes of the luminescence 

curves. A redshift of the luminescence peaks is observed following irradiation, with the 

pristine sample luminescence peaking around 535 nm and the 200 krad (Si) irradiated 

sample peaking around 550 nm. A significant increase of luminescence at wavelengths 

longer than the peak luminescence wavelength is also observed with increased ionizing-

radiation exposure. As the total accumulated ionizing-radiation dose is increased to 200 

krad (Si), the shoulder at 585 nm is seen to increase in intensity and eventually becomes a 

secondary peak at 200 krad (Si). Furthermore, as the ionizing-radiation dose is increased, 

a shoulder at 650 nm becomes apparent. Some structure is also seen to appear at short 

wavelengths around 410 nm after the sample has been irradiated. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              (b) 
 
Figure 5.59. (a) Raw 337 nm induced photoluminescence spectra of pristine, 100 krad 
(Si) and 200 krad (Si) gamma-irradiated Yb3+-doped Liekki YB03-150B fiber preform 
sample (2000 dB/m maximum absorption) in visible portion of the spectrum at cryogenic 
temperature. (b) Same curves plotted normalized to peak luminescence. Curves have 
been normalized to maximum peak. 
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5.3.3. Discussion of Photoluminescence Results 
 

 Nitrogen-laser (337.1 nm)-induced photoluminescence experiments yielded much 

data relevant to the determination of ionizing-radiation-induced effects on two Yb3+-

doped optical fiber preform samples of different maximum absorption strengths 

(nominally 1200 dB/m and 2000 dB/m at the main 2F5/2→2F7/2 transition at 976 nm). Data 

were obtained at both room and cryogenic temperatures (approximately 300 K and 11 K, 

respectively). Cryogenic temperatures, in all cases, were found to narrow and sharpen 

features within the data and increase the photoluminescence intensity in the visible 

portion of the spectrum relative to the NIR portion of the spectrum. Both observations are 

attributable to a reduction of thermal noise, which in the latter case prevents non-radiative 

de-excitation paths from leading to more luminescence. 

The shape of the photoluminescence signal in the NIR portion of the spectrum 

following a 200 krad (Si) gamma-irradiation was not found to be significantly altered 

following irradiation in either of the Yb3+-doped optical fiber preform types examined. 

 Within the visible portion of the spectrum, gamma radiation significantly 

decreased luminescence with respect to the NIR portion of the spectrum. This 

observation, in combination with the assumption that the 2F5/2→2F7/2 is not much affected 

by the ionizing-radiation exposure, indicates that gamma radiation decreases 

luminescence. 

 Within the visible portion of the spectrum, photoluminescence appears as an 

extended, multi-peak curve for both Yb3+-doped samples for pre- as well as post-

irradiation conditions. Changes in temperature (i.e. room temperature versus cryogenic 
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temperatures) sometimes were found to lead to slight shifts in the photoluminescence 

spectrum. The origins of these shifts can be described by changes in the magnitudes of 

underlying luminescence peaks [Girard et al. 2007b]. For the higher-absorbing preform 

sample, some low-intensity peaks are also found around 410 nm (see e.g. Figures 5.67 – 

5.69). These peaks appear following gamma irradiation and are not seen in the pristine 

measurements and thus possibly denote structural, ionizing-radiation-induced changes 

[Krol 2012]. 

Regarding the absolute magnitude of the luminescence signal in the visible 

portion of the spectrum, gamma-irradiation was found to incontrovertibly decrease 

overall luminescence (see Figures 5.57 (a) and Figure 5.59 (a)). This effect has 

previously been reported in aluminosilicates [Trukhin et al. 2004]. A possible reason for 

this behavior is that, due to damage sites in the irradiated material, there are increased 

quenching opportunities. This may lead to de-excitation of energy levels that would 

otherwise contribute to the luminescence. 

To gain more insight into the change in shapes of the nitrogen-laser-induced 

luminescence, Gaussian curve fittings were performed on the preform samples at 

cryogenic temperatures in the visible portion of the spectrum for both pristine as well as 

200 krad (Si) irradiated conditions. For the curve fitting, preliminary smoothing of the 

appropriate data was conducted, followed by a conversion of the data from wavelength to 

energy in ‘eV’. Then, stable minima in the second derivative were identified, which 

indicated positions of luminescence peaks. These peaks, represented by Gaussian curves, 

were then used to reproduce the data as accurately as possible. The Gaussian peak 
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locations in the cases below were clear and unambiguous in terms of the strength of the 

second derivative test. 

Figure 5.60 shows the curve fitting for the Liekki YB07-B194A lower-absorbing 

preform sample (1200 dB/m maximum absorption). The first plot, Figure 5.60 (a), depicts 

the curve fitting for the pristine, unirradiated sample. The luminescence curve was fitted 

with high accuracy using only three Gaussian curves, the locations indicated in Table 5.5. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
Figure 5.60. (a) Gaussian reproduction of 337 nm nitrogen-laser-induced 
photoluminescence in lower-absorbing (1200 dB/m maximum absorption) Yb3+-doped 
Liekki YB07-B194A sample at cryogenic temperature for (a) pristine and (b) 200 krad 
(Si) gamma-irradiated sample in visible portion of the spectrum. The solid line represents 
the data, while the small dashed line shows the fit. Gaussian curves are indicated below 
the data in large dashed lines and approximate peak energy positions can be found in 
Table 5.5 below. 
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Table 5.5. Gaussian Fit for Photoluminescence Optical Fiber Preform Samples 
Possible identifications are listed in the table, with more explanations found in the text. 
The fittings using these peaks are displayed in Figure 5.60 and Figure 5.61. 

Peak Energy Identification of Luminescence 
1.9 eV, 650 nm NBOHC R-Center [Dragic et al. 2008] (only present in 

irradiated samples) 
2.1 eV, 585 nm Possibly Al-related 
2.3 eV, 530 nm Yb3+-related charge transfer [Pieterson et al. 2000] 
2.5 eV, 500 nm Yb3+-ion related cooperative de-excitation [Morasse et al. 

2007] or charge transfer [Pieterson et al. 2000] 
 
 

The three Gaussian curves are found to be of different amplitudes, and the identity 

of the first of these luminescence features, peaking at around 2.1 eV (585 nm), is 

uncertain. It is possibly related to the aluminosilicate host matrix, as no transitions of the 

simple Yb3+-ions are known in this region, and certain other luminescence centers, such 

as co-operative and charge transfer luminescences, appear at higher energies. 

The 2.3 eV (530 nm) peak is tentatively identified as a charge transfer 

luminescence (CT→2F5/2), which has been found in 215 nm excited oxides containing 3 

mol.% Yb3+ and aluminates containing 2 mol.% Yb3+ [Pieterson et al. 2000]. If the 

luminescence observed describes a charge transfer process, it implies reorganization of 

the distribution of the charge density around the Yb3+-ion [Pieterson et al. 2000], 

frequently described as an Yb2+-species. The presence of such species, and/or the ability 

for the conversion to occur within the aluminosilicate, could have an impact on radiation-

hardness, as it may provide avenues for sourcing and sinking opportunities for ionizing-

radiation-induced charge carriers, promoting or reducing ionizing-radiation damage. 

The Gaussian curve at 2.5 eV (500 nm) likely represents a cooperative de-

excitation of two clustered Yb3+-ions, which has been observed before in Yb3+-doped 
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glass materials and is found to play a major role in laser-induced photodarkening 

[Morasse et al. 2007]. The reason that this luminescence is of concern is that it may 

indicate clustering, which in turn may lead to de-excitation of multiple Yb3+-ions, 

producing a UV photon that may induce photodarkening when strong pumping is present. 

Another interpretation of the luminescence at 2.5 eV (500 nm) relates it to a further 

charge transfer luminescence, as found in 2 mol.% Yb3+-doped aluminates (YAG in this 

case) found at this wavelength [Jiang et al. 2005, Pieterson et al. 2000]. 

Figure 5.60 (b) shows the cryogenic luminescence spectrum in the visible portion 

of the spectrum for the same sample as above following a 200 krad (Si) gamma 

irradiation. The fitting reveals the same three Gaussian curves as found for the data in 

Figure 5.60 (a) (see Table 5.5), with an additional Gaussian curve located at 1.9 eV (650 

nm). The two features with the highest luminescence energies (approximately 2.5 eV 

(500 nm) and 2.3 eV (530 nm)) are seen to have a larger relative amplitude following 

irradiation as compared to these same peaks prior to irradiation, as seen in Figure 5.60 

(a). In general, ionizing-radiation is able to emphasize luminescence from certain centers 

by either creating or depopulating states important for the transference of energy to the 

upper level of these luminescence transitions. With regard to the data presented for the 

lower-absorbing (1200 dB/m) preform sample (YB07-B194A) at cryogenic temperature 

following irradiation, the high energy 2.5 eV (500 nm) peak is seen to become 

significantly larger in magnitude compared to the lower energy 2.1 eV (585 nm) peak, 

leading to a blueshift of the data following irradiation. 
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The fourth luminescence feature, peaking at 1.9 eV (650 nm) and only observed 

in the preform sample following irradiation (Figure 5.60 (b)), is identified as the 

luminescence of a Non-Bridging Oxygen Hole Center (NBOHC). In the context of 

luminescence, this is also referred to as an R-center due to the luminescence peaking in 

the ‘Red’ portion of the spectrum [Dragic et al. 2008, Tortech et al. 2007]. The 

emergence of NBOHC following irradiation indicates certain processes present in the 

optical fiber preform during irradiation. The pristine preform sample likely contains some 

hydrogen, which often bonds in the form of ≡SiOH (where ‘≡’ refers to covalent 

tetrahedral bonds to three oxygen atoms) or peroxy linkages (≡Si-O-O-Si≡). Ionizing 

radiation can sever the bond between the oxygen and the hydrogen or between two 

oxygen species, generating, upon the trapping of an ionization-derived hole, the 

luminescing NBOHC (≡SiO•). In the former case atomic hydrogen, H0, is liberated, 

which may diffuse through the optical fiber preform material and may dimerize to form 

molecular hydrogen, H2 [Griscom 2011, Morita and Kawakami 1989] (see also Chapter 

3, Section 3.4.1). 

The Gaussian curve fitting for the Liekki YB03-150B higher-absorbing preform 

sample (2000 dB/m maximum absorption) is depicted in Figure 5.61. Designation of 

luminescence features are given in Table 5.5. The first plot, Figure 5.61 (a), depicts the 

curve fitting for the pristine, unirradiated sample. The luminescence curve was fit with 

high accuracy using only three Gaussian curves, which were indicated in the second 

derivative test. The Gaussian peak positions correspond to those found in the lower-

absorbing optical fiber preform sample, and thus the same identifications are attributed 
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here. Relative luminescence peak heights seen in the two samples are not identical. 

Within the higher-absorbing sample, the lowest energy luminescence peak at 2.1 eV (585 

nm) is emphasized the most (by displaying the largest photoluminescence intensity 

relative to the other peaks), leading to a redshift in the peak luminescence. The lower-

absorbing sample shows most emphasis on the highest energy luminescence peak at 2.5 

eV (500 nm), displaying a blueshift in the peak luminescence. 
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        (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                      (b) 
Figure 5.61. (a) Gaussian reproduction of 337 nm nitrogen-laser-induced 
photoluminescence in higher-absorbing (2000 dB/m maximum absorption) Yb3+-doped 
Liekki YB03-150B sample at cryogenic temperature for (a) pristine and (b) 200 krad (Si) 
gamma-irradiated sample in visible portion of the spectrum. The solid line represents the 
data, while the small dashed line shows the fit. Gaussian curves are indicated below the 
data in large dashed lines and approximate peak energy positions can be found in Table 
5.5. 
 

Figure 5.61 (b) depicts the Gaussian curve fitting for the Liekki YB03-150B 

higher-absorbing preform sample (2000 dB/m maximum absorption) after a total 
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ionizing-radiation dose of 200 krad (Si). Once again, the three peaks previously identified 

for the pristine samples (for both types of preforms) are found, along with the ionizing-

radiation-induced luminescence peak at 1.9 eV (650 nm). The 2.3 eV (530 nm) 

luminescence peak is greatly emphasized (relative to the other luminescence peaks) in the 

irradiated higher-absorbing preform sample compared to both the unirradiated higher-

absorbing sample as well as the data of the lower-absorbing preform sample, even 

forming a secondary maximum peak in the visible luminescence spectrum. Interpreting 

this center as related to the charge transfer process, the data indicate that irradiation 

promotes this process. It should be noted that the 2.3 eV (530 nm) is emphasized for both 

optical fiber preform samples under irradiation. The 1.9 eV (650 nm) photoluminescence 

peak, attributed to NBOHC as discussed above, is found to be more emphasized in the 

higher-absorbing preform sample (Figure 5.61 (b)) than in the lower-absorbing preform 

sample (Figure 5.60 (b)). This could indicate that the increased rare-earth-doping, or a 

related increase of network-forming dopants (such as aluminum), may stimulate the 

appearance of NBOHC precursor sites. 

Gamma irradiation thus is found to have two major effects on the Yb3+-doped 

optical fiber preform samples in the visible portion of the spectrum: (1), the decrease of 

the absolute magnitude of photoluminescence experienced, presumably due to the 

incurred damage leading to less energy available for luminescence; and (2), the 

appearance of a luminescence peak at 1.9 eV (650 nm) not found in the pristine samples, 

related to NBOHC. 
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Chapter 6: In-Situ Radiation Testing of Active Fiber 
Amplifiers 

 
 

 The preceding chapter elaborated on the effects of ionizing radiation on passive 

optical fiber materials, i.e. optical fiber materials that are not being actively operated as 

lasers or amplifiers. By contrast, the purpose of the current chapter is to investigate the 

effects on ionizing-radiation on actively-pumped rare-earth-doped optical fiber 

amplifiers. The functioning of active systems exhibits a significantly greater degree of 

complexity than their passive, unpumped counterparts, and results pertaining to the 

behavior of active fiber amplifier systems in response to ionizing radiation are an 

invaluable step in advancing this technology for use in such hostile environments. Salient 

questions within the scope of this chapter include the specific effect of ionizing-radiation 

on amplifiers with regard to possible combined effects with optical pump radiation, as 

well as the impact of operational modes of the fiber amplifier on the ionizing-radiation 

response of the fiber material. 

The present chapter is divided into four parts. The first of these discusses the 

basic operation of rare-earth-doped optical fiber amplifiers. The next discusses the 

principle setup of the actively-pumped amplifier tests. The last two sections of this 

chapter discuss the results and conclusions of these experiments, respectively. 

 

6.1. Operation of Optical Fiber Amplifiers 
 

Optical fiber amplifiers allow for the amplification of optical radiation entirely 

within the optical domain, i.e. without recourse to conversion of energy to and from 
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electrical signals. Amplifying optical signals in this way has many beneficial properties, 

including higher speeds due to fast optical interactions, higher efficiencies due to the lack 

of extra energy conversion processes, and the possibility for amplification of multiple 

signals at the same time [Paschotta et al. 1997]. The optical fiber amplifiers of interest 

within the scope of this study are rare-earth-doped fiber optical amplifiers, which 

implement a gain medium with a rare-earth dopant to amplify the optical signal. Among 

the principle reasons for investigating these types of amplifiers is the mechanical 

robustness derived from the monolithic structure of the optical fiber. These amplifiers are 

thus of immense interest for use in hostile environments, including ionizing-radiation 

environments. This use, however, is contingent upon knowledge of the response of these 

amplifiers to ionizing radiation. 

In this study, two Yb3+-doped optical fiber amplifiers are investigated. The 

allowed energies of the laser-active rare-earth dopant determine possible signal and pump 

wavelengths [Pask et al. 1995]. For the Yb3+ dopant in the present study, the signal 

wavelength is 1.057 μm and the pump wavelength is 915 nm, see Chapter 3, Figure 3.7. 

Under passive, unpumped operation, the signal energy is simply absorbed to promote the 

rare-earth ion to a higher energy level, as depicted in Figure 6.1. The level represents the 

upper lasing transition level at the bottom of the Yb3+-ion 2F5/2 manifold, labeled as |2> in 

Figure 6.1. The energy is then re-radiated, as depicted in Figure 6.1. 
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Figure 6.1. Yb3+-ion under unpumped (passive) operation. Signal radiation is absorbed, 
promoting the ion to the upper lasing transition, and subsequently re-radiated, de-exciting 
the ion to the ground state. 
 

During active operation, pump radiation is introduced in addition to the signal 

radiation, as shown in Figure 6.2. The presence of this energetic pump radiation promotes 

the rare-earth ions into high energy levels (upper levels of the 2F5/2 manifold, marked |3> 

in Figure 6.2). From here, a non-radiative transition to the upper lasing level (bottom of 

the 2F5/2 manifold and labeled |2> in Figure 6.2) follows. The upper lasing lifetime is long 

in Yb3+-doped fibbers (on the order of 1 – 2 ms [Paschotta et al. 1997]), allowing 

stimulated emission from the upper lasing level to the ground level. The ground level is 

in the 2F7/2 manifold, labeled |1> in Figure 6.2, and consists of multiple sub-levels. These 

levels are populated at room temperature, generally leading to three-level lasing operation 

in the Yb3+-doped gain medium at this temperature (efficiency, however, benefits from 

the small quantum defect of this dopant). The stimulated emission leads to the 

amplification of the signal, as noted in the figure. 
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Figure 6.2. Yb3+-ion under pumped (active) operation. Pump radiation is absorbed, 
undergoes a non-radiative decay to the upper lasing level whence stimulated emission 
(and the associated de-excitation of the ion to the ground state) is possible. 
 

The ionizing-radiation response of an actively-pumped rare-earth-doped amplifier 

can be described as an aggregate of effects. While the material composition is of prime 

importance, representing the fundamental material response to the ionizing radiation, the 

specific mode of operation may be of great importance as well. Two modes of amplifier 

operation can be distinguished and will be investigated separately. The first mode of 

operation is ‘continuous pumping’, in which the pump of the amplifier is turned on for 

extended periods of time. The second mode of operation is ‘intermittent pumping’, in 

which the pump is operated only for short periods of time. While these modes of 

operation may differ in prolonging the effects of regular laser-induced photodarkening, 

they may have a more serious impact on an amplifier situated in an ionizing-radiation 

environment, which may experience additional effects due to the presence of ionizing 

radiation. 
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6.2. Experimental Setup for In-Situ Active Fiber Measurements 
 

Two Yb3+-doped optical fiber amplifiers were actively pumped in an amplifier 

configuration and monitored in-situ during a radiation exposure from a 60Co source at the 

Leach Science Center in Auburn, AL. The experiments conducted on each amplifier were 

performed in two different sessions, the first investigating continuous pumping and the 

second intermittent pumping. A schematic of the experimental setup is given in Figure 

6.3. The amplifiers were each composed of passive fibers, an active Yb3+-doped optical 

fiber providing the amplification, a continuous-wave 70 mW μLS Fermion I signal laser 

at 1.057 μm, and a continuous-wave pump laser diode (Bookham Multimode Laser 

Module MU7-915-01) radiating at approximately 915 nm and operating up to 

approximately 2 V. The pump light was coupled into an optical isolator, and the two laser 

beams were then unified into a single delivery fiber using a fiber beam combiner. The 

delivery fibers, 4 m passive, undoped 20/123DC fiber from Liekki, propagated the signal 

and pump beams from the experiment area, outside the radiation cell, through a conduit 

into the active, rare-earth-doped test fiber located in the gamma irradiation cell. The 

passive fiber was fusion spliced to approximately 3 m of active Yb3+-doped for all 

experiments. Two separate amplifiers were tested. The first of these was based on a 

Liekki Yb1200-20/125DC fiber (the first number designates the nominal peak absorption 

at 976 nm in the core in dB/m, and the second and third numbers denote the core and 

cladding diameters, respectively, in μm). The second amplifier was based on a Nufern 

LMA-YDF-15/130 DC fiber. The ‘DC’ in each case specifies a double-clad fiber. For 

each amplifier, the active fiber, which was spooled and mounted vertically to assure 

uniform irradiation, was positioned such that there was as little of the passive fiber as 
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possible protruding out of the conduit port hole. The intention was to avoid darkening of 

the passive delivery fiber to assure that the radiation-induced processes would be present 

only in the active-fiber portion of the amplifier. The exit end of the Yb3+-doped spool was 

fusion spliced to another passive 20/123DC delivery fiber, which guided the output of the 

amplifier out of the test cell and onto a detector, which was configured for the manual 

monitoring of the amplifier signal output at the signal wavelength of 1.057 μm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3. Gamma test cell at Leach Science Center at Auburn University, Auburn, AL, 
with active, pumped fiber amplifier experimental setup. The continuous-wave signal and 
pump laser lights (the latter traversing an isolator to prevent harmful back-reflections) are 
generated and combined outside of the radiation test cell and enter the radiation test cell 
through port holes. The amplifier resides inside of the 60Co test cell, and the output of the 
amplifier is guided through the port holes out of the cell to the diagnostic equipment. 
 

It should be noted that the signal laser was unmodulated, i.e. no information was 

transmitted through the amplifier in these experiments. An optical fiber link used for data 

transmission would implement either injection modulation of the signal laser or acousto-

optic modulation to generate analog or digital information, which could then be 
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amplified. Although no information was generated and amplified in these experiments, 

results of these experiments, when combined with passive data of Chapter 5, can lead to 

some estimations of the possible effect of ionizing radiation on the transmission of 

information (see Chapter 8, Section 8.2). 

The first amplifier tested, which was operated continuously throughout the 

gamma radiation exposure, was implemented as follows: the signal laser intensity was 

adjusted to give the maximum amplifier output prior to exposure of the amplifier fiber 

spool to ionizing radiation, and the current driving the pump diode was kept at 6 A 

throughout the experiment. A large operating current of 6 A was selected to help observe 

the possible effects of combined gamma- and pump-radiation and to obtain more accurate 

measurements due to higher signal levels. Periodically during the experiment, the 

relationship between the output power of the fiber amplifier and the pump-diode drive 

current was investigated by adjusting the pump-diode current between 0 – 6 A and 

monitoring the amplifier output. It should be noted that the amplifier output power at all 

diode drive currents was much greater before the amplifier was passed through a conduit 

into the gamma test cell, a consequence likely due to stresses induced in the fiber from 

tight turns of the conduit. The second amplifier tested was left unpumped for most of the 

ionizing-radiation exposure. The only exceptions were when measurements (at pump-

diode drive currents ranging from 1 – 6 A) were taken. Prior to irradiation, the output 

signals of both amplifiers were stable when operated for periods of time up to about 30 

minutes, even at high pump currents of 6 A. 

Within the shielded gamma cell, the individual 60Co elements were arranged on a 

platform, which was raised out of a pool of water when the irradiation was to begin. The 
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source array was found to yield a dose rate of approximately 0.116 rad(Si)/s at the 

location of the rare-earth fibers in the test cell. This was determined by the average of 

TLD measurements and other measurement instrumentation available from the radiation 

facility. 

 

6.3. In-Situ Irradiations of Active Amplifiers 
 

The operation of the continuously-pumped amplifier is depicted in Figure 6.4. 

Prior to irradiation (0 krad (Si) total ionizing dose) the output of the amplifier for a 70 

mW continuous-wave input signal at 1.057 μm was approximately 780 mW under a 

pump current of 6 A. Representative values for different pump currents prior to 

irradiation are indicated in the figure as well. The normal operation of the amplifier fiber 

can clearly be seen in the figure in which increased pumping leads to overall greater gain 

in the signal output of the fiber. This is clearly expected since more pump power 

transferred to the optically-active rare-earth ions produces increased stimulated emission 

with a commensurate increase in the intensity of the optical signal beam at 1.057 μm. 

Figure 6.4 also shows the amplifier output power at the signal wavelength vs. 

diode pump current for total accumulated ionizing radiation doses of 2.3 krad (Si) and 6.8 

krad (Si), as well as for the end of the irradiation (7.6 krad (Si)). The monotonic decrease 

in amplifier output power at all pump currents clearly shows the ionizing-radiation-

induced degradation of the amplifier performance. This drop in performance is seen 

especially well at high pump currents. It should be noted that the shape of the individual 

curves is also seen to be approximately constant (i.e. they roughly scale onto each other). 

Notably, data taken with the pump diode current set at 0 A (unpumped, passive fiber 
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performance) indicates a transmittance decrease at 1.057 μm of approximately 15% 

following the gamma radiation exposure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.4. Output power of continuously-pumped amplifier at 1.057 μm vs. diode pump 
current for different total accumulated ionizing radiation doses during the final irradiation 
period under an ionizing dose rate of approximately 0.116 rad(Si)/s. 
 

A useful measure of the degradation of the amplifier due to the gamma-radiation 

exposure can be determined by monitoring the amplifier power output at the signal 

wavelength as a function of time (or, equivalently, accumulated gamma dose). In this 

case, all measurements were made while the pump laser was operated at a driving current 

of 6 A. This is depicted in Figure 6.5, which is plotted as amplifier output at the signal 

wavelength of 1.057 μm in mW vs. ionizing radiation dose, with approximately 7.6 krad 

(Si) of dose being accumulated during the measurement period (again, the ionizing dose 

rate was 0.116 rad(Si)/s). Amplifier output was monitored periodically throughout the 

gamma exposure and also following the exposure. It is noteworthy that no post-

irradiation annealing or continued degradation was observed in the samples immediately 

following the irradiation (in Figure 6.5 the flat data segment to the right of the 7.6 krad 
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(Si) data represents data taken during two hours following the exposure with the gamma 

source absent from the test cell). Data during the irradiation were recorded manually, 

leading to gaps in the plot in Figure 6.5, but the data still show a clear exponential 

decrease of amplifier output power from approximately 780 mW to 137 mW (decrease of 

amplifier efficiency of approximately 83%). This is emphasized by an exponentially 

shaped curve fitted to the data points obtained during the final irradiation. The power loss 

indicated by the fitted curve is approximately 1.23 dB/krad(Si). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6.5. Decrease of continuously-pumped amplifier output power at 1.057 μm vs. 
total accumulated ionizing radiation dose. The source was lowered after an ionizing 
radiation dose of about 7.6 krad (Si), and post-irradiation data are also shown. The 
exponential curve was fitted to the data points during the irradiation. The driving 
amperage for the pump laser was 6 A and the ionizing dose rate was approximately 0.116 
rad(Si)/s. 
 

The amplifier output power at the 1.057 μm signal wavelength for the second, 

intermittently-pumped, Yb3+-doped amplifier is shown as output power versus drive 

current in Figure 6.6. The initial maximum power prior to irradiation at the signal 

wavelength (with operation at 6 A) was 783 mW, which was almost identical to the 
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continuously-pumped amplifier. A trend in which more pump current leads to more 

output of the amplifier is clearly identified in the figure. A decrease of amplifier output 

power at the signal wavelength (1.057 μm) is again observed in the gamma-irradiated 

fiber data. Interestingly, the rate of radiation-induced degradation of the amplifier appears 

to be slower for this intermittently-pumped fiber amplifier than it was for the 

continuously-pumped amplifier. Specifically, an examination of Figures 6.5 and 6.6 

shows that at a total ionizing dose of 17.7 krad (Si), the amplifier output power for the 

intermittently-pumped fiber amplifier is close to 300 mW. This is in comparison to the 

continuously-pumped amplifier of Figure 6.4, in which the signal has dropped to below 

200 mW after a total ionizing radiation dose of only 7.6 krad (Si). The total decrease of 

amplifier efficiency that resulted from the 17.7 krad (Si) gamma exposure was 

approximately 59%. Again, it can be noted that in the absence of a pump current, with the 

pump diode current set at 0 A (unpumped, passive fiber performance), a transmittance 

decrease at 1.057 μm of approximately 10% was observed following a total accumulated 

ionizing radiation dose of close to 18 krad (Si). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6. Output power of intermittently-pumped amplifier at 1.057 μm vs. diode pump 
current for different total accumulated ionizing radiation doses at a dose rate of 
approximately 0.116 rad(Si)/s. 
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Figure 6.7 depicts the decrease of the intermittently-pumped amplifier at various 

pump currents. (Due to an unrelated experiment being simultaneously run in the 60Co-

chamber, requiring a heavy door to be opened and closed on several occasions and 

thereby causing some artificial discontinuities in the output power, the amplifier output 

power is plotted on a normalized scale in this figure.) For all pump currents, a large initial 

drop is seen, followed by an approximately linear decrease in the output power at 1.057 

μm. Figure 6.7 (a) indicates that pump currents of 1 A and 2 A lead to moderate 

decreases in the amplifier output (a 20% decrease in the pre-irradiation efficiency 

following a 7.6 krad (Si) irradiation), while a pump current of 3 A lead to a much larger 

decrease in the amplifier output (a 34% decrease in pre-irradiation efficiency following a 

7.6 krad (Si) irradiation). Figures 6.7 (b), (c), and (d) show the higher pump currents of 4 

A, 5 A, and 6 A, in all of which the decrease in amplifier output efficiency is 

approximately identical to the efficiency at 3 A. The passive signal, i.e. the output power 

measured with a pump current of 0 A, was observed to decrease approximately 10% 

following the 7.6 krad (Si) irradiation. 
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    (a)       (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    (c)                  (d) 
Figure 6.7. Decrease of intermittently-pumped amplifier output power at 1.057 μm vs. 
total accumulated radiation dose for (a) 1 A, 2 A, and 3 A pump current, (b) 4 A pump 
current, (c) 5 A pump current and (d) 6 A pump current. The gamma-radiation exposure 
was stopped after a dose of 17.7 krad (Si). The ionizing dose rate was approximately 
0.116 rad(Si)/s. 
 

 

6.4. Discussion of Active Amplifier Irradiation Results 
 

Two different scenarios concerning the nature of the damaging effects of 

ionizing-radiation can be postulated. The first of these, shown in Figure 6.8, shows the 

ionizing-radiation creating absorption predominantly at energy levels that lead to de-
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excitation of the upper lasing level. The upper lasing level, in the case of the Yb3+-

dopant, is the lower level of the 2F5/2 manifold, marked as |2> in Figure 6.8. Amplifier 

output powers, in this case, would diminish not due to ionizing-radiation-related de-

population of the levels responsible for the absorption of pump radiation (i.e. levels |3>), 

but rather as a result of depopulation of the upper laser level, |2>, by electron decay into 

radiation-induced defect states, |4>, that serve to diminish the emission of stimulated 

radiation, as depicted in Figure 6.8. In this scenario, the ionizing-radiation in combination 

with active optical pumping would result in absorption at the signal wavelength (1.057 

μm in this case) that is higher than expected based on passive fiber-amplifier ionizing-

radiation test results. 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. Possible physical operation of Yb3+-ion under pumped (active) operation in an 
ionizing-radiation environment. The ionizing-environment causes the formation of 
energy levels (marked |4>) below the upper lasing transition (marked |2>) representing 
absorption, thereby diminishing output efficiency by preventing stimulated emission. 
 

 The second damage scenario involves radiation-induced-absorption generated at 

energy levels higher than the upper lasing transition, i.e. at energy levels attained either 

by direct absorption of a pump photon or, at higher-lying levels attained via cascaded 
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processes [Auzel 2004]. In this scenario, depicted in Figure 6.9, pump photons excite 

electrons into elevated pump states. These excited carriers subsequently decay into 

ionizing-radiation-induced trap states at higher energies than the upper lasing transition. 

In this way, then, the upper lasing level of the Yb3+ ion is not efficiently populated by the 

optical pump, thus preventing stimulated emission at the signal wavelength, and an 

overall decrease in amplifier efficiency is observed. The production of these absorption 

states is brought about either by the ionizing-radiation or by the combination of the 

ionizing-radiation with the pump radiation. The ionizing-radiation-generated trap states, 

representing the induced absorption, may lie at higher energy levels than those associated 

with the pump wavelength (accessed by processes involving multiple photons), and the 

precise location of these is dependent on the material and the particular structures that 

ionizing-radiation can produce therein. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9. Possible physical operation of Yb3+-ion under pumped (active) operation in an 
ionizing-radiation environment. The ionizing-environment causes the formation of 
energy levels (marked |4>) below pumping transitions, thereby diminishing output 
efficiency by interrupting pumping of the amplifier. The possibility of the absorption of 
multiple pump photons is also depicted. 
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In order to determine which model best represents the operation of the fiber 

amplifiers in the gamma-radiation environment studied, it is necessary to examine some 

aspects of the amplifier behavior reported above. Two Yb3+-based optical fiber amplifiers 

were tested under two different modes of operation. In tests up to 30 min at a drive 

current of 6 A, no significant decrease of signal was observed in either amplifier when 

operated prior to irradiation, indicating low ‘pure’ pump-radiation-induced 

photodarkening (i.e. photodarkening related only to the pump radiation as opposed to 

ionizing radiation or the combination of ionizing radiation and pump radiation). When 

irradiated, for the continuously-pumped active-amplifier irradiation experiment, the data 

showed an exponential decrease in amplifier output power to approximately 17% of the 

original efficiency at the 1.057 μm signal wavelength incurred by a total accumulated 

ionizing radiation dose of 7.6 krad (Si). Plotting amplifier output power versus diode 

pump current showed a monotonic decrease of the power at all pump currents, which was 

not found to anneal in a 2 hour ionizing-radiation-source-free room temperature anneal. 

A closer look at the transmittance of the 1.057 μm signal wavelength reveals a decrease 

of approximately 15%, which is close to values obtained in previous passive 60Co 

exposures of similar passively-tested Yb3+-doped fibers (Chapter 5 or [Fox et al. 2010]). 

This suggests that the absorption centers responsible for the decrease in amplification of 

the signal wavelength are not greatly affected by the presence of the optical signal 

radiation or the high-power 916 nm pump radiation. This result is of great importance, 

since it indicates that the primary process responsible for the significant decrease in 

amplifier efficiency is not depopulation of the upper lasing level due to the formation of 

absorption centers (at energy levels below that of the upper lasing state) induced by the 
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combination of ionizing- and pump-radiation. That is to say, it indicates that the first 

scenario of Figure 6.8 is of secondary relevance. Rather, the formation of absorption 

centers at energy levels directly accessible to pump photons (or energy levels above 

these) is of primary importance concerning the performance of the amplifier (as shown in 

Figure 6.9). Thus, the present data indicate that the degradation of amplifier performance 

can be attributed to a decrease in energy transfer efficiency from the pump wavelength to 

the lasing wavelength, caused by the ionizing-radiation-assisted formation of absorption 

at the pump wavelength. This highlights the importance of closely investigating the pump 

wavelength in order to improve performance, lifetime, and reliability of the Yb3+-doped 

amplifier. 

Data from the continuously-pumped amplifier also yield important information 

about the general performance of an Yb3+-doped amplifier in an ionizing-radiation 

environment and establish the importance of absorption at (and possibly above) the pump 

wavelength. However, this data is not sufficient to answer certain questions concerning 

the amplifier performance, including whether the induced absorption originates from 

ionizing radiation alone or due to a combination of the ionizing radiation and the pump 

radiation. To help gain insight into these questions, data from the amplifier implementing 

intermittent-pumping must be examined. 

The intermittently-pumped amplifier reveals that the absence of pumping leads to 

a significantly different absorption shape than continuous pumping. Intermittent pumping 

exhibits an approximately linear decrease in output power at the signal wavelength, as 

opposed to the exponential decrease observed for continuous pumping (compare Figure 

6.5 to Figure 6.7). Although the Yb3+-fiber compositions were, due to lack of material 
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availability, not identical, the difference in induced absorption following ionizing-

radiation exposure is very large, a decrease of approximately 34% for intermittent 

pumping vs. a decrease of approximately 83% for continuous pumping (each following a 

total accumulated ionizing-radiation dose of 7.6 krad (Si) with measurement at a 6 A 

pump current). These results suggest increased formation of absorption in response to 

ionizing-radiation in the latter case. Neither amplifier was found to display significant 

pump-radiation-induced photodarkening (i.e. without ionizing-radiation present), and the 

principal difference between the amplifiers was that the pump was turned off in the case 

of intermittent pumping at all times except when measurements were taken. The 

difference in the fundamental behavior of the amplifiers, with the continuously-pumped 

amplifier performing significantly worse, suggests that a combination of pump radiation 

and ionizing-radiation is responsible for the severe induced damage observed. This 

increased formation of absorption is also relevant in that it implies that the effect of 

additional energy from pumping preferentially contributes to the formation of absorption 

rather than the annealing of color centers, which might be postulated due to the heat 

generated from the pump energy. 

It is important to consider in what spectral region formation and interaction with 

color centers takes place. In the case of the intermittently-pumped amplifier the data 

suggest that processes involving more than one (pump) photon are present. The best 

evidence to support this conclusion is the data of Figure 6.7, in which it can be seen that 

the maximum efficiency drop of approximately 34% following a 7.6 krad (Si) total 

ionizing-radiation dose is seen only at pump powers of 3 A or more, and not when the 

pump power is 1 A or 2 A. This suggests that pump photons exceeding a critical number 
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no longer contribute to further stimulated emission, and the energy of these is dissipated, 

leading to poor amplifier performance. This dissipation may be due to processes 

involving multiple pump photons, since such processes would be expected to dominate at 

higher pump powers, consistent with the observation that higher pump powers lead to a 

greater drop in amplifier efficiency (Figure 6.7). These processes may take the form of 

cascaded absorption of the energy of several pump photons in the visible portion of the 

spectrum, which would be consistent with passive results indicating the majority of 

absorption in this part of the spectrum (see Chapter 5). A further possibility would be the 

excitation of multiple Yb3+-ions simultaneously, which can lead to the emission of UV 

radiation, possible contributing to absorption [Morasse et al. 2007, Kopponen et al. 

2007]. Higher pump powers leading to less efficiency can, although less clearly, also be 

seen in Figure 6.6 in the form of a change of shape of the curves with increasing total 

accumulated ionizing doses (a flattening out of the curves), showing more induced 

absorption at higher pump powers. Interestingly, this effect is either not observed or is 

observed less strongly in the continuously-pumped amplifier (Figure 6.4), possibly 

indicating that processes involving multiple photons are less pronounced, perhaps due to 

the large induced absorption even at relatively long wavelengths which may quickly 

deplete pump energy and possibly preclude more complex processes. 
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Chapter 7: Optical Fibers in Space Environments 
 
 

 The space environment represents a challenge for the design of systems due to the 

large number of potential damage mechanisms present, ranging from thermal cycling and 

highly reactive atomic oxygen to ionizing radiation (see Chapter 2, Section 2.4.2). The 

fundamental goal of this chapter is to gain insight into the effect of ionizing space 

radiation on rare-earth-doped optical fibers situated within space-based systems. The 

present chapter is divided into two main sections, and the first of these (Section 7.1) 

discusses the nuclear shielding capabilities of materials in space, as well as the 

possibilities of secondary radiation production by these same materials. The latter section 

(Section 7.2) investigates the performance of a set of rare-earth-doped optical fibers 

exposed to space radiation in Low-Earth Orbit (LEO). 

 

7.1. On the Generation of Hazardous Secondary Radiation 
 

Secondary radiation generated from particles such as protons (common in the 

radiation belts, especially in the SAA [Haskins et al. 1992]) has the potential to impact 

space-based optical fiber systems significantly and thus must be taken into account when 

designing systems for operation in such ionizing-radiation environments. Chapter 2 

(specifically Section 2.5.3 and Section 2.5.4) discussed shielding and the associated 

possibility of the generation of secondary radiation, and more insight into these 

mechanisms will be given within this section. The first part of the current section will 

discuss the approach to calculating nuclear shielding and secondary radiation effects 
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stemming from proton irradiation, while the second part will present the results of the 

calculations. 

 

7.1.1. Nuclear Shielding and Generation of Secondary Radiation 
 

To gain fundamental physical insight into the behavior of materials exposed to 

ionizing radiation, basic properties of the irradiated materials can be modeled. Within the 

context of the space environment, particular attention is paid to protons, which represent 

a principle component of the Van Allen radiation belts, including the SAA (see Chapter 

2, Section 2.4.2), and can lead to the emergence of secondary radiation. While gamma 

radiation is difficult to shield, proton radiation can often be shielded effectively, either 

electrically or by means of a mass of material to absorb the ionizing radiation. A 

determination of the effect of the latter approach, with respect to nuclear stopping of 

protons (important for the calculation of secondary radiation), is discussed initially. 

An aspect of proton irradiation of a material that is of much interest to the current 

research is the production of secondary radiation in the form of gamma photons [Haskins 

et al. 1992], the determination of which represents the primary goal of the calculations. 

Exposure to additional gamma radiation can significantly affect the lifetime of the 

afflicted material or system, making a more comprehensive determination of the incident 

composition of ionizing radiation necessary. The amount of secondary gamma radiation 

produced is a strong function of the shielding material, so physical insight into the 

production of this type of radiation is highly beneficial to both the understanding of 

radiation-hardness and the design of spacecraft. 
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The model describes the nuclear shielding effectiveness and production of 

secondary gamma radiation by considering proton-irradiated materials and specifying 

important nuclear reactions (non-nuclear shielding is not included within this model). 

These reactions are responsible for the generation of gamma photons (secondary 

radiation), but also diminish the incident proton flux (nuclear shielding effectiveness). 

These two effects can thus be seen to be related to another, and their origin is described 

below. 

The model [Dr. J. H. Simmons, personal communication] describes a beam of 

protons, ‘I’, perpendicularly incident on the surface of the (shielding) material, and a 

nuclear reaction rate, ‘R’, measuring the number of reactions taking place in a unit of 

time. The reactions of interest are generally those producing secondary gamma radiation 

(see also Section 7.1.2), and thus the reaction rate may indicate the magnitude of this 

secondary radiation. The attenuation of the incident proton beam intensity within the 

model can be related to the number of nuclear reactions occurring as the beam traverses 

the material: 

                                                                   ,                      (7.1) 
 
 

where ‘I’ is given in units of ‘protons/(m2s)’ and ‘R’ in units of ‘reactions/(m2s)’. The 

differential operators in this context are in anticipation of integration over the thickness 

of the material. The increase of the nuclear reaction rate ‘R’ is, in this model, identical to 

the decrease of the proton beam intensity, since it is the nuclear reactions of the protons 

with the material that cause the decrease in proton beam intensity. The increase in 

number of reactions is also proportional to the absolute number of protons as well as to 

dI dR= −



335 

the (differential, with respect to material thickness) probability that a proton will cause a 

reaction, ‘dP’: 

 
              .                     (7.2) 

 
 
The probability variable of Equation (7.2) can be resolved into the individual 

components to give more insight into factors affecting whether or not a nuclear reaction 

will occur. Assuming ‘N’ nuclei per unit volume of the (shielding) material in units of 

‘nuclei/m3’, and a nuclear reaction cross-section ‘σR’ determining the probability of a 

nuclear reaction occurring at a particular nucleus, the probability of a nuclear reaction can 

be specified using the (incremental) thickness of the material, dx (in meters): 

 
                .         (7.3) 
 
The ‘N’ nuclei per unit volume can readily be determined by fundamental 

material parameters, as follows: 

             ,                    (7.4) 
 

where ‘ρ’ is the density (in g/m3), ‘A’ is the atomic mass per unit of material (in units of 

g/mol), and ‘NA’ is Avogadro’s number (6.022·1023 mol-1). The units of the reaction 

cross-section ‘σR’ in Equation (7.3) are commonly given in units of ‘barn’ (‘b’) related to 

the SI units as follows: 

 
               .         (7.5) 
 
 
If one substitutes (7.3) into (7.2), and then further substitutes this result into (7.1), a 

differential description of the proton beam intensity with respect to the shielding material 

dR I dP= ⋅

RdP N dxσ= ⋅

28 21 10b m−=

ANN
A

ρ ⋅
=
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thickness (7.6) is obtained, which can be rewritten (7.7) and solved for in terms of the 

total proton beam intensity and total material thickness ‘xT’ (7.8): 

 
    (7.6) 

   

    (7.7) 

 

               .          (7.8) 

 
 
It can clearly be seen that the intensity decreases exponentially, and the decrease is larger 

for larger atomic masses, larger reaction cross sections, and larger thicknesses. The 

amount of secondary radiation is dependent on the reaction rate for a material thickness 

of ‘dx’, which can be calculated from (7.2) and (7.8) as follows: 

 
              (7.9) 

 

               .                           (7.10) 

 
 
The reaction rate ‘R’, in units of ‘reactions/(m2s)’, is seen to approach the magnitude of 

the incident proton beam ‘I0’ when the thickness is large. It is evident that the equation 

for the transmitted proton beam intensity ‘I’ (7.8) and the reaction rate ‘R’ (7.10) are 

intricately related (exponential and a constant minus an exponential), in accordance with 

Equation (7.1). Specific calculations using these quantities will be presented in the next 

section. 
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7.1.2. Calculations Concerning Shielding and the Generation of Secondary 
Radiation 
 

The effect of nuclear shielding of proton radiation is shown below in Figure 7.1 

for several types of materials. The figure is strictly qualitative regarding experimental 

distances traveled into the shielding material as it represents only the nuclear stopping 

power of the protons, important for the production of secondary radiation, and neglects 

the non-nuclear shielding (such as electronic shielding), which will further reduce the 

distances travelled in the material [Holmes-Siedle and Adams 2002] (a common code 

computer code used for treating all stopping effects, but neglecting secondary radiation, 

is SRIM [Ziegler et al. 1985]). Within the model, the proton flux is seen to decrease 

exponentially, as indicated in Equation (7.8). Figure 7.1 (a) displays several elemental 

materials, and among these aluminum is observed to be the most effective, as evidenced 

by the lower normalized transmittance over all material thicknesses. Figure 7.1 (b) shows 

the shielding of protons for more complicated materials along with aluminum [provided 

with help from Dr. J. H. Simmons]. Again, it is evident that higher thicknesses of 

material lead to lower transmittance of ionizing radiation for all materials, due to the 

increased possibility of reactions of the incident ionizing radiation with the increased 

volume of the (shielding) material. 
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   (a)       (b) 
Figure 7.1. Decrease of normalized transmittance through a specified thickness of 
material for different materials considering only nuclear reactions (other stopping 
methods are neglected here, see text for more information). Figures depict elemental 
materials (a) with additional more complex materials (b). Note: Calculations for 
compound materials in Figure 7.2 (b) provided with help from Dr. J. H. Simmons. 
 

To gain insight into the process of the production of secondary gamma radiation 

from various materials, calculations were carried out [under advisement from Dr. J. H. 

Simmons] to determine energies of gamma radiation (see Section 7.1.1, especially 

Equation (7.10)). Results of the generation of secondary gamma radiation for elemental 

(Figure 7.2 (a)) as well as some more complex materials (Figure 7.2 (b)) show increased 

production of secondary gamma radiation with increased material thickness. Aluminum 

is clearly seen to produce the highest fluxes of secondary radiation, while water, a 

hydrogen-rich material, produces very little secondary radiation (also found in [Jordan 

and Stassinopoulos 1989]). It is found that aluminum not only produces higher fluxes of 

secondary gamma radiation, but also generates gamma photons with high energies of ~11 

MeV (the calculations for this will be described in further detail below). The model also 

suggests that polyethylene, often used in the interior of spacecraft for shielding [Shavers 

et al. 2004], has a relatively high production of secondary radiation, but not nearly as 
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significant as for aluminum. For all materials it is seen that larger thicknesses produce 

more secondary radiation as the increased volume of material allows for more nuclear 

reactions to take place (see also Equation (7.10)). 

 
 
 
 
 
 
 
 
 
 
 
 
 

   (a)       (b) 
Figure 7.2. Generated secondary radiation per unit of proton flux for different thicknesses 
of different materials. Approximate calculated energy of the generated secondary gamma 
radiation is also noted for each material. Note: Calculations for compound materials in 
Figure 7.2 (b) provided with help from Dr. J. H. Simmons. 
 

A further important aspect of shielding not addressed above is the energy of the 

secondary gamma photon. Calculations were performed modeling a proton impacting 

with shielding materials, as found in Section 7.1.1, but focusing specifically on nuclear 

reactions. A basic outline of the calculations is as follows: An elemental material is 

chosen and the resulting transmuted element, following a hypothetical reaction with a 

proton, determined. Most often the transmuted species will relax by emitting a gamma 

photon, the energy of which is determined by the mass differential between the initial-

element/proton combination and the rest mass of the transmuted species. In many cases, 

the reaction between the initial element and the proton is more complicated and involves 

an intermediary reaction. These intermediary reactions take the form of electron capture 
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reactions, in which the core of the atom absorbs an inner-shell electron. The results of the 

calculations for many different atomic species are given in Table 7.1, which lists the 

initial element (the material interacting with the protons), along with the element 

abundance (for several elements, different isotopes are considered), the reaction or 

reaction cascade following interaction of the material with the proton, and the final 

energy of the gamma photon. In some cases, energies of other particles are indicated as 

well. Intermediate electron capture reactions are displayed by listing an additional 

electron (as ‘e-’) in the initial left-hand portion of the reaction. Physical parameters 

necessary for the calculations were taken from [CRC 77th 1996, Carlson 1996], and a 

value of 10 MeV was used for the determination of the proton-nucleus cross section. 

 
 
Table 7.1. Calculations of Emitted Secondary Radiation from Proton-Nucleus Reactions 
Intermediate reactions sometimes list decay times, which are marked with ‘s’, ‘m’, ‘d’, or 
‘y’, indicating, respectively, ‘second’, ‘minute’, ‘day’, and ‘year’. 

Element: 

Abundance: 99.985% 
                                           Reaction: 

Energy of Beta Particle: 0.419 MeV 
Element: 

Abundance: 0.015% 
                                                  Reaction: 

Secondary Gamma Photon Energy: 4.982 MeV 
Element: 

Abundance: 100% 
                                                  Reaction: 

Proton Energy Required for Reaction: 2.478 MeV 
Element: 

Abundance: 92.5% 
                                       Reaction: 

Secondary Gamma Photon Energy: 16.744 MeV 
Combined Energy of Alpha Particles: 2.143 MeV 

Element: 
Abundance: 100% 

                                                     Reaction: 
                        Secondary Gamma Photon Energy: 6.074 MeV (Table continued below…) 

1
1 H

2
1 H

7
3 Li

9
4 Be

4
2 He

1 2 2
1 2 1( )H p He H β ++ → → +

2 3
1 2H p He γ+ → +

4 5
2 3He p L+ →

0.0677 8
3 4 (2 )fsLi p Be α γ+ → ⎯⎯⎯→ +

9 10
4 5Be p B γ+ → +
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                                                                Element: 
Abundance: 80.1% 

                                                     Reaction: 
Secondary Gamma Photon Energy: 15.446 MeV 

Element: 
Abundance: 98.89% 

                                   Reaction: 
Energy of Beta Particles: 1.709 MeV 

Secondary Gamma Photon Energy: 1.432 MeV 
Element: 

Abundance: 99.634% 
                                   Reaction: 

Energy of Beta Particles: 2.242 MeV 
Secondary Gamma Photon Energy: 6.786 MeV 

Element: 
Abundance: 99.762% 

                                   Reaction: 
Energy of Beta Particles: 2.249 MeV 

Secondary Gamma Photon Energy: 0.089 MeV 
Element: 

Abundance: 100% 
                                                    Reaction: 

Secondary Gamma Photon Energy: 12.332 MeV 
Element: 

Abundance: 90.48% 
                                   Reaction: 

Energy of Beta Particles: 3.036 MeV 
Secondary Gamma Photon Energy: 1.920 MeV 

Element: 
Abundance: 100% 

                                                    Reaction: 
Secondary Gamma Photon Energy: 11.181 MeV 

Element: 
Abundance: 100% 

                                                    Reaction: 
Secondary Gamma Photon Energy: 11.074 MeV 

Element: 
Abundance: 92.23% 

                                   Reaction: 
Energy of Beta Particles: 4.431 MeV 

Secondary Gamma Photon Energy: 2.237 MeV 
Element: 

Abundance: 100% 
                                                     Reaction: 

Secondary Gamma Photon Energy: 8.353 MeV 
(Table continued below…) 

11
5 B

12
6C

14
7 N

16
8O

19
9 F

20
10 Ne

23
11 Na

27
13 Al

28
14 Si

31
15 P

11 12
5 6B p C γ+ → +

9.97m12 13 13
6 7 6( )C p N Cγ β γ++ → + ⎯⎯⎯→ + +

122.214 15 15
7 8 7( )sN p O Nγ β γ++ → + ⎯⎯⎯→ + +

64.516 17 17
8 9 8( )sO p F Oγ β γ++ → + ⎯⎯⎯→ + +

19 20
9 10F p Ne γ+ → +

22.4820 21 21
10 11 10( )sNe p Na Neγ β γ++ → + ⎯⎯⎯→ + +

23 24
11 12Na p Mg γ+ → +

27 28
13 14Al p Si γ+ → +

4.1428 29 29
14 15 14( )sSi p P Siγ β γ++ → + ⎯⎯⎯→ + +

31 32
15 16P p S γ+ → +
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                                                               Element: 
Abundance: 95.02% 

                                   Reaction: 
Energy of Beta Particles: 5.072 MeV 

Secondary Gamma Photon Energy: 1.765 MeV 
Element: 

Abundance: 99.6003% 
                                                     Reaction: 

Secondary Gamma Photon Energy: 7.297 MeV 
Element: 

Abundance: 93.2581% 
                                                     Reaction: 

Secondary Gamma Photon Energy: 7.817 MeV 
Element: 

Abundance: 96.941% 
                                 Reaction: 

Energy of Beta Particles: 5.984 MeV 
Secondary Gamma Photon Energy: 0.574 MeV 

Element: 
Abundance: 73.72% 

                                 Reaction: 
Secondary Gamma Photon Energy: 6.247 MeV 

Element: 
Abundance: 83.789% 

                            Reaction: 
Secondary Gamma Photon Energy: 6.049 MeV 

Element: 
Abundance: 91.754% 

                                Reaction: 
Secondary Gamma Photon Energy: 6.353 MeV 

Element: 
Abundance: 69.17% 

                                                    Reaction: 
Secondary Gamma Photon Energy: 7.201 MeV 

Element: 
Abundance: 99.9098% 

                                                     Reaction: 
Secondary Gamma Photon Energy: 7.629 MeV 

Element: 
Abundance: 88.48% 

                                                     Reaction: 
Secondary Gamma Photon Energy: 4.716 MeV 

Element: 
Abundance: 27.13% 

                                 Reaction: 
                        Secondary Gamma Photon Energy: 3.788 MeV (Table continued below…) 

32
16 S

40
18 Ar

40
20Ca

48
22Ti

52
24Cr

56
26 Fe

63
29Cu

139
57 La

140
59Ce

142
60 Nd

2.51132 33 33
16 17 16( )sS p Cl Sγ β γ++ → + ⎯⎯⎯→ + +

40 41
18 19Ar p K γ+ → +

39 40
19 20K p Ca γ+ → +

39
19 K

0.59640 41 41
20 21 20( )sCa p Sc Caγ β γ++ → + ⎯⎯⎯→ + +

370000052 53 53
24 25 24( ) yCr p e Mn e Cr γ− −+ + → + ⎯⎯⎯⎯→ +

271.856 57 57
26 27 26( ) dFe p e Co e Fe γ− −+ + → + ⎯⎯⎯→ +

63 64
29 30Cu p Zn γ+ → +

139 140
57 58La p Ce γ+ → +

140 141
58 59 PrCe p γ+ → +

265142 143 143
60 61 60( ) dNd p e Pm e Nd γ− −+ + → + ⎯⎯⎯→ +

33748 49 49
22 23 22( ) dTi p e V e Ti γ− −+ + → + ⎯⎯⎯→ +
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Element: 
Abundance: 12.18% 

                                 Reaction: 
Secondary Gamma Photon Energy: 4.192 MeV 

Element: 
Abundance: 23.80% 

                                 Reaction: 
Secondary Gamma Photon Energy: 4.298 MeV 

Element: 
Abundance: 17.19% 

                                 Reaction: 
Secondary Gamma Photon Energy: 4.895 MeV 

Element: 
Abundance: 100% 

                                                    Reaction: 
Secondary Gamma Photon Energy: 6.916 MeV 

Element: 
Abundance: 33.6% 

                                 Reaction: 
Secondary Gamma Photon Energy: 4.394 MeV 

Element: 
Abundance: 22.95% 

                                 Reaction: 
Secondary Gamma Photon Energy: 4.798 MeV 

Element: 
Abundance: 26.8% 

                                                    Reaction: 
Secondary Gamma Photon Energy: 5.061 MeV 

Element: 
Abundance: 14.9% 

                                Reaction: 
Secondary Gamma Photon Energy: 5.879 MeV 

Element: 
Abundance: 14.3% 

                                Reaction: 
Secondary Gamma Photon Energy: 4.208 MeV 

Element: 
Abundance: 21.9% 

                                Reaction: 
Secondary Gamma Photon Energy: 4.403 MeV 

Element: 
Abundance: 16.12% 

                                Reaction: 
Secondary Gamma Photon Energy: 4.796 MeV 

 
(Table continued below…) 

159
65Tb

166
68 Er

143
60 Nd

144
60 Nd

167
68 Er

168
68 Er

170
68 Er

171
70Yb

172
70Yb

173
70Yb

360143 144 144
60 61 60( ) dNd p e Pm e Nd γ− −+ + → + ⎯⎯⎯→ +

17.7144 145 145
60 61 60( ) yNd p e Pm e Nd γ− −+ + → + ⎯⎯⎯→ +

146
60 Nd

2.6234146 147 147
60 61 60( ) dNd p e Pm e Nd γ− −+ + → + ⎯⎯⎯→ +

159 160
65 66Tb p Dy γ+ → +

9.24166 167 167
68 69 68( ) dEr p e Tm e Er γ− −+ + → + ⎯⎯⎯→ +

93.1167 168 168
68 69 68( ) dEr p e Tm e Er γ− −+ + → + ⎯⎯⎯→ +

168 169
68 69Er p Tm γ+ → +

1.92170 171 171
68 69 68( ) yEr p e Tm e Er γ− −+ + → + ⎯⎯⎯→ +

6.70171 172 172
70 71 70( ) dYb p e Lu e Yb γ− −+ + → + ⎯⎯⎯→ +

1.37172 173 173
70 71 70( ) yYb p e Lu e Yb γ− −+ + → + ⎯⎯⎯→ +

3.3173 174 174
70 71 70( ) yYb p e Lu e Yb γ− −+ + → + ⎯⎯⎯→ +
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Element: 
Abundance: 31.8% 

                                                     Reaction: 
Secondary Gamma Photon Energy: 4.998 MeV 

Element: 
Abundance: 12.7% 

                                 Reaction: 
Secondary Gamma Photon Energy: 5.673 MeV 

 
 

Several interesting features are apparent when looking at the information from 

Table 7.1. Most materials are found to emit secondary gamma radiation at high energies, 

even exceeding 11 MeV in the case of aluminum, which is used ubiquitously as a 

structural material for spacecraft. It should be highlighted that these powerful photons 

need not be generated deep within the shielding material, but are able to be produced near 

the surface as well. Almost all materials exhibit secondary radiation with energies in 

excess of 1 MeV. Interestingly, hydrogen and oxygen are very weak emitters of 

secondary radiation, leading water to be a good material choice for suppressing such 

radiation (also see Figure 7.2). The trend of light atomic weights often exhibiting less 

secondary radiation is also noted in [Jordan and Stassinopoulos 1989]. Several materials, 

in addition to emitting secondary gamma radiation, also emit beta radiation. Although 

this provides an extra component of dose, beta radiation is significantly easier to shield 

than gamma radiation. 

 

7.2. MISSE-7, Low-Earth Orbit Radiation Testing 
 

The present section examines rare-earth-doped aluminosilicate optical fibers that 

resided for approximately 18 months in low-Earth orbit as a part of the larger research 

174
70Yb

176
70Yb

174 175
70 71Yb p Lu γ+ → +

6.75176 177 177
70 71 70( ) dYb p e Lu e Yb γ− −+ + → + ⎯⎯⎯→ +
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effort denoted Materials International Space Station Experiment 7 (MISSE-7). The 

MISSE-7 is an experimental test bed designed to study the space-environment-related 

degradation of a wide variety of materials [Jenkins et al. 2008, Groh et al. 2008], and the 

materials of interest in this investigation were rare-earth-doped optical fibers. These rare-

earth-doped materials are of interest since they have a large potential for increasing the 

functionality of space-based systems (see also Chapter 3, Section 3.3). Space-based 

applications particularly benefit from the high reliability of these fibers which is afforded 

by their monolithic structure. Further beneficial factors for the space environment are the 

small size and weight of these materials, which may help alleviate the costs of delivering 

the materials into orbit. 

Optical spectra of both the space-irradiated fibers exposed aboard the MISSE-7 

and of a set of pristine fibers were collected in the laboratory to provide information 

regarding radiation-induced color center generation in the fibers. A comparison of the 

data to terrestrial 60Co tests of the same fiber types further enabled an interpretation of the 

validity of such ground-based testing. Overall, this investigation was aimed at both 

extending the scope of previous investigations into the behavior of rare-earth doped fibers 

under irradiation (see Chapter 5 as well as [Simmons-Potter et al. 2008, Fox et al. 2008, 

Fox et al. 2010, Fox et al. 2013]), and at providing novel data on the effects of a true 

space-radiation environment on the optical performance of these fibers. Information on 

the performance of these fibers in space, in conjunction with comparisons to terrestrial 

60Co-testing, is important for the design and testing of radiation-hardened optical-fiber-

based laser and amplifier systems. Also, these specialty fibers are, owing to their 

geometry and dopant combinations, possibly the most sensitive of optical components 
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[Bussjager et al. 2001], representing a worst-case estimate of the damage induced in 

optical materials in general. 

This section is divided into three parts, beginning with a description of the 

MISSE-7 mission (i.e. the deployment of the fiber samples in Low-Earth Orbit (LEO)) 

and descriptions of the spectroscopy conducted terrestrially. The results of the MISSE-7 

experiments are then described in the next section. An analysis of the experimental data 

is presented in the final part of this chapter. 

 

7.2.1. Experimental Specifics of MISSE-7 Radiation Testing 
 

The MISSE-7 test bed consists of two Passive Experimental Containers (PECs), 

which can be described as holders for a large number of materials, among these the rare-

earth-doped fibers that are the focus of the current investigation. The MISSE-7 

experiment was delivered to the International Space Station (ISS), situated in Low-Earth 

Orbit (LEO) at an altitude of just under 400 km, by the space shuttle Atlantis, mission 

STS-129, launched in November of 2009. Once the shuttle was docked at the ISS, the 

MISSE-7 PECs, stored in the cargo bay during flight, were removed from the orbiter and 

deployed atop the Express Logistics Carrier-2 (ELC2), a platform affixed to the S3 truss 

of the ISS. During installation, one of the two PECs, PECb, was positioned in the 

‘ram/wake’ position with respect to the space station’s orbit, and PECa, which included 

the rare-earth doped fiber samples, was situated at a 90º angle to PECb, in the 

‘zenith/nadir’ position (facing Earth/space). Figure 7.3 shows photographs of the fibers 

within PECa, taken in the laboratory prior to deployment and in LEO following 

deployment. The large arrows in the figures point to the rare-earth fiber samples. MISSE-
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7 was exposed to space radiation for 18 months (~8500 orbits of the space station), before 

returning to Earth aboard the space shuttle Endeavor during the STS-134 mission 

conducted in May 2011. 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
        (a)             (b) 

 
Figure 7.3. (a) MISSE-7 PECa on Earth, containing the rare-earth doped sample fibers 
(indicated by the large arrow; courtesy of the Naval Research Laboratory). (b) MISSE-7 
aboard the ELC-2 on the ISS with PECb on the left, oriented in the ”ram/wake” direction 
and PECa on the right containing the rare-earth doped fibers and oriented in the 
”zenith/nadir” (Earth/space) direction (credit: National Aeronautics and Space 
Administration, ISS021-E-031746). 
 

The sample suite aboard the MISSE-7 project PECa contained a total of six 

compositions from the two manufacturers Nufern and Liekki (currently nLight). The 

sample suite consisted of three Er3+-doped (Liekki Er16-8/125, Er30-4/125, Er80-4/125), 

two Yb3+-doped (Liekki Yb1200-30/250DC, Nufern LMA-YDF-15/130), and one 

Er3+/Yb3+ co-doped sample (Nufern MM-EYDF-12/130). For the Liekki fiber 

designations listed above, the ion is stated first, followed by the peak absorption in dB/m, 

given at a wavelength of 1530 nm for the Er3+-doped fibers and at a wavelength of 976 

nm, in the case of Yb3+-doped fibers. For the fiber designations of both Liekki as well as 
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Nufern, the last two numbers signify the core and cladding diameter in μm, respectively 

(see also Chapter 4, Section 4.2). Regarding the number of samples, a redundancy of six 

was chosen for each fiber type, yielding a total of 36 fibers sent into space. The fibers 

were divided into two groups of 18 fibers and each group was bundled and inserted into 

one of two Tefzel® tubes (an ETFE tube from DuPont™). The two tubes containing the 

samples were then sent to the Naval Research Laboratory (NRL) for integration into 

MISSE-7 and eventual deployment into space. 

An estimation of the total accumulated space radiation dose within the fibers 

during the MISSE-7 mission was made via a standard model (SHIELDOSE), as outlined 

in the ISS document “SSP 30512 Revision C” [Broeder et al. 1994]. The model allows 

for the estimation of a dose rate, and by extrapolation over 18 months, also of a total 

accumulated ionizing dose of a material behind a specified thickness of aluminum 

shielding. To apply the model, the Tefzel® tubing, which had a thickness of 

approximately 24 mils, was converted from ETFE to an equivalent aluminum thickness 

and then interpolation was applied to yield a dose rate. The process, with associated 

assumptions is outlined in [Broeder et al. 1994]. The model predicts a minimum total 

accumulated dose of approximately 2.4 krad (Si), with the doses possibly ranging up to 

approximately 12.6 krad (Si), consistent with values stated in prior publications 

[Caussanel et al. 2005]. 

After the fibers were returned to Earth, samples of the same compositions were 

examined spectroscopically using the lab-based experimental light transmittance 

configuration shown in Figure 7.4. As stated previously, test fibers were either pristine 

control fibers, that stayed on Earth and were not subjected to the space environment, or 



349 

fibers that resided in space as part of the MISSE-7 experiment and were examined in the 

laboratory upon their return to Earth. From the figure, light from a standard fiber-

coupled, broad-spectrum xenon arc lamp was collimated and focused onto a microscope 

objective that introduced light into the test fiber. The exiting light from the test fiber was 

guided directly into a spectrometer in order to maximize detected signal levels. Both a 

visible (Ocean Optics HR+C0073) and a near-infrared (Ocean Optics NIR-512) 

spectrometer were used in the data acquisition. In this case, the former was critical for 

identify ionizing-radiation-induced color-center formation, and the latter for predicting 

the impact of the radiation-induced color centers, or tails thereof, on the fiber-amplifier 

signal and pump wavelengths located in the near-infrared. 

 
Figure 7.4. Experimental transmittance spectroscopy setup. Broad-spectrum light from a 
xenon arc lamp was coupled into the core of a test fiber (either pristine control or space-
irradiated) and the output was subsequently analyzed by an appropriate grating 
spectrometer. Pale grey arrows represent the light propagation direction. 
 

A set-up identical to the one depicted in Figure 7.4 was also used to examine the 

effects of 60Co gamma radiation on the fibers under test in the present work [Fox et al. 

2010, Fox et al. 2013]. Such terrestrial tests are discussed in detail in [Fox et al. 2008, 
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Fox et al. 2010], and in Chapter 5 in the present document, and were conducted in order 

to simulate space radiation at an accelerated rate. Thus, some of the resultant data from 

the 60Co gamma radiation studies will be used for general comparative purposes within 

the scope of the present research. The particular tests used for comparison in this study 

were carried out at the Gamma Irradiation Facility (GIF) at Sandia National Laboratories 

in Albuquerque, NM, with unshielded fiber samples and dose rates ranging from 

approximately 27 rad(Si)/s to 33 rad(Si)/s. 

Three facets of the current research are worth pointing out: (1) The MISSE-7 

experiments were passive in nature, i.e. the samples were not configured to provide lasing 

or optical amplification during the space-exposure period, (2) although much of the space 

irradiation occurred at cold temperatures, all or most of the low temperature effects can 

be expected to remain undetected in this set of experiments, since the laboratory-based 

testing, for both the space-irradiated and for the 60Co-irradiated fibers, was conducted at 

room temperature, allowing these effects to anneal out of the fiber materials, and (3) 

while the effects of UV radiation on color-center generation in the fibers can be a concern 

for optical fibers [Uffelen et al. 2004], in the present experiments, space-based UV 

radiation is not a factor in induced damage mechanisms since both the Tefzel® tubing 

and the fiber jacketing material serve to absorb solar UV radiation, thus preventing it 

from propagating to the test fiber core materials. 

 

7.2.2. Results of MISSE-7 
 

Following the retrieval of the MISSE-7 PECs from the ISS, de-integration of the 

PECa test bed containing the rare-earth doped fibers, was performed at the NRL in 
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Washington, DC. Due to the possible fragility of the Tefzel® tubes and the fibers 

contained therein, these materials were removed from the test bed following the removal 

of all other materials, and were unfastened from the PEC tray with great care. The two 

Tefzel® tubes were found to be extremely brittle, such that, in order to exercise a high 

degree of caution, extraction of the fiber samples was performed by gently cutting the 

tubes away from the samples with a razor blade. After extraction, the samples were 

inspected and, in comparison with the tubing, a high retention of mechanical reliance and 

a great deal of mechanical fiber flexibility was observed. This finding was fortunate, if 

not entirely anticipated, as it enabled easy handling of the space-irradiated fibers in 

subsequent optical spectroscopic test procedures. It is notable that the Tefzel® tubes 

served as an adequate form of mechanical protection for the fibers from the space 

environment for the duration of their tenure in LEO. 

Transmission spectroscopy was performed on all of the fiber types, to elucidate 

radiation-induced processes in the sample materials. An example of nearly-raw 

spectroscopy data from an Er3+-doped fiber is shown in Figure 7.5. The only processing 

at this stage consists of normalization of the spectra to a given lamp emission line 

following the subtraction of the instrumentation noise floor, an integration-time-

dependent quantity determined by performing a set of dark calibration measurements. In 

the figure, the transmitted intensity of the MISSE-7 sample is shown in the dashed line, 

while the transmitted intensity of an un-deployed, pristine control fiber is shown in the 

solid line. Both pristine and space-irradiated fiber samples were 1 m long. Evident in the 

figures are the strong xenon lamp emission lines present, as well as the clear relative 
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decrease in optical transmittance exhibited by the space-irradiated fibers in portions of 

the visible and in the NIR spectra. 

 

 
 
 
 
 
 
 
 
 

 
 
               (a)       (b) 

Figure 7.5. Laboratory-based transmission data from a Liekki Er16-8/125 Er3+-doped 
fiber flown on MISSE-7 in the (a) visible and (b) near-infrared (NIR) portion of the 
spectrum. The peaks in the spectrum are xenon emission lines from the arc-lamp. Data in 
each case was normalized to lamp peaks in the long wavelength, absorption-free, end of 
the spectral window. The data were taken in the laboratory, under room temperature 
conditions. 
 

To achieve the most meaningful representation of data such as that of Figure 7.5, 

processing of the data was performed. To reveal the spectral shape of the radiation-

induced absorption, the logarithm of the ratio of the transmitted signal of the pristine 

control sample to that of the space-irradiated fiber for a given wavelength was taken, thus 

forming a measure of the increase or decrease in wavelength-dependent radiation-induced 

absorbance in the fibers. The spectral range plotted was limited in some cases, to avoid 

low signal levels that occurred towards the edges of the spectral range of the detectors, as 

well as large, fluctuating lamp peaks which could lead to large errors. Normalization of 

the NIR spectral data to a lamp peak located near 1600 nm was first performed. This 

peak, located in the spectral region exhibiting little or no radiation-induced absorption of 
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the sample, was found to exhibit enough signal strength to produce consistent, 

reproducible data to enable this normalization. The maximum amount of error that might 

be introduced in the analysis due to residual induced absorbance near 1600 nm is on the 

order of 1 – 2%. This figure is included in the error analysis given below. Subsequent 

normalization of the visible spectral data to the NIR window was then performed by 

making use of the spectral overlap between the windows in the region of 900 nm to 1000 

nm, thus enabling normalization of this spectral region to the long-wavelength NIR peak. 

It should be mentioned that the same data processing was implemented to analyze the 

terrestrial 60Co data from previous accelerated-radiation tests intended to simulate space-

radiation-environments [Fox et al. 2008, Fox et al. 2010]. While differences in the 

ionizing-radiation dose received by the 60Co- and space-irradiated samples preclude a 

quantitative comparison between the two environments, spectral similarities can 

nevertheless be identified, providing valuable information about ionizing-radiation-

induced behavior in these materials. 

An analysis of all of the data obtained from the suite of MISSE-7 samples enables 

an estimation of error inherent in the data. The analysis reveals strong, repeatable, 

consistency in the shape of the radiation-induced absorbance (i.e.: induced absorbance 

peak locations and relative peak strengths) exhibited by the different materials types, with 

variations representative of typical signal noise values of up to a few percent. However, 

analysis of sample-to-sample variation in the absolute induced-absorbance magnitudes 

measured indicates variances ranging from ±5% to ±15% across the data. For this reason, 

this chapter will focus on the spectral shapes of the induced absorbance in the fiber 
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samples and will not attempt to reach conclusions about absolute magnitudes of induced 

loss in the samples studied. 

The ionizing-radiation-induced absorbance observed in representative space-

deployed fibers of differing composition is shown below in Figure 7.6, Figure 7.8 and 

Figure 7.10. Figure 7.6 (a) and Figure 7.6 (b) depict the radiation-induced absorbance 

seen in erbium-doped Liekki Er16-8/125 fibers. The visible spectrum, shown in Figure 

7.6 (a), reveals a slight asymmetry of the radiation-induced absorbance curve that extends 

from 400 nm to wavelengths in excess of 900 nm, peaking at wavelengths between 700 – 

800 nm. The breadth of the peak as well as its asymmetry is evidence of the existence of 

multiple color centers associated with the space-radiation-induced loss experienced by 

this type of fiber. Figure 7.6 (b) shows the radiation-induced absorbance of the fibers in 

the near-infrared (NIR) portion of the spectrum. The decay of the curve with increasing 

wavelength is the most prominent feature of this data and is consistent in shape with 

visible-wavelength color-center band-tailing effects, the fundamental sources of which 

will be discussed in more depth in the discussion section below. 

 
 
 
 
 
 
 
 
 
 
 
 

(a)      (b) 
Figure 7.6. Space-radiation-induced absorbance of a Liekki Er16-8/125 Er3+-doped fiber 
in the (a) visible and (b) NIR portion of the spectrum. Data were taken in the laboratory 
once the fibers were returned to Earth, under room-temperature conditions. 
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For comparison of the visible data, Figure 7.7 (a) depicts the induced absorbance 

of a representative Liekki Er16-4/125 Er3+-doped fiber in the visible part of the spectrum, 

in response to18.3 krad (Si) of terrestrial 60Co radiation. Focusing on the wavelengths 

from 800 nm to 1000 nm, it can be seen that the general shape resembles the space-

radiation-induced absorbance of Figure 7.6 (a) with some distinct differences. 

Specifically, the peak of the induced absorbance in the terrestrially-irradiated fiber is 

shifted to shorter wavelengths (below 700 nm) as compared to the space-irradiated fibers, 

which showed an absorbance maximum in the 700 – 800 nm range. Notably, the 

absorption spectrum shown below in Figure 7.7 (a) reveals two distinct absorption 

features, one broad, high-induced-absorption region centered at relatively short 

wavelengths (below 700 nm), and one broad, low-absorption region centered at longer 

wavelengths of approximately 800 nm and extending into the NIR. 

 
 
 
 
 
 
 
 
 
 
 
 

 
           (a)               (b) 

Figure 7.7. 60Co-radiation-induced absorbance of a Liekki Er16-8/125 Er3+-doped fiber to 
a total dose of approximately 18.3 krad (Si) at a dose rate of approximately 30 rad(Si)/s 
in the (a) visible and (b) NIR portion of the spectrum. Data were taken in the laboratory, 
under room-temperature conditions. 
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For many fiber amplifier applications, the spectral region of most interest is the 

NIR, making a comparison between terrestrial simulations and the space environment in 

this wavelength region particularly relevant for design purposes. Figure 7.7 (b) shows 

60Co-radiation-induced absorbance in the NIR, where a high degree of correlation is 

observed between this figure and the space-radiation-induced absorbance shown in 

Figure 7.6 (b). The 60Co-induced losses show a similar monotonic decrease of induced 

absorbance, consistent with color-center band-tailing from the visible portion of the 

spectrum. But, while 60Co-chamber data are seen to adequately simulate space radiation 

effects in the NIR portion of the spectrum from the standpoint of radiation-induced 

wavelength-features, it should be noted that an exact correspondence is not seen between 

the two domains. For instance, the 60Co-induced absorption tails are more pronounced in 

the wavelength region from 1000 nm to 1100 nm than they are in the space-radiation-

induced absorbance data. While the terrestrial 60Co-data was collected under different 

experimental conditions than the space-irradiation data, precluding a direct comparison of 

magnitudes of radiation-induced absorbance between the data sets, it is interesting to note 

that a correspondence between the data can be seen with the 60Co-irradiated fibers 

exhibiting absorbance values that are within a factor of 2 of the space-irradiated fiber for 

the data shown (despite differences in total accumulated radiation dose). 

The space-radiation-induced absorbance spectra for a representative Yb3+-doped 

Liekki Yb1200-30/250DC fiber are shown in Figure 7.8. An examination of the visible 

spectrum of Figure 7.8 (a) reveals some key features. Specifically, the central portion of 

the visible spectrum absorbance for this fiber type is characterized by a broad color-

center absorption feature that extends into the NIR. The central absorption feature of the 



357 

Yb-ion doped fiber, peaking at approximately 600 nm, also displays a greater degree of 

symmetry in comparison to the Er-ion doped fiber of Figure 7.6 (a). 

Figure 7.8 (b) shows the space-radiation-induced absorbance of the Liekki 

Yb1200-30/250DC Yb3+-doped fiber in the NIR region of the spectrum. A clear 

monotonically decreasing trend can be seen, consistent with color center generation in the 

visible portion of the spectrum. The large space-radiation-induced absorbance exhibited 

in these fibers at shorter NIR wavelengths that correspond to both pump and lasing 

transitions, as seen in Figure 7.8 (b), suggests possible difficulties for the pump and 

lasing wavelength of the Yb-ion doped fiber, which are 915 – 976 nm and 1.030 – 1.100 

μm, respectively. 

 
 
 
 
 
 
 
 
 
 
 

 
          (a)                (b) 

Figure 7.8. Space-radiation-induced absorbance of a Liekki Yb1200-30/250DC Yb3+-
doped fiber in the (a) visible and (b) NIR portion of the spectrum. Data were taken in the 
laboratory once the fibers were returned to Earth, under room temperature conditions. 
 

Focusing on the NIR wavelength trend of the irradiated doped fibers, the region of 

most interest from the standpoint of device operation, a further comparison can be made 

between terrestrially-irradiated and space-irradiated fibers. From Figure 7.9, depicting 

data from an approximately 40.0 krad (Si) total dose 60Co-based experiment, it is evident 
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that there are again some differences in the trends exhibited by the two irradiation 

procedures. The terrestrial experiment shows a rapid decrease in the induced absorbance 

between 1100 nm and 1200 nm, while the space-irradiated fiber’s induced absorbance 

curve appears to decrease more slowly within this region. Nevertheless, the overall 

decreasing trend in radiation-induced absorbance in the NIR region of the spectrum for 

space-irradiated fibers is replicated in the terrestrially-irradiated fibers. Thus, associated 

predictions concerning which operating wavelengths of the fiber are most beneficial in 

reducing radiation-related degradation appear to be correctly predicted by either 

irradiation technique. Again, it is seen that the 60Co-irradiated fibers exhibit absorbance 

values that are within a factor of 2 of the space-irradiated fiber for the data shown despite 

differences in total accumulated radiation dose. 

 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.9. 60Co-radiation-induced absorbance of a Liekki Yb1200-30/250DC Yb3+-
doped fiber to a total dose of approximately 40.0 krad (Si) at a dose rate of approximately 
33 rad(Si)/s in the NIR portion of the spectrum. Data were taken in the laboratory, under 
room temperature conditions. 
 

Depicted in Figure 7.10 is the space-radiation-induced absorbance of a 

representative Er3+/Yb3+ co-doped Nufern MM-EYDF-12/130 fiber. Figure 7.10 (a) 
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shows the induced absorbance in the visible part of the spectrum, which is not only less 

pronounced than in either of the singly Er3+- or Yb3+-doped fiber samples, but also clearly 

peaks in the visible at wavelengths near, or shorter than, 500 nm, in contrast with the 

previous fiber compositions. 

 
 
 
 
 
 
 
 
 
 
 
 

 
                     (a)                 (b) 

Figure 7.10. Space-radiation-induced absorbance of a Nufern MM-EYDF-12/130 
Er3+/Yb3+ co-doped fiber in the (a) visible and (b) NIR portion of the spectrum. Data 
were taken in the laboratory once the fibers were returned to Earth, under room 
temperature conditions. 
 

Figure 7.10 (b) shows the space-radiation-induced absorbance of the Er3+/Yb3+ 

co-doped Nufern MM-EYDF-12/130 fibers in the NIR portion of the spectrum. A general 

decrease in absorbance is observed, largely resembling that of the singly Er3+- and Yb3+-

doped fiber compositions. Notably, the phosphorous-related P1 trapped hole center, an 

infrared absorption band generally peaking at 1600 nm and often found in gamma-

irradiated Er3+/Yb3+ co-doped fibers which often contain phosphorous doping [Ahrens et 

al. 2001], is not evident in Figure 7.10 (b), indicating that this defect was not strongly 

induced in these materials through radiation exposure. A comparison between this plot 

and the curve of Figure 7.11, which shows the NIR absorbance of a co-doped fiber 
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exposed to 62.3 krad (Si) total dose 60Co radiation, reveals large similarities in the overall 

trend of the figures. In both cases, a decreasing radiation-induced-absorbance with 

increasing wavelength is observed, similar to the Er3+- and Yb3+-doped fiber types. A 

further comparison of the data shows more significant differences between the induced 

absorbance for 60Co-irradiated fibers and space-irradiated fibers, with the former 

exhibiting nearly 4 times the absorbance of the latter. This difference is not surprising 

given that the terrestrial irradiation dose was 5x – 25x that of the space irradiation dose. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.11. 60Co-radiation-induced absorbance of a Nufern MM-EYDF-12/130 
Er3+/Yb3+ co-doped fiber to a total dose of approximately 62.3 krad (Si) at a dose rate of 
approximately 27 rad(Si)/s in the NIR portion of the spectrum. Data were taken in 
laboratory, under room temperature conditions. 
 
 

7.2.3. Discussion of MISSE-7 Results 
 

In order to develop a more complete understanding of the possible sources of loss 

in these fibers, it is necessary to examine their composition. The fundamental constituents 

of the fibers are known and, thus, possible color centers responsible for the observed 

absorption can be assessed based on indicators from the data. In the case of the Er16-
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8/125 fiber depicted in Figure 7.6 and Figure 7.7, the glass is an aluminosilicate doped 

with Er-ions, where the aluminum content is responsible for increasing solid solubility of 

the ions and for preventing their clustering [Lezius et al. 2012]. Thus, aluminum co-

doping allows for a higher concentration of the optically-active Er3+-species, reducing the 

length necessary for amplification in the fiber and, thereby, minimizing non-linear effects 

that can be detrimental to many high-power applications [Nilsson et al. 2003]. Processing 

techniques can also allow for the presence of hydroxyl groups within the fiber material 

(the introduction, presence, and reduction of which is dependent on processing conditions 

[Kirchhof et al. 2005]), and their complete removal is only generally possible with the 

introduction of other unwanted impurities, such as chlorine [Morita and Kawakami 

1989]. Another dependent atomic structure commonly present in silicate-based fiber 

materials is the Non-Bridging Oxygen Hole Center (NBOHC), which is a deviation from 

the silicon-bridging oxygen atoms (≡Si-O-Si≡, where the “≡” stands for three separate 

bonds from the silicon atoms to the oxygen atoms in the structure). The NBOHC occurs 

in the form of ≡Si-O•, where the oxygen contains one free electron, represented by the 

“•”, that captures a hole (possibly associated with alkali impurities), leading to absorption 

peaks around 460 nm and 620 nm [Griscom 2011, Morita and Kawakami 1989, Friebele 

1991, Schreurs 1967, Dragic et al. 2008, Girard et al. 2009, Friebele et al. 1985] (see also 

Chapter 3, Table 3.2). 

The space-radiation-induced absorbance curve for the Er3+-doped fiber of Figure 

7.6 (a) is broad and peaks between 700 nm and 800 nm, a phenomenon largely 

responsible for the asymmetry observed in the radiation-induced absorption. The origin 

of this induced absorption may be explained by possible overtones of hydroxyl groups 
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(OH) in this region [Friebele et al. 1985, Keck et al. 1973]. Although the initial 

prevalence of these groups is not known, the spectroscopic data suggest their generation 

under space irradiation, which may be the result of a reaction between hydrogen and 

NBOHCs (≡Si-O•). Sources for the hydrogen are numerous as it may be contained as an 

impurity within the fiber structure and promoted by radiation-induced scission of H-

related bonds, such as radiolysis of a hydrogen-molecule impurity or cleavage of 

hydrogen species from coating materials surrounding the fiber [Morita and Kawakami 

1989]. Regarding NBOHCs, it must be noted that radiation is also able to create the 

precursors of these centers [Griscom 2011], by the scissioning of bonds, including those 

to hydrogen atoms. Thus, ionizing radiation is capable of influencing hydroxyl as well as 

NBOHC-related absorption, both relatable to hydrogen and both representing possible 

sources of the absorbing centers observed in Figure 7.6 (a). 

Within the central portion of the curve in Figure 7.6 (a), the aluminum A1 center 

may explain the induced absorbance observed in this region. The aluminum A1 center 

(which can be related to an aluminum-atom replacing a silicon atom with a nearby hole 

on one or more oxygen atoms, and possible charge-compensating alkali species or 

proton) generally peaks in the vicinity of 650 nm [Cohen and Makar 1982, Nassau and 

Prescott 1975, Halperin and Ralph 1963]. Because aluminum is present in the fiber 

structure (approximately 3 mol % in these fibers), and the presence of this dopant has 

been linked to material behavior in response to ionizing radiation in previous studies 

[Lezius et al. 2012, Girard et al. 2007a, Nassau and Prescott 1975, Halperin and Ralph 

1963, Arai et al. 2009], aluminum-related centers such as the A1 center remain strong 

causal possibilities. 
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The decrease in space-radiation-induced absorbance with increasing wavelength, 

depicted in the NIR in Figure 7.6 (b), is also consistent with the formation of visible-

wavelength color center peaks. The data reveals that the space-radiation-induced 

absorbance is more significant at shorter wavelengths than at longer wavelengths within 

this portion of the spectrum, which is consistent with an interpretation that identifies the 

induced absorption in the NIR with band-tails from color center generation in the visible 

portion of the spectrum. Some noise is evident at the wavelengths around 1530 nm, 

which stems from low signal levels due to strong erbium-ion absorption in this region. 

Similar noise, associated with hydroxyl absorption, is observed at approximately 1400 

nm, preventing an assessment of the possible amount of radiation-induced production of 

hydroxyl groups, as noted above. The relatively monotonic decrease of induced 

absorbance is important for the design of fiber amplifiers based on the erbium-ion, and it 

strongly highlights the benefits of pumping at longer wavelengths (e.g. pumping Er3+-

doped fiber at 1450 nm instead of 980 nm) from the standpoint of avoiding space-

radiation-induced absorption. 

A comparison of this data with that of Figure 7.7 taken from 60Co-irradiated 

fibers, shows two distinct visible/NIR absorption features, one large induced-absorption 

region centered at wavelengths shorter than 700 nm, and a small peak centered at longer 

wavelengths of approximately 800 nm. The location of the former absorption region is 

consistent with the location of aluminum-related centers [Hosono and Kawazoe 1994, 

Arai et al. 2009, Halperin and Ralph 1963] such as the A2 center (a center closely related 

to the A1 center [Marshall et al. 1997]). Differences between the spectra in Figure 7.6 (a) 

and Figure 7.7 (a), the visible regions of the space- and terrestrially-irradiated fibers 
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respectively, may be attributable to the increased exposure dose of the 60Co-irradiated 

fibers, or to the combined effects of the space environment that are not simulated by the 

simple gamma-radiation laboratory test. This result has important implications for 

gathering data for amplifier system designs, since it indicates a limitation of terrestrial 

testing at shorter wavelengths when compared to the space-radiation environment. 

Comparing the NIR regions for space- and terrestrially-irradiated fibers, Figure 7.6 (b) 

and Figure 7.7 (b) show a high degree of similarity, indicating a good predictability of the 

radiation-induced absorption shape in this region of the spectrum. 

In addition to Er3+-doped compositions, Yb3+-doped compositions such as the 

Liekki Yb1200-30/250DC fibers were investigated. These compositions, just as their 

Er3+-doped counterparts, also were aluminosilicates, the aluminum content 

(approximately 1 mol % in these fibers, see Chapter 4, Table 4.2) again bearing 

responsibility for rare-earth dopant ion-cluster prevention [Lezius et al. 2012]. An 

examination of Figure 7.8 (a) shows a center of absorption at approximately 600 nm. The 

absorption seen within this wavelength region is consistent with aluminum-related 

centers such as the A1 and A2 centers, which can be expected to be present in the 

aluminosilicate, as noted in the discussion of the Er3+-doped fibers above. The greater 

symmetry seen in this Yb3+-doped fiber in comparison to the Er3+-doped fiber of Figure 

7.6 (a), as well as the associated lower induced absorbance of wavelengths longer than 

about 800 nm, is a possible indicator for an absorption center type either not present or of 

reduced significance within the Er3+-doped fibers. Examining the space-radiation-induced 

absorbance within the Yb3+-doped fiber in the NIR part of the spectrum, shown in Figure 

7.9 (b), a clear monotonically decreasing trend of the absorbance is evident, consistent 
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with the formation of color centers in the visible portion of the spectrum. Comparing this 

observed absorption with data obtained from irradiation experiments using a terrestrial 

60Co source, a high degree of similarity is observed in terms of the aforementioned trend, 

although the shape of the induced absorption is not matched precisely. 

When considering the MM-EYDF-12/130 Er3+/Yb3+ co-doped fibers, it is 

important to note that these fibers have less aluminum in their composition than their 

singly-doped counterparts. The co-doped fibers studied have less than 1.0 mol % Al2O3 

as compared to 1 – 5 mol % Al2O3 in the Yb3+-doped fibers and approximately 3 – 6 mol 

% Al2O3 in the Er3+-doped fibers over the compositional range studied, according to the 

manufacturer (see Chapter 4, Table 4.2). The reduced presence of aluminum-related 

centers, such as the aluminum A2 and A3 centers, which can peak at wavelengths in the 

visible around 500 nm [Cohen and Makar 1982, Nassau and Prescot 1975, Arai et al. 

2009, Hosono and Kawazoe 1994], would be expected to produce a smaller radiation-

induced absorption effects in these fibers as a result. This is entirely consistent with the 

observation of a significant reduction in the visible-spectrum, radiation-induced optical 

absorbance seen in Figure 7.10. In the NIR portion of the spectrum, the decrease of 

radiation-induced absorbance, for both the space as well as the terrestrial 60Co 

irradiations (Figure 7.10 (b) and Figure 7.11), is consistent with band-tailing from color 

centers within the visible portion of the spectrum, as with the previous fiber types. 

Furthermore, a clear absence of the phosphorous-related P1 trapped hole center, an 

infrared absorption band generally peaking at 1600 nm and often found in Er3+/Yb3+ co-

doped fiber following gamma-irradiation [Ahrens et al. 2001], is noteworthy for both 

types of irradiation. 
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Pursuant to the goal of identifying the origin of the observed radiation-induced 

absorption in the fiber sample suite, curve fitting was performed on the space-radiation-

induced absorption spectra over the visible portions of the spectra for all three fiber types. 

This fitting was conducted as follows: After preliminary smoothing of the raw data and 

re-plotting of data with respect to energy, a second-derivative test was performed, and 

stable minima were identified. The locations of these minima were noted, and then a 

minimum number of Gaussian curves (representative of the inhomogeneously-broadened 

color-center absorption bands) were modeled at these locations in an attempt to reproduce 

the data. The selection of the peak positions in energy space was guided both by the 

locations of the minima of the second derivative and by known color center 

identifications in the literature. Initial peak heights and locations were also varied to 

assure convergence of the peaks under peak-fitting algorithms. The fundamental intention 

behind the fitting is to assess whether the peak positions identified are able to represent 

the data meaningfully, thereby forming a hypothesis as to the origin of the space-

radiation-induced absorption. 

For the Er3+-doped fiber sample, the fitting of the spectral shape of the absorbance 

is shown in Figure 7.12, with peak values and possible identifications listed in Table 7.2, 

while the fittings of Yb3+- and Er3+/Yb3+-doped fiber samples are shown in Figures 7.13 

(a) and (b), respectively, with their peak values and identifications in Table 7.3. Three 

absorption peaks correspond to the wavelength regions of the A1, A2, and A3 aluminum-

related centers located approximately at 690, 560, and 400 nm, respectively. These 

assignments correspond closely with reports elsewhere [Hosono and Kawazoe 1994] and 

confirm the impact of aluminum on the radiation-induced absorption in these fibers. 
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Centers in these regions are apparent for all three fiber types. In some cases, other 

silicon-based color centers could be responsible for radiation-induced absorption in the 

fibers, e.g. a further NBOHC absorption peak may bear responsibility for absorption in 

the 2.0 eV (620 nm) region [Dragic et al. 2008, Girard et al. 2009], but in all cases, 

inclusion of the aluminum-related centers was necessary in order to effectively reproduce 

the data. It is also noteworthy that evidence for the phosphorous dopant was absent in the 

singly-doped optical fibers tested. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.12. Gaussian reproduction of space-radiation-induced absorbance of a Liekki 
Er16-8/125 Er3+-doped fiber in the visible portion of the spectrum. The solid line 
represents the data, while the small dashed line shows the fit. Gaussian curves are 
indicated below the data in large dashed lines and approximate peak energy positions can 
be found in Table 7.2. 
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Table 7.2. Gaussian Fit for Space-Radiation-Induced Absorbance of Liekki Er16-8/125 
Fiber Sample (Figure 7.12). 
Additional information on color centers can be found in see Chapter 3, Table 3.2. 

Peak Energy Identification of Absorption Cause 
1.5 eV, 830 nm OH overtones 

[Friebele et al. 1985, Keck et al. 1972] 
1.8 eV, 690 nm A1 center 

[Cohen and Makar 1982, Nassau and Prescott 1975, 
Halperin and Ralph 1963] 

2.2 eV, 560 nm A2 center / Al-OHC 
[Nassau and Prescott 1975, Arai et al. 2009, Hosono and 

Kawazoe 1994, Marshall et al. 1997] 
2.7 eV, 460 nm NBOHC1 

[Friebele 1991 Schreurs 1967] 
3.1 eV, 400 nm A3 center / Al-OHC 

[Nassau and Prescott 1975, Arai et al. 2009, Hosono and 
Kawazoe 1994, Levy 1961] 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 (a)       (b) 

 
Figure 7.13. Gaussian reproductions of space-radiation-induced absorbance in the visible 
portion of the spectrum of a (a) Liekki Yb1200-30/250DC Yb3+-doped fiber sample and a 
(b) Nufern MM-EYDF-12/130 Er3+/Yb3+ co-doped fiber sample. The thick solid lines 
indicate the data, while the thin small dashed lines show the fits. Gaussian curves are 
indicated below the data in large dashed lines and peak energy positions can be found in 
Table 7.3. 
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Table 7.3. Gaussian Fit for Space-Radiation-Induced Absorbance of Liekki Yb1200-
30/250DC Fiber Sample (Figure 7.13 (a)) and Co-Doped Nufern MM-EYDF-12/130 
Fiber Sample (Figure 7.13 (b)). 
Additional information on color centers can be found in see Chapter 3, Table 3.2. 

Peak Energy Identification of Absorption Cause 
1.8 eV, 690 nm A1 center 

[Cohen and Makar 1982, Nassau and Prescott 1975, 
Halperin and Ralph 1963] 

2.3–2.5 eV, 500–540 nm A2 center / Al-OHC 
[Nassau and Prescott 1975, Arai et al. 2009, Hosono and 

Kawazoe 1994] 
2.7 eV, 460 nm NBOHC1 

[Friebele 1991 Schreurs 1967] 
3.1–3.2 eV, 390–400 nm A3 center / Al-OHC 

[Nassau and Prescott 1975, Arai et al. 2009, Hosono and 
Kawazoe 1994, Levy 1961] 

 
 

Evident from the curve fitting is also a center around 2.7 eV (460 nm). It is found 

among all three samples, and is tentatively attributed to a NBOHC (HC1 center) [Friebele 

1991, Schreurs 1967], an electron trapped on a non-bonding orbital of a non-bridging 

oxygen (≡SiO•) formed from precursors and possibly impurities intrinsic to the silicate 

material rather than through intentional dopants. This center is seen to have a relatively 

minor effect on the absorption of the Er3+- and Yb3+-doped fiber samples, but is dominant 

in the case of the co-doped fiber, where it is seen to make a more significant contribution 

to absorption than either the A2 or A3 peaks. Compositional data from the fiber 

manufacturers confirms that the co-doped samples contained the lowest concentration of 

aluminum, supporting the interpretation of the absorption data as indicating that centers 

not associated with aluminum are more pronounced relative to aluminum-related centers 

in these fibers. 

At low energies, below approximately 1.5 eV (830 nm), the Er3+-doped fiber 

samples show additional absorption not seen in the other samples. A further peak was 
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placed in the low energy region (long wavelength region) for this fiber composition to 

reproduce the data accurately. A tentative assignment of this peak to OH absorption 

[Friebele et al. 1985, Keck et al. 1972] or possibly a further aluminum-related band 

[Nunes and Lameiras 2005], may be speculated. 

Clear in the peak fitting, then, is the observation that the A1, A2, and A3 centers 

dominate the spectrum of the Er3+-doped and Yb3+-doped fibers while the NBOHC plays 

a much less significant role in these compositions. By contrast, in the co-doped fibers, the 

impact of the NBOHC is seen much more clearly due to the overall reduction in the Al-

related center contribution. Given the reduction in the concentration of aluminum in this 

composition, such a finding should be expected. 

It is important to bear in mind that active operation of the fibers as amplifiers in 

ionizing-radiation environments will involve optical transitions at higher photon energies 

(in the long wavelength visible or short wavelength NIR), due to the high-energy needed 

for optical pumping, which may be impacted by multi-photon processes. Since the 

present examination of the rare-earth-doped optical fibers was passive in nature, any 

combined effects from pump radiation and ionizing-radiation in space were not observed. 

An assessment of the effects of active pumping on the ionizing-radiation effects 

experienced by the fiber devices is not presently possible and necessitates further 

experimentation using actively-pumped fibers in a radiation environment. 
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Chapter 8: Conclusions 
 
  

The results of the present body of research are discussed in this chapter. The first 

part of the chapter summarizes and reviews the results obtained from the individual 

experiments. Following these summaries, the results from the individual experiments are 

coalesced into a more general picture describing the effect of ionizing radiation on the 

rare-earth-doped optical fiber amplifier materials, reflecting the primary goal of the 

study. Lastly, the results are discussed within the framework of radiation effects 

engineering of rare-earth-based optical fiber systems. Areas in which future investigation 

is particularly importance are also identified. 

 

8.1. Review and Summary of Individual Experimental Results 
 

The present section summarizes and reviews results from individual experiments 

of the current body of research. Initially, in-situ 60Co irradiation results are discussed 

(Chapter 5, Section 5.1), followed by results obtained from irradiated optical fiber 

preform absorption spectroscopy (Chapter 5, Section 5.2). Results from 

photoluminescence data from these same preforms are then reviewed (Chapter 5, Section 

5.3). Finally, results from the 60Co irradiation from actively pumped Yb3+-doped 

amplifiers are presented (Chapter 6), followed by results from the rare-earth doped fibers 

exposed to ionizing radiation in Low-Earth Orbit (LEO, Chapter 7). The central pieces of 

evidence from the individual sections will be discussed collectively in Section 8.2. 
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8.1.1. Results of In-Situ 60Co Irradiation Experiments 
 

A significant portion of the current research was carried out in the form of in-situ 

60Co irradiations of rare-earth-doped optical fibers (Chapter 5, Section 5.1). Much data 

from a large suite of fibers (mainly Er3+- and Yb3+-doped fibers and fiber co-doped with 

both of these constituents) was obtained in the form of near-infrared (NIR) spectra, and 

several common characteristics were identified. In all cases a monotonic increase of 

absorption was found across the measured spectrum (approximately 1000 nm to 1650 

nm) with increasing total accumulated ionizing radiation doses. The induced absorption 

in the rare-earth-doped fibers was observed to be significantly larger than in regular 

optical fibers not doped with these constituents. The increase in absorption (in 

appropriate logarithmic units) was observed to be approximately linear with increasing 

dose (up to at least 100 krad (Si)) at the dose-rates tested. In only some of the co-doped 

fibers did the increase of induced absorption become sub-linear at larger total 

accumulated ionizing doses. This is possibly due to saturation of color centers, leading to 

additional ionizing radiation doses not contributing to the absorption or not contributing 

to the absorption in the measured spectral region. For the singly Er3+- and Yb3+-doped 

fibers, a spectral trend was observed in which longer wavelengths in the NIR were found 

to exhibit less ionizing-radiation-induced photodarkening in comparison with shorter 

wavelengths in the NIR. This absorption shape is interpreted as the formation of color 

centers in the visible portion of the spectrum with band-tails protruding into the NIR. In 

the Er3+/Yb3+ co-doped fibers, a wavelength dependence in which more absorption was 

incurred at longer wavelengths (the maximum seemingly centering about 1600 nm) was 

observed at wavelengths longer than about 1100 nm (near the visible portion of the 
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spectrum, wavelengths exhibited the decrease of induced absorption with longer 

wavelengths, as in the singly rare-earth-doped fibers). An interpretation in which the 

constituent phosphorous is responsible for this absorption (forming the P1 center with a 

peak wavelength of approximately 1600 nm [Ahrens et al. 2001]) is reasonable, as this 

constituent is often used in combination with Er3+/Yb3+ co-doped fibers to improve lasing 

characteristics. 

Complete absorption of the reference signal (within instrumentation limits) was 

found at total accumulated ionizing radiation doses ranging from 80 – 120 krad (Si) for 

Er3+-doped fibers, around 160 krad (Si) for Yb3+-doped fibers, and at approximately 270 

krad (Si) or higher for Er3+/Yb3+ co-doped fibers. The losses measured were, in all cases, 

found to be permanent. Overall, when comparing the ionizing-radiation-induced 

absorption using the metric of specific loss designated with ‘ΛL’ in units of 

dB/(m·krad(Si)) (discussed in more detail in Chapter 4, Section 4.3.2.1.2) averaged from 

1300 nm to 1400 nm, the Er3+-doped fibers shows the largest sensitivity to ionizing 

radiation (0.145 dB/(m·krad(Si)) over the fibers and ionizing dose rates tested. The Yb3+-

doped fibers show a comparatively greater radiation hardness (0.0796 dB/(m·krad(Si)) 

and the Er3+/Yb3+ co-doped fibers show the greatest radiation hardness (0.0536 

dB/(m·krad(Si)). The overall specific losses found within this study ranged from 0.0285 

dB/(m·krad(Si)) (an Er3+/Yb3+ co-doped fiber) to 0.193 dB/(m·krad(Si)) (an Er3+-doped 

fiber). Differences in core size indicated a correlation in the form of larger core size 

experiencing less ionizing-radiation-induced photodarkening in the Yb3+-doped fibers. A 

possible interpretation of this correspondence may be that the increased number of defect 

states located at the core/cladding interface [Tomashuk and Zabezhailov 2011] and at the 
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center of the core greatly contribute to photodarkening in the smaller core fibers. No 

simple trend was observed between ionizing-radiation-induced absorption and the rare-

earth-doping concentrations, although, in the case of the Er3+-doped fibers, higher 

concentrations of the rare-earth dopant did, in general, correspond to greater losses. 

While there is uncertainty as to the presence and possible role of aluminum in the co-

doped fibers, the Yb3+-doped fibers generally had lower aluminum doping than the Er3+-

doped fibers, indicating that aluminum likely plays a role in increasing the sensitivity to 

ionizing-radiation-induced photodarkening. 

A small but consistent dose rate behavior was observed among the Er3+- and 

Yb3+-doped fibers in which higher dose rates lead to more ionizing-radiation-induced 

photodarkening than lower dose rates (per unit of radiation dose as determined by the 

average specific loss parameter ‘ΛL’). This dose rate behavior could have several causes, 

including a lack of recombination centers at high dose rates, precluding a decrease of 

carrier trapping that could lead to ELDRS/SHDRS (see Chapter 3, Section 3.5.1.3, or 

Chapter 5, Section 5.1.7). Differing dose rates are also not found to greatly affect the 

shape of the absorption in terms of wavelength, indicating that the color centers formed at 

higher dose rates are similar or identical to those formed at lower dose rates. This effect 

follows from the observed linearity of absorbance with increasing total accumulated dose 

at differing dose rates noted above. 
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8.1.2. Results of 60Co-Irradiated Rare-Earth-Doped Optical Fiber Preform 
Spectroscopy 

 

Experimental results obtained from 60Co-irradiated optical preforms of rare-earth-

doped compositions reveal evidence for color center generation. Specifically increasing 

ionizing radiation doses were found to lead to increasing absorption in the preform cores, 

consistent with an increasing (non-saturating) formation of absorption centers. Ionizing-

radiation-induced absorption was found to be significantly higher in the preform cores 

than in the corresponding cladding layers (Appendix C). Absorption was seen to be 

strong in the UV and visible portion of the spectrum and to tail into the NIR portion of 

the spectrum, consistent with the trapping of carriers generated by ionizing radiation 

(color center formation). Spectroscopy conducted on the preform cores of both rare-earth 

ion types indicated that the presence of aluminum in the cores, used to increase the solid 

solubility of the rare-earth ions, was a significant contributor to the radiation sensitivity. 

Evidence for both aluminum-E’ centers (Al-E’, an electron trapped in an orbital of an 

aluminum atom bonded to three oxygen atoms) and aluminum-oxygen-hole-type centers 

(Al-OHC, a hole trapped on an oxygen bonded to an aluminum, with possible charge 

compensator present) were observed in the samples tested. 

The rare-earth concentration was not found to significantly affect the magnitude 

of the induced absorption in the Er3+-doped samples, but was found to have an effect in 

the Yb3+-doped samples (higher concentrations were associated with more ionizing-

radiation-induced absorption). The Yb3+-doped samples were also found to experience 

less overall ionizing-radiation-induced photodarkening in comparison with their Er3+-

doped counterparts. The ionizing radiation was not found to affect the 4f-4f transitions of 
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either rare-earth dopants. A possible explanation for this observation is the formation of 

an aluminum-based solvation shell, protecting the radiative properties of the rare-earth 

ion [Uffelen et al. 2004, Girard et al. 2007]. Room temperature anneals were found to 

recover a portion of the lost transmittance, and the maximum recovery was generally 

found to occur within approximately two weeks. 

 

8.1.3. Results of Photoluminescence Study of 60Co-Irradiated Yb3+-Doped Optical 
Fiber Preforms 
 

Within the scope of the 337.1 nm nitrogen-laser-induced photoluminescence 

study of Yb3+-doped optical fiber preforms, signals in the visible and NIR portion of the 

spectrum were identified. The NIR spectrum showed the expected signature of the 

quantum transitions of the ion, while the visible portion of the spectrum showed a broad 

multi-component luminescence band. Decreased thermal noise at cryogenic temperatures 

was found to narrow features slightly in the wavelength domain, reduce noise, and 

increase the photoluminescence signal in the visible portion of the spectrum. Gamma 

irradiation was found to decrease the photoluminescence, an effect that is likely due to 

the formation of new states that depopulate levels associated with luminescence. This 

effect has been observed previously in similar aluminum-based systems [Trukhin et al. 

2004]. 

Increases in the total accumulated ionizing radiation doses were found to only 

slightly affect the shape of the photoluminescence signal in the visible portion of the 

spectrum of the rare-earth-doped preform samples (i.e. generally very small changes in 

parameters such as height of the determined Gaussians were sufficient to account for the 
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changes). This indicates that the damage to the material stems from an increase in the 

formation of color centers of the same types rather than from an increase in diversity of 

color center with growing ionizing radiation dose. One exception was the appearance of a 

peak associated with the Non-Bridging Oxygen Hole Center (NBOHC), which appeared 

in both samples following irradiation to a total accumulated dose of 100 krad (Si). The 

NBOHC was likely generated from pre-existing ≡SiOH in which the hydrogen is 

scissioned by the ionizing radiation and/or peroxy linkages (≡Si-O-O-Si≡) in which the 

peroxy bond is scissioned. The resulting ≡SiO structure can then easily trap a hole, 

forming NBOHC. The NBOHC signal was more prominent in the more highly Yb3+-

doped sample, pointing to the possibility of the rare-earth-dopant concentration 

stimulating the presence of precursor sites during the fabrication of the optical material. 

Curve fitting on photoluminescence data indicates the presence of charge transfer 

reactions, some of which may have the potential to reduce the damage incurred by 

ionizing radiation by providing an alternative avenue to incorporate excess energy in the 

form of a reorganization of charge density. This process may be especially important if 

the reorganization of charge density does not impact the particular application’s operating 

wavelengths. The data obtained from curve fitting also points to the possibility of 

cooperative luminescence, which, if present, would negatively impact radiation hardness 

by creating photons in the UV portion of the spectrum, possibly promoting 

photodarkening [Morasse et al. 2007, Koponen et al. 2007]. This effect would be closely 

related to clustering, and aluminum may help reduce its impact by reducing clustering. 
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8.1.4. Results of Actively Pumped Yb3+-Doped Amplifier Exposed to Ionizing 
Radiation 
 

Data was acquired in-situ for two Yb3+-doped amplifiers actively pumped in a 

60Co environment. This allowed for insight into the fundamental behavior of these 

systems under ionizing radiation. The two amplifiers were operated differently in the 

ionizing radiation environment: One was pumped continuously, while the other was only 

pumped occasionally when measurements were taken. The signal, in both cases, was 

continuous (i.e. not modulated). Both amplifiers experienced significant monotonic 

decreases in optical output power during the irradiation. Continuous-pumping of the 

amplifier was found to lead to larger decreases of output power (a decrease of 

approximately 83% after 7.6 krad (Si)) than intermittent-pumping (a decrease of 

approximately 34% after 7.6 rad (Si)). Observation of the performance of the amplifiers 

indicates the presence of cascaded processes, possibly in the form of multiple pump 

photons aiding in color center formation in the visible (and possibly UV) portion of the 

spectrum. This interpretation of absorption raised beyond anticipated levels, (especially at 

NIR wavelengths close to the visible portion of the spectrum where pumping was carried 

out) accurately explains the large efficiency decreases observed in the amplifiers. In the 

case of intermittent pumping, the rate of damage to the amplifier (i.e. decrease of output 

power) increases with increasing pump currents, reaching its maximum at pump currents 

of 3 A or more. This represents further evidence relating the performance decrease to 

processes involving multiple photons, as these processes would be more common with 

larger pump currents. 
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Annealing, if present, was insignificant under the particular experimental 

conditions used in these studies. Post exposure room temperature annealing was not 

found to reverse ionizing-radiation-induced damage to the optical fiber material. 

 

8.1.5. Results of Space Investigations 
 

Calculations were performed to model nuclear shielding effectiveness of 

materials, as well as production of secondary radiation. These calculations were made 

under the assumption of proton irradiation on the material, and it was noted that much 

secondary photonic radiation can be generated by protons reacting with materials such as 

aluminum, which represents the most common structural material for spacecraft. 

Furthermore, the secondary photonic radiation emitted by the proton-impacted aluminum 

has high energy (calculated to be 11 MeV). It was also shown that certain small species, 

such as hydrogen, exhibit a very small production of secondary radiation, making light 

materials, such as polyethylene, good choices as shielding materials for the prevention of 

strong, photonic secondary radiation. 

The MISSE-7 mission yielded much insight important for understanding the 

impact of LEO space-radiation on rare-earth-doped optical fibers. The Tefzel® tubes 

(ETFE from DuPont™), although brittle after returning from LEO, were found to have 

provided adequate protection from the radiation in space to allow for the optical fibers to 

be handled without breakage. Optical spectroscopy performed on the retrieved fibers 

compared to control data from pristine, unirradiated fibers revealed color center 

generation in the visible portion of the spectrum consistent with (intrinsic) silica-related 

as well as aluminum-related absorption centers, with band-tailing into the near-infrared. 
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Results suggest that visible to NIR absorption experienced by the co-doped fiber is less-

pronounced than in its singly-doped counterparts. 

The data obtained from the visible portion of the spectrum identified aluminum as 

a primary candidate responsible for the space-radiation-induced absorption observed 

within the Er3+- and Yb3+-doped fiber materials. Evidence was also found suggesting the 

possibility for the occurrence of intrinsic NBOHC-type defects within these fibers. The 

absorption found in response to space radiation of the Er3+/Yb3+-doped fiber type 

indicated the presence of aluminum-related centers as well, although curve fitting 

indicated that these aluminum-related centers were less prominent than in the Er3+ and 

Yb3+ singly-doped samples, possibly due to lower aluminum concentrations in the co-

doped fiber type. 

The space data were also compared to data from terrestrial 60Co irradiation of the 

same fiber types for the purpose of evaluating the validity of accelerated terrestrial tests 

as a simulation of the space-irradiation environment in regard to radiation-induced 

wavelength features. It was found that the overall trends observed in the space-irradiated 

fibers in the NIR were accurately, although not identically, reproduced, so it can be 

affirmed that 60Co-based accelerated radiation tests do enable predictions to be made 

regarding the behavior of rare-earth doped fiber materials in response to space radiation 

in LEO. The consistency of interpretation regarding color center tails from the visible 

into the NIR portion of the spectrum, observations regarding optical amplifier 

wavelengths that are either maximally or minimally affected by induced-absorption, as 

well as the overall shape of the radiation-induced absorption profile, are correctly 

predicted by the 60Co simulations, even though no precise match was found in the 
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radiation-induced profiles generated. In the visible portion of the spectrum, at 

wavelengths shorter than approximately 800 nm, 60Co tests reveal some absorption-

shapes that indicate the possible existence of additional bands not found in the space-

irradiated fibers, so predictions of space radiation effects in the visible portion of the 

spectrum are much more tentative. 

It is also of importance to note that while the current work investigated optical 

fiber compositions available prior to the launch of the experiment into space, the results 

involving the role of aluminum and comparisons between space-irradiated and 

terrestrially-irradiated fibers can be deemed to be relevant to newer fibers as well due to 

the continued presence of dopants, such as aluminum, in those materials. 

 

8.2. Conclusions of Ionizing-Radiation-Induced Damage Study in Rare-
Earth-Doped Optical Fiber Amplifier Materials 
 

When combining the results of the individual studies making up this investigation, 

a picture emerges in which aluminum is found to play an important role in the response 

of the rare-earth-doped optical fiber material to ionizing radiation. Absorption 

spectroscopy of 60Co-irradiated rare-earth-doped optical fiber preforms as well as 

spectroscopy performed on rare-earth-doped optical fiber samples exposed in LEO both 

reveal evidence of color center formation associated with the constituent aluminum. 

Furthermore, in-situ NIR spectroscopy of rare-earth doped fibers irradiated in a 60Co 

environment in conjunction with absorption spectroscopy of the rare-earth-doped optical 

fiber preforms clearly show that Yb3+-doped materials are more resistant to ionizing 

radiation than Er3+-doped materials in terms of minimizing induced optical loss (this is 
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indicated also by the fibers exposed to radiation in LEO). A clear correlation between 

these two findings involving the constituent aluminum, e.g. Er3+-doped fibers exhibiting 

more radiation sensitivity due to higher aluminum doping, was not revealed, although the 

possibility of this correlation cannot be excluded as it may have been masked by factors 

such as differences in the optical fiber geometry and non-systematic changes in doping. 

Er3+-doped fibers did, in general, contain more aluminum doping in comparison to their 

Yb3+-doped counterparts. Furthermore, as shown in the in-situ 60Co fiber irradiations as 

well as the LEO experiments, the Er3+/Yb3+ co-doped fibers (generally having low 

aluminum content and in one case specifically known to have the lowest aluminum 

content of the entire fiber suite examined) were consistently found to be more radiation 

hard than any of the fibers doped with only one of these constituents. This result has 

important implications for the design of active rare-earth-doped fiber-based 

implementations. 

The fundamental ionizing-radiation-induced photodarkening in the optical 

materials examined were related to aluminum oxygen hole centers (Al-OHC), or holes 

freed by ionizing radiation that are trapped on oxygen atoms bonded to aluminum species 

that have substitutionally replaced silicon atoms. Intrinsic centers to the silica material, 

especially NBOH-type center (≡SiO•), are also thought to play a role to a lesser degree, 

as seen in the rare-earth-doped optical fiber preform photoluminescence studies and the 

LEO exposures. The precursors to the NBOHC defects are commonly SiOH groups or 

peroxy linkages (≡Si-O-O-Si≡), and the absorption center is formed by radiolytic scission 

of either the OH bond or the peroxy bond and subsequent trapping of a hole generated by 

radiation-induced ionization. This result suggests that fabrication parameters are 
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important to control these defects (such as OH content and peroxy linkages) as they 

would impact the intensity of absorption related to the NBOHC. This raises questions as 

to whether certain dopants such as aluminum may stimulate the presence of these defects. 

Manufacturing techniques minimizing these precursor structures could yield improved 

results, assuming that the resultant processes do not lead to the production of precursors 

more deleterious than these. 

Evidence of processes involving multiple quanta of energy (spurious cooperative 

de-excitation of optically active rare-earth species and cascaded processes) were found in 

the experiments involving active pumping as well as in the results of the luminescence 

experiments. Concerning the amplification of a modulated signal (as opposed to a 

continuous wave signal used for the experiments), it is likely to show ionizing-radiation-

induced distortion based on results of passive irradiation studies. Two important 

parameters in the amplitude modulation include the minimum and maximum signal levels 

of the information being amplified. Given a specific ionizing-radiation-induced 

absorption at the signal wavelength, a distortion would be introduced into the signal. This 

distortion would result from the minimum and maximum signal levels (as well as any 

signals between these) experiencing a different absolute reduction in intensity. Smaller 

signals are also likely to incur less distortion based on this reasoning. 

Luminescence measurements revealed evidence of charge transfer reactions in 

Yb3+. Although there is no consensus concerning the contribution and extent of such 

processes in mitigating photodarkening effects [Engholm et al. 2007, Jetschke et al. 

2008], the possibility that these processes may help explain the improved radiation 
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hardness of Yb3+-doped materials (in comparison with, e.g., Er3+-doped materials) should 

not be excluded. 

 

8.3. Approach to Mitigating Effects of Ionizing-Radiation-Induced 
Photodarkening in Rare-Earth-Doped Optical Fiber Amplifier 
Materials and Systems 
 

The present study points to the importance of the aluminum dopant in the 

determination of the response of rare-earth-doped optical fiber materials to ionizing 

radiation. But, while aluminum is often implicated as the main cause of sensitivity to 

ionizing-radiation, beneficial aspects of this dopant have been noted as well. One of these 

is the anti-clustering capability of aluminum, which can improve lasing properties, reduce 

ionizing-radiation-induced changes to lasing properties, and minimize deleterious effects 

such as cooperative luminescence of multiple rare-earth species (which can lead to 

photodarkening UV radiation). A significant question regarding the radiation hardness of 

these fiber compositions may thus largely be a function of the two-sided nature of 

aluminum. 

For a designer of a rare-earth-doped amplifier system, the determination of an 

optimal aluminum concentration would require the balancing of this dopant’s beneficial 

properties, including the increased possible rare-earth concentration to counteract loss 

and protective effects on the radiative properties, against the effect of the ionizing-

radiation-induced absorption of the aluminum-related centers. While the benefits of 

aluminum doping have often been found to outweigh the deleterious effects caused by 

this agent [Arai et al. 2009], careful consideration should be exercised when approaching 

a specific application. 
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 Based on the findings of this study, methodologies to further increase radiation 

hardness of rare-earth doped fiber materials from a material-design point of view should 

not only focus on the possible reduction or modification of dopants which give rise to 

known color centers, such as aluminum, but also on choosing suitable lasing and 

amplification schemes. In terms of pumping schemes, it is preferable to implement 

intermittent pumping and/or rely on longer operational wavelengths for both the signal 

and the pump. The suggestion of longer pump wavelengths is clearly indicated by all 

absorption spectroscopic experiments conducted under this investigation. Lastly, in 

regard to choosing a suitable rare-earth-doped material for application in ionizing 

environments, the well-performing Er3+/Yb3+ co-doped fiber should be taken under 

advisement. 

 

8.4. Future Research For the Development of Radiation-Hard Optical 
Fibers 
 

More research in the field of ionizing radiation effects on optical fiber materials is 

necessary to develop a basis for radiation-hard fiber-based technology. Studies to 

pinpoint specific, dopant dependent defects using spectroscopy and Electron 

Paramagnetic Resonance (EPR) studies, and studies to determine their abundance in 

specific, dopant-dependent fiber types are needed to allow for compositional engineering 

to decrease sensitivity of fiber materials to ionizing-radiation. Additional studies on 

temperature effects, particularly those elucidating temperature dependences of basic 

physical mechanisms, would greatly strengthen many speculative explanations regarding 

ionizing-radiation-related processes. 
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Extensive investigations of pumped optical fiber systems operating in ionizing 

radiation environments as a function of composition of the active fiber material and 

including signal modulation are of great importance as well. These investigations, paired 

with other studies noted above, would provide for a significantly improved picture of the 

causes and effects of ionizing radiation within these systems, paving a road to radiation-

hardened designs. To facilitate the design of radiation-hardened fiber-based systems, an 

experimental set of parameters must be clearly identified to describe characteristic 

material behavior under irradiation for implementation in a computer model. 

Regarding rare-earth doped fibers, more details on the impact of aluminum on the 

operation of these fibers in ionizing radiation environments are necessary. Such details, 

e.g. associated with the investigation of samples with differing aluminum concentrations 

and constant rare-earth ion concentrations, could lead to further improvements of these 

fiber systems in preparation for deployment in harsh environments. A better 

understanding of the specific dopants would also allow for the determination of an ideal 

fiber length by taking into account the tradeoff between the dopant induced absorption 

and gain contributions. Studies such as these can ultimately lead to an increase in 

functionality and in design choices for systems operating in harsh ionizing-radiation 

environments. 
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Appendix A: Additional Data from In-Situ Irradiations 
 
  

The current section contains multiple data plots from the Near-InfraRed (NIR) 

spectroscopic 60Co in-situ irradiation experiments and thus forms an addition to Chapter 

5, Section 5.1. The data within this section stems from extra samples of identical 

compositions in the case of background channel data, and data from compositions not 

explicitly discussed in the case of the rare-earth-doped sample channels, although 

averages values derived from these plots are noted in sections discussing the results of the 

in-situ irradiation experiments. Total ionizing doses and dose rates are given in the 

captions of the images. This section is split into five subsections, the first two consisting 

of supporting data for background channels, and the next three presenting supporting data 

for Er3+-, Yb3+-, and Er3+/Yb3+ co-doped fiber compositions. 

 

A.1 Additional In-Situ Characterization of Irradiated Delivery Fibers 
 

Chapter 5, Section 5.1.3.1, showed data of Optics P100-10-VIS/NIR delivery 

fibers for low maximum ionizing dose rates of 14.2 rad(Si)/s (Figure 5.4). Looking at the 

effect of a higher dose rate of 39.4 rad(Si)/s on the delivery fiber, Figures A.1 (a) and (b), 

show spectral transmittance and loss plots, revealing by the slope of the curves a slight 

wavelength-dependence, in which shorter wavelengths are generally effected (darkened) 

more by the ionizing radiation than longer wavelengths. This behavior is consistent with 

color center formation at shorter wavelengths in the visible and UV. The total (average) 

decrease of transmittance over the wavelength range shown is found to be about 2.2% 

and the average absorption about 0.097 dB. These values are almost identical the 



388 

ionizing-radiation-induced absorption seen in the low total ionizing dose case (Figure 

5.4), but the total ionizing dose was significantly larger in the present fiber (1.1 Mrad (Si) 

as compared to 408 krad (Si)). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.1. (a) Spectral transmittance plot of a delivery fiber. (b) Spectral ionizing-
radiation-induced loss of the same delivery fiber. The maximum ionizing dose rate was 
approximately 39.4 rad(Si)/s. 
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 The highest dose rate used for the experiments within the scope of this study was 

118.7 rad(Si)/s, and plots of spectral transmittance and loss of a delivery fiber associated 

with this wavelength are given in Figures A.2 (a) and (b), respectively. The plots appear 

similar to the previous plots for the lower ionizing dose rate, although the overall average 

decrease in transmittance (3.7%) and increases in loss (0.164 dB) are larger than for the 

previous delivery fiber (averaged over the spectrum shown, and for a total ionizing-

radiation dose of 3.4 Mrad (Si)). In this particular sample, some noise is also apparent at 

wavelength beyond 1450 nm, making unapparent the wavelength-dependent slope 

identified in Figures A.1 (a) and (b). 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.2. (a) Spectral transmittance plot of a delivery fiber. (b) Spectral ionizing-
radiation-induced loss of the same delivery fiber. The maximum ionizing dose rate was 
approximately 118.7 rad(Si)/s. 
 

 It is of great interest to compare the ionizing-radiation-induced damage per unit of 

ionizing-radiation dose, and to this end the maximum loss parameter ‘Λ’ in 

‘dB/(krad(Si))’ was determined and plotted spectrally for the all delivery fibers. Figure 

A.3 shows the spectral curve of ‘Λ’ for the three different dose rates investigated. 



391 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.3. Spectral graph for the maximum loss parameter ‘Λ’, measuring the ionizing-
radiation-induced loss per unit of dose for three delivery fibers irradiated at different dose 
rates. 
 

An Elevated Low Dose Rate Sensitivity or Suppressed High Dose Rate 

Sensitivity (ELDRS/SHDRS) effect, although small in magnitude, is indicated in Figure 

A.3, in which lower dose rates lead to more ionizing-radiation induced damage than the 

higher dose rates. Although exceptions have been seen [Morita and Kawakami 1989], this 

type of damage effects is common due to a number of processes, including increased 

heating stemming from the additional energy deposited in the material, which anneals out 

unstable color centers [Holmes-Siedle and Adams 2002]. This effect explains the 

approximately equivalent decreases of induced loss observed in the low (14.2 rad(Si)/s) 

and higher (39.5 rad(Si)/s) dose rate at the end of the irradiation period, even though the 

total ionizing dose in the latter case was significantly larger. It must be emphasized that 

no length-normalization was carried out on the delivery fibers, but the delivery fibers 

exposed to larger ionizing dose rates were significantly longer than their low dose rate 

counterparts, furthermore supporting the presence of the ELDRS/SHRDS effect. 
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The remainder of this section presents data in the form of transmittance and loss 

plots from other channels containing Ocean Optics P100-10-VIS/NIR silica delivery 

fibers. Important details of the fibers are given in the captions. For more information, see 

Chapter 5, Section 5.1.3.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.4. (a) Spectral transmittance plot of a delivery channel (average transmittance 
loss is 1.08%). (b) Spectral ionizing-radiation-induced loss of the same delivery channel 
(average loss is 0.0471 dB). The maximum ionizing dose rate was approximately 14.2 
rad(Si)/s. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.5. (a) Spectral transmittance plot of a delivery channel (average transmittance 
loss is 1.20%). (b) Spectral ionizing-radiation-induced loss of the same delivery channel 
(average ionizing-radiation-induced loss is 0.0527 dB). The maximum ionizing dose rate 
was approximately 39.9 rad(Si)/s. 
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Figure A.6. Spectral graph for the maximum loss parameter ‘Λ’, measuring the ionizing-
radiation-induced loss per unit of dose for two delivery channels exposed to different 
ionizing dose rates. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.7. (a) Spectral transmittance plot of a delivery channel (average transmittance 
loss is 1.98%). (b) Spectral ionizing-radiation-induced loss of the same delivery channel 
(average loss is 0.0869 dB). The maximum ionizing dose rate was approximately 14.2 
rad(Si)/s. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.8. (a) Spectral transmittance plot of a delivery channel (average transmittance 
loss is 1.08%). (b) Spectral ionizing-radiation-induced loss of the same delivery channel 
(average loss is 0.0471 dB). The maximum ionizing dose rate was approximately 14.2 
rad(Si)/s. 
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Figure A.9. Spectral graph for the maximum loss parameter ‘Λ’, measuring the ionizing-
radiation-induced loss per unit of dose for two delivery channels exposed to different 
ionizing dose rates. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.10. (a) Spectral transmittance plot of a delivery channel (average transmittance 
loss is 0.943%). (b) Spectral ionizing-radiation-induced loss of the same delivery channel 
(average loss is 0.0412 dB). The maximum ionizing dose rate was approximately 14.3 
rad(Si)/s. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.11. (a) Spectral transmittance plot of a delivery channel (average transmittance 
loss is 1.76%). (b) Spectral ionizing-radiation-induced loss of the same delivery channel 
(average loss is 0.0773 dB). The maximum ionizing dose rate was approximately 40.1 
rad(Si)/s. 
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Figure A.12. Spectral graph for the maximum loss parameter ‘Λ’, measuring the 
ionizing-radiation-induced loss per unit of dose for two delivery channels exposed to 
different ionizing dose rates. 
 

 

A.2 Additional In-Situ Characterization of Irradiated Er3+-Doped 
Fibers 
 

 Additional data plots for Er3+-doped fiber compositions form this part of 

Appendix A. While Chapter 5, Section 5.1.4 discussed the compositions, the plots of 

length-normalized transmittance and length-normalized loss are displayed in this section. 

Plots concerning fibers irradiated at different ionizing dose rates are also given. Important 

details of the fibers, such as composition and ionizing dose rates, are given in the 

captions of the respective figures. 
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          (b) 
 
Figure A.13. (a) Spectral length-normalized transmittance of a Liekki Er16-8/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 13.7 rad(Si)/s. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.14. (a) Spectral length-normalized transmittance of a Liekki Er16-8/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 39.5 rad(Si)/s. 
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Figure A.15. Specific loss vs. wavelength for three ionizing dose rates on Liekki Er16-
8/125 Er3+-doped fiber. Over the spectral region of 1300 nm to 1400 nm, the average 
specific loss is 0.158 dB/(m·krad(Si)) for the ionizing dose rate of 13.7 rad(Si)/s and 
0.171 dB/(m·krad(Si)) for the ionizing dose rate of 39.5 rad(Si)/s. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         (b) 
 
Figure A.16. (a) Spectral length-normalized transmittance of a Liekki Er30-4/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 14.7 rad(Si)/s. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.17. (a) Spectral length-normalized transmittance of a Liekki Er30-4/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 40.3 rad(Si)/s. 
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Figure A.18. Specific loss vs. wavelength for three ionizing dose rates on Liekki Er30-
4/125 Er3+-doped fiber. Over the spectral region of 1100 nm to 1400 nm, the average 
specific loss is 0.147 dB/(m·krad(Si)) for the ionizing dose rate of 14.7 rad(Si)/s and 
0.166 dB/(m·krad(Si)) for the ionizing dose rate of 40.3 rad(Si)/s. 
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         (b) 
 
Figure A.19. (a) Spectral length-normalized transmittance of a Liekki Er80-4/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 13.7 rad(Si)/s. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.20. (a) Spectral length-normalized transmittance of a Liekki Er80-4/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 39.5 rad(Si)/s. 
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Figure A.21. Specific loss vs. wavelength for three ionizing dose rates on Liekki Er80-
4/125 Er3+-doped fiber. Over the spectral region of 1100 nm to 1400 nm, the average 
specific loss is 0.198 dB/(m·krad(Si)) for the ionizing dose rate of 13.7 rad(Si)/s and 
0.210 dB/(m·krad(Si)) for the ionizing dose rate of 39.5 rad(Si)/s. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.22. (a) Spectral length-normalized transmittance of a Liekki Er110-4/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 14.7 rad(Si)/s. 
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         (a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.23. (a) Spectral length-normalized transmittance of a Liekki Er110-4/125 Er3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 40.3 rad(Si)/s. 
 
 
 
 
 
 
 



412 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.24. Specific loss vs. wavelength for three ionizing dose rates on Liekki Er110-
4/125 Er3+-doped fiber. Over the spectral region of 1100 nm to 1400 nm, the average 
specific loss is 0.229 dB/(m·krad(Si)) for the ionizing dose rate of 14.7 rad(Si)/s and 
0.249 dB/(m·krad(Si)) for the ionizing dose rate of 40.3 rad(Si)/s. 
 

 

A.3 Additional In-Situ Characterization of Irradiated Yb3+-Doped 
Fibers 
 

 This part of Appendix A provides additional plots of the Yb3+-doped fiber 

compositions discussed in Chapter 5, Section 5.1.5. The plots depict length-normalized 

transmittance and length-normalized loss data, as well as specific loss data. These plots 

are given for different ionizing dose rates used during the in-situ 60Co radiation 

exposures. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            (b) 
 
Figure A.25. (a) Spectral length-normalized transmittance of an OFS Yb PM DC Yb3+-
doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the same 
fiber. The ionizing dose rate was approximately 14.1 rad(Si)/s. 
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Figure A.26. Specific loss vs. wavelength OFS Yb PM DC Yb3+-doped fiber. Over the 
spectral region of 1100 nm to 1400 nm, the average specific loss is 0.0579 
dB/(m·krad(Si)) for the ionizing dose rate of 14.1 rad(Si)/s. 
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           (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.27. (a) Spectral length-normalized transmittance of a Liekki Yb1200-20/400DC 
Yb3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the 
same fiber. The ionizing dose rate was approximately 13.9 rad(Si)/s. 
 
 
 
 
 
 
 
 



416 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.28. (a) Spectral length-normalized transmittance of a Liekki Yb1200-20/400DC 
Yb3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the 
same fiber. The ionizing dose rate was approximately 40.1 rad(Si)/s. 
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Figure A.29. Specific loss vs. wavelength for two ionizing dose rates on Liekki Yb1200-
20/400DC Yb3+-doped fiber. Over the spectral region of 1100 nm to 1400 nm, the 
average specific loss is 0.0715 dB/(m·krad(Si)) for the ionizing dose rate of 13.9 rad(Si)/s 
and 0.0751 dB/(m·krad(Si)) for the ionizing dose rate of 40.1 rad(Si)/s. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.30. (a) Spectral length-normalized transmittance of a Liekki Yb1200-30/250DC 
Yb3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the 
same fiber. The ionizing dose rate was approximately 13.9 rad(Si)/s. 
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           (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.31. (a) Spectral length-normalized transmittance of a Liekki Yb1200-30/250DC 
Yb3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the 
same fiber. The ionizing dose rate was approximately 40.1 rad(Si)/s. 
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Figure A.32. Specific loss vs. wavelength for two ionizing dose rates on Liekki Yb1200-
30/250DC Yb3+-doped fiber. Over the spectral region of 1100 nm to 1400 nm, the 
average specific loss is 0.0741 dB/(m·krad(Si)) for the ionizing dose rate of 13.9 rad(Si)/s 
and 0.0913 dB/(m·krad(Si)) for the ionizing dose rate of 40.1 rad(Si)/s. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.33. (a) Spectral length-normalized transmittance of a Liekki Yb2000-6/125DC 
Yb3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the 
same fiber. The ionizing dose rate was approximately 14.9 rad(Si)/s. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.34. (a) Spectral length-normalized transmittance of a Liekki Yb2000-6/125DC 
Yb3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the 
same fiber. The ionizing dose rate was approximately 39.9 rad(Si)/s. 
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Figure A.35. Specific loss vs. wavelength for three ionizing dose rates on Liekki Yb2000-
6/125DC Yb3+-doped fiber. Over the spectral region of 1100 nm to 1400 nm, the average 
specific loss is 0.0887 dB/(m·krad(Si)) for the ionizing dose rate of 14.9 rad(Si)/s and 
0.0969 dB/(m·krad(Si)) for the ionizing dose rate of 39.9 rad(Si)/s. 
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          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.36. (a) Spectral length-normalized transmittance of a Nufern LMA-YDF-15/130 
Yb3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the 
same fiber. The ionizing dose rate was approximately 23.0 rad(Si)/s. 
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         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          (b) 
 
Figure A.37. (a) Spectral length-normalized transmittance of a Nufern LMA-YDF-
15/130-HI Yb3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced 
loss of the same fiber. The ionizing dose rate was approximately 23.4 rad(Si)/s. 
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Figure A.38. Specific loss vs. wavelength for Nufern LMA-YDF-15/130 and Nufern 
LMA-YDF-15/130-HI Yb3+-doped compositions. Over the spectral region of 1100 nm to 
1400 nm, the average specific loss of the former is 0.132 dB/(m·krad(Si)) for the ionizing 
dose rate of 23.0 rad(Si)/s and for the latter is 0.154 dB/(m·krad(Si)) for the ionizing dose 
rate of 23.4 rad(Si)/s. 
 

 

A.4 Additional In-Situ Characterization of Irradiated Er3+/Yb3+ Co-
Doped Fibers 
 

 Although the general behavior of the set of Er3+/Yb3+ co-doped fibers was 

discussed in Section 5.1.6, specific plots of the other compositions are given in the 

current section. The plots depict length-normalized transmittance and length-normalized 

loss data, and data on the specific loss. In addition to the OFS Er/Yb PM DC fiber 

described in Section 5.1.6, two additional fiber of this type were investigated and data for 

these is given below. 
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           (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            (b) 
 
Figure A.39. (a) Spectral length-normalized transmittance of an OFS Er/Yb PM DC 
Er3+/Yb3+ co-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss 
of the same fiber. The ionizing dose rate was approximately 30.9 rad(Si)/s. 
 
 
 
 
 
 
 
 



428 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            (b) 
 
Figure A.40. (a) Spectral length-normalized transmittance of an OFS Er/Yb PM DC 
Er3+/Yb3+ co-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss 
of the same fiber. The ionizing dose rate was approximately 29.9 rad(Si)/s. 
 
 
 
 
 
 
 
 



429 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.41. (a) Spectral length-normalized transmittance of a Nufern MM-EYDF-
12/130 Er3+/Yb3+ co-doped fiber. (b) Spectral length-normalized ionizing-radiation-
induced loss of the same fiber. The ionizing dose rate was approximately 26.8 rad(Si)/s. 
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           (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure A.42. (a) Spectral length-normalized transmittance of a Nufern MM-EYDF-
12/130-HE Er3+/Yb3+ co-doped fiber. (b) Spectral length-normalized ionizing-radiation-
induced loss of the same fiber. The ionizing dose rate was approximately 31.5 rad(Si)/s. 
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Appendix B: In-Situ Characterization of a Tm3+-Doped Fiber 
 
  

Results stemming from a channel collecting data on a Thulium(Tm3+)-doped fiber 

will be presented within this appendix. The current section contains three data plots from 

the NIR spectroscopic 60Co in-situ irradiation experiments which help characterize the 

response of this fiber composition to ionizing radiation. The specific fiber used was a 

Nufern LMA-TDF-25/250 high-absorbing Tm3+-doped fiber and the irradiation 

proceeded at 31.1 rad(Si)/s. 

 
 
 
 
 
 
 
 
 
 
 
 

          (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
Figure B.1. (a) Spectral length-normalized transmittance of a Nufern LMA-TDF-25/250 
Tm3+-doped fiber. (b) Spectral length-normalized ionizing-radiation-induced loss of the 
same fiber. The ionizing dose rate was approximately 31.1 rad(Si)/s. 
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Figure B.2. Specific loss vs. wavelength for Nufern LMA-TDF-25/250 Tm3+-doped fiber. 
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Appendix C: Effect of Ionizing Radiation of Optical Fiber 
Preform Cladding 

 
  

The current section presents data regarding the behavior of optical fiber preform 

claddings when exposed to gamma radiation from a 60Co source. This data partly derives 

its importance from actively-pumped applications, where the pump-beam may partly 

propagate in the cladding. Furthermore, this data provides insight into the general 

behavior of silica-type glass under irradiation. The claddings of the experiment were part 

of rare-earth-doped fiber preform samples, which are discussed in more depth in Chapter 

5, Section 5.2. The gamma irradiation was performed in four separate stages, and specific 

information on the experimental procedure is given in Chapter 4, Sections 4.1 and 

4.3.2.1.1.2, and Chapter 5, Section 5.2.1. 

 The effect of 60Co-radiation on the cladding of the preform samples was very 

slight, and relevant (measurable absorption) results were only found within two of the 

samples. The cladding of the Er3+-doped preform sample (Liekki E03-138A) with higher 

maximum absorption (20 dB/m) under irradiation is shown in Figure C.1. Depicted is the 

spectrometer data (absorbance in OD) for the pristine and irradiated samples, as well as 

the post-irradiation, room-temperature-annealed absorption data. The irradiation 

represents the sample following all four irradiations, or a total of 200 krad (Si) 

accumulated ionizing radiation dose (as outlined in Chapter 5, Section 5.2.1). It is 

apparent that the induced absorption is very low compared to the rare-earth-doped cores, 

in which absorption losses of well over OD 0.5 are induced following the 200 krad (Si) 

irradiation. At longer wavelengths, the induced absorption within the cladding is 

essentially undetectable within instrumentation constraints for the samples examined, but 
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in the UV absorption is identified at a peak longer than 300 nm to approximately 350 nm, 

which is found to anneal at room temperature. Figure D.1 (b) shows the data plotted in 

terms of length-normalized induced absorbance relative to pristine, unirradiated 

absorbance, more clearly emphasizing the peak observed. The precise nature of the 

absorption peak is not clear, and there are several candidates such as halogens, and in 

particular the technical impurity Cl [Friebele 1991]. 

 

 

 

 
 
 
 
 
 

           (a) 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
Figure C.1. (a) Spectral absorbance data for 60Co-irradiated cladding of a Liekki E03-
138A (20 dB/m maximum absorbance) Er3+-doped preform over the UV and visible 
spectrum for irradiations. The post-irradiation data is shown (following four irradiations 
as outlines in Chapter 5, Section 5.2.1), as well as post-irradiation annealing at room 
temperature. (b) Same spectrum shown in terms of length-normalized induced loss 
relative to pristine, unirradiated absorbance. Annealing data is indicated in this figure as 
well. The total accumulated dose of the combined irradiations was 200 krad (Si), and in 
each case the ionizing dose rate was 0.116 rad(Si)/s. 
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 The Yb3+-doped optical fiber preform with the lower maximum absorption 

(Liekki YB07-B194A sample) was composed of the core and two claddings. The 

boundary between the core and the inner cladding thus functions to entrap the light of the 

core, while the boundary between the inner and outer cladding serves to trap pump light. 

The two claddings were investigated separately. 

 The inner cladding shows only a small amount of total absorption following the 

four irradiations, as indicated in Figures C.2 (a) and (b), the first of which shows the 

absorbance of the pristine and irradiated preform cladding and the latter of which depicts 

the ionizing-radiation-induced absorption. The loss in figure C.2 (b) is localized primarily 

at short wavelengths, and the total absorption strength is low compared to the rare-earth-

ion-laden cores of the fiber preforms (see Chapter 5, Section 5.2.3). 
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           (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           (b) 
 
Figure C.2. (a) Raw absorbance data for 60Co-irradiated cladding of a Liekki YB07-
B194A (1200 dB/m maximum absorbance) Yb3+-doped preform over the UV and visible 
spectrum for irradiations totaling 200 krad (Si). (b) Same spectrum shown in terms of 
length-normalized induced absorbance relative to pristine, unirradiated absorbance. The 
ionizing dose rate was 0.116 rad(Si)/s. 
 

 

 The outer cladding of the Yb3+-doped optical fiber preform (the sample with 

smaller maximum absorption of 1200 dB/m) is depicted in Figure C.3. In this case, the 

total accumulated ionizing radiation dose is shown for the pristine sample as well as the 

sample following the four irradiations. It is clearly evident that increasing accumulated 
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ionizing-radiation dose leads to an increase in the total absorption, but the induced loss is 

found to be only very slight compared to that of the rare-earth cores of Chapter 5, Section 

5.2.3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.3. Absorbance data for 60Co-irradiated cladding of a Liekki YB07-B194A (1200 
dB/m maximum absorbance) Yb3+-doped preform over the UV and visible spectrum for 
irradiations totaling 200 krad (Si). The ionizing dose rate was 0.116 rad(Si)/s. 
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