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DISSERTATION ABSTRACT 

Bryan S. Boggs 

Doctor of Philosophy  

Department of Physics  

December 2012  

Title: An Erbium-Doped 1-D Fiber-Bragg Grating and Its Effect Upon Er3+ Radiative 

Spontaneous Emission 

 

 Spontaneous atomic emission is not a process of the isolated atom but rather a 

cooperative effect of the atom and the vacuum field. It is now well established that 

spontaneous radiative decay rates can be enhanced or suppressed through the effect of 

cavities comprising various types of discrete, reflective-mirror type, boundaries. The 

cavity effect is generally understood in terms of a cavity-induced modification of the 

vacuum spectral energy density. Recently, interest has grown in the possibility that 

systems characterized by distributed periodic boundary conditions, such as a spatially 

varying index of refraction, might be effective in controlling radiative atomic processes. 

 A semi-classical theory is given that enables an estimate of the size of the lifetime 

modification of a two-level radiator contained within a three-dimensionally incomplete 

photonic bandgap structure called a fiber-Bragg grating. Following this is an exploration 

of a specific system and its effect upon radiative spontaneous emission. It is found 

through fluorescence line narrowing and frequency hole burning measurements that the 

observation of lifetime modification of the specific system is complicated due to intra and 

inter Stark energy migration. A lifetime modification measurement then shows that no 

change in lifetime is observed beyond the error bars on the measurement results. 
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 The tuning and coherence properties of a short-external-cavity diode laser that 

may be useful for future time-dependent spectroscopic measurements are examined using 

a fiber-based, self-heterodyne technique. Coherence properties during active frequency 

scans are characterized through analysis of time-dependent heterodyne beat signals at the 

output of a fiber interferometer. 
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CHAPTER I 

 

INTRODUCTION 

 

Spontaneous atomic emission is not a process of the isolated atom but rather a 

cooperative effect of the atom and the vacuum field. In a famous paper in 1946 [1], 

Purcell pointed out that the probability of spontaneous emission may be increased by 

coupling the atom to a resonant reservoir. It is now well established that spontaneous 

radiative decay rates can be enhanced or suppressed through the effect of cavities 

comprising various types of discrete, reflective-mirror type, boundaries. The cavity effect 

is generally understood in terms of a cavity-induced modification of the vacuum spectral 

energy density, i.e., in the strength of the electromagnetic reservoir that drives 

spontaneous radiative decay. A variety of experiments have been reported which 

demonstrate either suppression or enhancement, or both, of the radiative spontaneous 

emission rate of atoms placed within these discrete cavities [2-6]. 

Recently, interest has grown in the possibility that systems characterized by 

distributed periodic boundary conditions, such as a spatially varying index of refraction, 

might be effective in controlling radiative atomic processes [7-14]. Interest in periodic 

refractive index structures, sometimes called photonic bandgap materials, stems in part 

from the notion that such systems can display photonic bandstructure, and in some 

instances even exhibit bandgaps, i.e., spectral regions in which no photonic modes exist. 

Physically, this results from Bragg reflection of electromagnetic waves off the periodic 

material layers. Atoms resonant at frequencies within a three-dimensional spatially-
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complete photonic bandgap will, according to the prevailing view, exhibit a complete 

suppression of spontaneous decay. A series of field-initiating papers [15-18] describes the 

optical properties of periodic dielectric structures as well as their effect on the radiative 

properties of atoms placed within the structures. The case of a complete photonic 

bandgap provides a natural focus of attention but represents, in fact, only an extreme limit 

of a continuum of interesting scenarios wherein the presence of periodic structure 

perturbs the electromagnetic vacuum, imbuing it features not found in spatially 

homogeneous environments. This consideration, combined with the fact that the 

fabrication of materials whose periodic index variations act to create complete three-

dimensional photonic bandgaps has proven challenging, provides strong motivation for 

the study of vacuum-mediated processes in diverse types of periodic structures ï even 

those lacking complete three-dimensional photonic bandgaps.   

Following an exploration of a specific system and its effect upon radiative 

spontaneous emission, the tuning and coherence properties of a short-external-cavity 

diode laser that may be useful for future time dependent spectroscopic measurements are 

examined using a fiber-based, self-heterodyne technique. Coherence properties during 

active frequency scans are characterized through analysis of time-dependent heterodyne 

beat signals at the output of a fiber interferometer. 
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Premise 

 

 Can one expect to see a modification of the spontaneous emission rate of a 

radiator spatially contained within a type of three-dimensionally incomplete photonic 

bandgap material called a fiber-Bragg grating?  

 This question is addressed by theoretically analyzing the spontaneous radiation of 

a two-level atom contained within a fiber-Bragg grating. It is shown that the spontaneous 

radiation rate is expected to be suppressed for a two-level atom spatially contained within  

a fiber-Bragg grating whose optical transition frequency is resonant with the fiber-Bragg-

gratingôs photonic bandgap. That is, if the atom is spatially located deep within a grating 

of sufficiently high reflectivity, then the amount of suppression expected is equal to the 

solid angle ratio of the perturbed environment to unperturbed environment that the atom 

experiences.   

 The presentation of a case study of a real system follows this theoretical 

discussion. This case study provides a material parameter analysis for an Erbium-glass 

system that may be used to study the radiative spontaneous emission of ions within a 

fiber-Bragg grating and reveals that, given the system under study, an experiment to 

measure the suppression of the erbium ionôs spontaneous emission rate is complicated 

due to the characteristics of the real system. That is, the effects of intra/inter Stark-level 

energy migration dynamics increase greatly the complexity of the system over that of the 

theoretically analyzed, above mentioned, two-level system. A description of experimental 

attempts to measure the suppression of ionic spontaneous emission and a discussion of 

these attempts follows. 
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Topical Outline 

 

 Chapter I provides a brief background, motivation and introduction to the existing 

research conducted in this field, and states the premise of the Dissertation. An outline of 

the path to be taken that addresses the premise is also given.  

 Background material concerning an atom interacting with an electromagnetic 

field is given in Chapter II. This analysis begins with a description of the linear dipole 

oscillator and is followed by an explication of the two-level atom. With the development 

of the two-level atom accomplished, the next step is to formulate the semi-classical 

picture of a two-level atom interacting with a classical electromagnetic field. It is with 

this semi-classical picture that an estimate of the spontaneous emission rate of the two-

level atom is given. It is shown that a full quantum treatment, with both atom and field 

quantized, yields the same result as the semi-classical approach for the estimate of the 

spontaneous emission rate of the two-level atom. After this, optical fiber, photonic 

bandgap structures and fiber-Bragg gratings and their optical properties are described.  

 A case study of a real system is given in Chapter III, beginning with a physical 

description of the rare-earth-doped glass material and the physical parameters associated 

with this material, e.g., dimensions, level structure, absorption and doping concentration.  

Following, is a spectroscopic and holeburning analysis of the materialôs optical 

parameters. A discussion of the energy migration dynamics found in the spectroscopic 

results is given. Finally, a conclusion as to the estimated size of the lifetime modification 

effect given the system under study is provided. 
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 Chapter IV constitutes a detailed description of the material and optical properties 

of the sample employed in the experimental attempt to measure suppression of the ionic 

spontaneous emission rate. The experimental setup, mode of detection and results of the 

attempted measurements are also provided. A description of the methods used to 

eliminate some systematic errors and the misleading signals they produced is given. 

 Chapter V describes the construction and subsequent characterization of the 

quiescent and frequency-swept coherence properties of a rapidly-tunable external-cavity 

diode laser. 

 Chapter VI briefly recaps the motivation for radiative lifetime modification and 

the physical system explored in this work. A possible future pathway forward to the 

experimental realization of measurable lifetime modification in the presently considered 

system is restated. 
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CHAPTER II 

 

BACKGROUND 

 

An atom interacts with light through the coupling between its electrons and the 

electromagnetic field associated with the light. Under the assumption that the electrons 

are bound into an ionic core, such that the whole electron/ion system is electrically 

neutral and that the electrons oscillate about their equilibrium positions with small 

amplitudes, the atom couples to the electromagnetic field through its electric dipole 

moment. See reference [19] for a more detailed description of the first three sections of 

this chapter.  

A very basic property of a linear dipole oscillator is that it produces light. That is, 

it radiates energy and, as a consequence, its dipole equation of motion has a damping 

term and is of the form 

(2-1) 

                                                       

,where x is the dipole amplitude, ũ is the incoherent radiative damping factor, ɤa is the 

natural oscillation frequency of the dipole, e(m) is the electron charge (mass), and E is the 

electric field strength along the dipole. The radiative lifetime or the average time in 

which the linear dipole oscillator radiates its energy, is proportional to 1/ũ. The linear 

dipole oscillator picture does not take into account the quantum nature of the atoms as 

does the two-level atom. 

 

## #x x x
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m
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The Two-Level Atom 

 

 The electronic energy levels of an atom are quantized or discrete by nature. The 

semi-classical theory of atom/field interaction is one which employs an atom with 

quantized energy levels interacting with a classical field. A two level atom is an 

idealization, but one which may not (in usual circumstances) be far from the truth. 

Consider an atom with energy levels given by 

                                                                                                                                                                                                                                               

(2-2) 

   

, where ɤ+>ɤ- (see Fig. 2.1).  If the electromagnetic field has sufficiently narrow spectral 

width compared to the energy separation between the atomic energy levels under 

consideration and is nearly resonant with the atomic level transition, i.e., ɤ åɤ+-ɤ- then 

the two level approximation is a good one. A two-level atom in the presence of a light 

field may exchange energy with the field. A measure of this process is the Rabi 

frequency.   

Rabi Frequency and Pulse Area 

 

 For a two-level atom/light-field system with zero atom-field detuning, the 

inversion or energy of the atom will make oscillations with a frequency that is associated 

with the dipole interaction energy Eint=-drẗE, where dr is the dipole moment and E  is the 

field amplitude. That is, the oscillation frequency is 
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Figure 2.1. Schematic of a two level atom. 

 

 

                                                                                           (2-3) 

 

, where ɋ is called the Rabi frequency. A quantity called the pulse area is defined to be, 

for a time invariant electric field amplitude, the Rabi frequency times the time the field is 

applied. A more general expression for the pulse area is given by 

 

                                                                                                    (2-4) 

 

Now that Rabi frequency and pulse area have been discussed they may be used to derive 

the cavity mediated spontaneous emission rate of an atom in a cavity.   
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Spontaneous Emission as Radiative Emission Stimulated by the Vacuum Field 

 

 Radiative emission from an atom is generally considered to be of two types. The  

first type is spontaneous emission. That is, radiative emission that occurs in a seemingly 

spontaneous manner from an excited atom. The second type is stimulated emission. That 

is, radiative emission that occurs from an excited atom in a sympathetic response to an 

applied electromagnetic field. It has been found that spontaneous emission may be 

thought of as emission stimulated by the vacuum field [20-21]. It is also known that the 

rate in which an atom is stimulated to emit is proportional to the energy density of the 

light field interacting with the atom [22]. In this light, with knowledge of the 

characteristics of the vacuum field interacting with the atom, the spontaneous emission 

rate of a two-level atom may be calculated.  

Consider now, a single mode of the vacuum field with specific energy density 

ᴐɤk/(2Vk), where Vk  is an appropriate choice for the modal volume. The general classical 

result for the energy density of an electromagnetic field is  

 

                                                                                                                    (2-5) 

 

,where Ů0 is the permittivity of free space . Equation (2-5), with the previous choice for 

the specific vacuum field energy density, leads to a vacuum field amplitude  

  

(2-6) 

u E=e0
2

E
V
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k

k

=
>w
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.
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Given the result in equation (2-6), the Rabi frequency associated with an atom/vacuum-

field system is 

 

                                                                                                          (2-7) 

 

Neglecting decoherence, the atom will evolve in a continuous and directional manner 

with the frequency given in equation (2-7).  

 

Random Walk Model for Spontaneous Emission of a Two-Level Atom 

 

 Consider an initially excited two-level atom in a perturbed, non-uniform 

environment, e.g., a cavity or some more general set of boundary conditions, where the 

perturbation concerns only a single resonant mode of the electromagnetic field. The time 

evolution of the pseudospin (Bloch vector) ɟ describing the system may be thought of as 

making a random walk starting at the North pole (see fig. 2.2) where w represents the 

inversion and v represents the absorptive component of the dipole moment. The step size 

of the random walk Ūc is defined to be the pulse area attained from the coherent 

evolution of the Bloch vector before a random phase jump occurs between the atomôs 

dipole oscillation and the vacuum field. 

 

Wvac

r vacd E
=

>
.
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Figure 2.2. Pseudospin resonantly driven by electromagnetic field.  

 

That is, 

                                                                           (2-8) 

 

where Tc is the average time before a phase jump. The phase jump may be produced by 

either a dephasing event acting on the field (e.g., a photon leaking out of a cavity)  or a 

dephasing event acting on the atomic dipole oscillation (e.g., a scattering event which 

abruptly alters the atomic dipole evolution). When the vacuum field is weak enough so 

that the coherent evolution of the Bloch vector is a small fraction of ˊ before a dephasing 

event occurs, the Bloch vector ñwalksò from the North pole to the South taking a great 

number of steps, reversing its direction many times, eventually winding up at the South 

pole. Since the probability for evolving toward the North pole equals the probability of 

evolving toward the South pole the probability for the Bloch vector being N steps from 

the North pole is N
1/2

. Therefore, the root mean square (rms) pulse area  is given by 

Q Wc vac cT= Ö
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                                                                                                            (2-9) 

 

The number of steps the Bloch vector takes is given by 

 

                                                                                                                    (2-10) 

 

where t is the time that the atomic dipole interacts with the vacuum field. To find the time 

the dipole takes to incoherently evolve from the North pole to the South pole equations  

2-8 through 2-10 can be used and yield 

 

                                                                                                          (2-11) 

 

The rate Ac at which the dipole loses its energy (radiates a photon) or its spontaneous  

emission rate is approximately given by the inverse of equation (2-11), and is 

  

                                                                                                      (2-12) 

 

Considering an atom where only two terms influence the spontaneous emission rate, one 

coming from coupling to an unperturbed environment and one from a coupling to a 

perturbed environment, the total spontaneous emission rate can be written as 

 

                                                                                  (2-13) 
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where Afs is the unperturbed (free space) spontaneous emission rate and ūc is the solid 

angle over which the atom interacts with the perturbed environment. Equation (2-12) 

shows that when the vacuum Rabi frequency ɋvac is small and/or the coherent atom/field 

interaction time Tc is small, Ac may be much less than Afs so that the change from Afs in 

AT is controlled almost entirely by that solid angle factor in the Afs  term of equation (2-

13). 

 

Quantum Light Field Driving the Two -Level Atom 

 

 The above analysis concerning the cavity mediated spontaneous emission rate of a 

two-level atom simplifies the situation by considering a classical light field interacting 

with a quantized two-level atom. When the problem of calculating the cavity mediated 

spontaneous emission rate is given the full quantum treatment from the beginning, the 

end result, within certain physical limits, is the same as that derived in the semi-classical 

approach, i.e., Ac  of equation (2-12) above.  

 The fully quantum approach involves starting from a Jaynes-Cummings 

Hamiltonian [23] describing the interaction of an atom and a cavity, modifying the 

Hamiltonian to include cavity losses, assuming a weak atom/cavity coupling and finally 

determining the equation of motion for the upper state density operator. This procedure 

yields 

 

                                                                                  (2-14) 
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where ȹAC is the atom cavity detuning, g is the atom-cavity mode coupling factor and ɔC 

is the cavity damping rate. For zero atom/cavity detuning this expression is equivalent to 

the expression for the spontaneous emission rate given in equation (2-12). 

 Now that the cavity mediated spontaneous emission rate has been calculated in 

the semi-classical approach and has been found to agree with the fully-quantum 

approach, the next topic to explore is that of cavities. 

 

Discrete-Reflector Cavities 

 

 The types of optical cavities used in scientific experiments are many and diverse. 

A typical cavity consists of two or more discrete reflective elements within which a 

sample may be situated and may resemble figure 2.3. The cavity is of a discrete-reflector  

 

 

Figure 2.3. Side view of a typical discrete-reflector atom/cavity implementation. 
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type in the sense that the boundary regions (the penetration depths of the light into the 

mirror surfaces) are small compared to the distance between the mirrors. The discrete  

mirrors are usually optical quality glass which is coated with a material that has the 

desired optical properties (reflection, transmission, absorption, etc.) for the wavelength of 

light used to probe the atom/cavity system. The mirrors may also have a finite radius of 

curvature (not necessarily symmetric), as opposed to the symmetric (infinite radius of 

curvature mirrors) cavity depicted in figure 2.3. Neglecting material absorption, the 

optical properties of such a cavity depend upon the reflection coefficient, curvature 

radius, the size and separation distance of the mirrors. A more general type of cavity is 

the distributed-reflector cavity discussed next. 

 

Distributed-Reflector Cavities 

 

 A distributed-reflector cavity employs a more general or distributed set of 

boundary conditions. That is, a distributed structure may be exploited to produce a non-

discrete reflective environment. An implementation of a these distributed-reflector 

cavities may look like that shown in figure 2.4. In figure 2.4 two distributed structures are 

used as reflective elements. The structures usually consist of an optically transparent 

material (usually fabricated) wherein the refractive index varies about a mean value on a 

length scale that is of the order of the wavelength of light employed to probe the 

atom/cavity system. The reflection coefficient of an individual refractive index layer is 

usually very small compared to the reflection coefficient of the discrete boundary mirror 

shown in figure 2.3 above.  Thus, the light traverses many refractive index layers before 
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scattering or reflecting backwards. The optical properties (again neglecting material 

absorption) of such a cavity depend upon the spatial period and the amplitude of the 

refractive index modulation, the length of the distributed reflector, and the distance 

between the distributed reflectors. The distributed-reflector planes do not usually have 

curvature but can be angled with respect to the optical axis. 

 

 

 

Figure 2.4. Side view of a distributed-reflector atom/cavity implementation.  

 

Photonic Bandgap Structure 

 

 In figure 2.5 a different (but related) type of structure known as a photonic 

bandgap structure (PBGS) is shown. 
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Figure 2.5. Side view of a typical atom/PBGS implementation. 

 

This is a type of a generalized cavity usually consisting of a single distributed reflector 

that is of the same nature as the distributed reflectors shown in figure 2.4. 

The optical properties of the PBGS depend upon the dimensionality and detailed 

geometry of the periodic structure, the period and amplitude of refractive index 

modulation, the length of the structure and the phase relation between the layers. PBGS 

have been created in 1, 2 and 3 dimensions [24-27]. The rest of this section will describe, 

in more detail, a pseudo one-dimensional PBGS called a fiber-Bragg grating that is  

formed within optical fiber, and its optical properties. To start this explanation a brief 

introduction to optical fiber should be given.  

 

Optical Fiber Operating Principle: Total Internal Reflection 

 

The operating principle of optical fiber is total internal reflection. It has been 

known from the nineteenth century that when light is incident on a lesser valued 

refractive-index medium from a higher valued refractive-index medium the possibility of 
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total reflection exists. For a more detailed description of this section see  [28].  Light that 

is incident upon the boundary at an angle greater than a critical angle given by  

 

                                                                                                      (2-15) 

 

where ni (nt) is the refractive index of the medium of which the light is incident from 

(transmitted to), is totally reflected as shown in figure 2.6. 

 

Figure 2.6. Light ray undergoing total internal reflection. 

 

 An optical fiber is usually composed of three layers. The innermost layer, where 

the light is confined, is called the core. The middle layer called the cladding has a 

refractive index that is less than that of the core providing the conditions for total internal 

reflection within the core. The outermost layer is usually a protective plastic material that 

mechanically stabilizes the glass cladding. Light initially in the fiberôs core is guided or 

confined within the core, with core (cladding) material refractive index given by nc (ncl), 

by the fact that (in the ray picture) the light is incident upon the core/cladding boundary 

at angles that are always larger than the critical angle required for total internal reflection. 
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Figure 2.7 depicts this case, where it is indicated that no light leaks out of the core and 

into the cladding. 

 

Figure 2.7. Light ray traveling down a fiber core undergoing total internal reflection. 

 

Optical Losses 

 

 Optical fiber can transmit light very long distances (1000's of kilometers) with the 

chief attenuating factor being not loss of light due to transmission through the core-

cladding boundary but material absorption of light by the silica, OH ion impurities within 

the silica and Rayleigh scattering off density fluctuations within the core itself. Taken 

together these loss mechanisms leave a low loss region around 1550nm. The losses in this 

wavelength region are typically around 0.2dB per kilometer. 
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Material Considerations 

 

 The core and cladding materials are usually composed of silica glass, where the 

refractive index difference is realized by the addition of dopants to the core and/or 

cladding. Germanium or phosphorus such as, GeO2 and P2O5 may added to the core to 

increase its refractive index while boron or fluorine may be added to the cladding to 

decrease its refractive index. The refractive index profile across the core/cladding 

boundary may be of a discrete or continuous nature as shown in figure 2.8. 

 

 

Figure 2.8. Illustration of step and continuous variation of refractive index. 
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Transverse Light Mode Considerations 

 

 Optical fiber can be single mode or multimode. This designation refers to the 

transverse characteristics of the light carried down the fiberôs core. A single mode fiber 

supports the propagation of only the fundamental transverse mode of light. The nature of 

the mode is dictated by the material, geometrical and dimensional factors of the fiberôs 

core and cladding and for single mode fiber the transverse intensity profile is very close 

to Gaussian. The condition for single-mode behavior is VÒ 2.405 where, 

 

                                                                                              (2-16) 

 

is called the normalized frequency or V-number, k0 = 2ˊ/ɚ, ɚ is the wavelength of light 

and a is the core radius. Due to the cylindrical geometry of the core/cladding boundary, 

Bessel functions are found to be solutions of the transverse portion of the wave equation 

for the electric field in the core. When J0(V) = 0 for the smallest V, only the fundamental 

mode will exist in the core. That is, when V Ò 2.405 the fiber is said to be single mode for 

the given wavelength. Equation (2-16) may be solved for a cut-off wavelength ɚc where V 

is set to 2.405. For all wavelengths greater than ɚc, for a given fiber, the fiber is said to be 

single mode. Outside the core, in the cladding, the field decays exponentially. The 

transverse profile of the fundamental mode electric field is usually approximated by a 

Gaussian profile as shown in figure 2.9.  

 

 

V k a n nc cl= -0
2 2
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Figure 2.9. Fundamental field mode amplitude vs. radial distance. 

 

Other Considerations 

 

 Besides those mentioned above, there are many other characteristics of light in 

optical fiber that may be considered. For example, chromatic dispersion occurs because 

the refractive index is not a constant as indicated above but is a slowly varying function 

of wavelength. This causes light of different wavelengths to propagate down the fiber 

with slightly different velocities. In addition, optical fiber can be of the polarization 

preserving type or polarization non-preserving type. Fiber that preserves the light 

polarization is made by preferentially stressing the core along one radial direction or by 

changing the core geometry from cylindrical to elliptical. 
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Fiber-Bragg Gratings 

 

The simplest form of a fiber-Bragg grating is that of a single mode optical fiber 

with a periodic refractive-index modulation along the core as shown in figure 2.10. For a 

more detailed description of fiber Bragg gratings see [29]. 

 

 

 

 

 

 

 

 

 

Figure 2.10. A fiber-Bragg grating in a single mode fiber. 

 

Light incident on the modulated refractive index region, or grating, is reflected backward 

off the boundary regions between the high and low refractive index segments. When the 

incident light does not meet the Bragg condition  

                                                                                                                 

(2-17) 

 

lB n=2 L
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where ɚB is the free-space wavelength that meets the Bragg condition, n is the effective 

refractive index of the fiber core at the Bragg wavelength and ȿ is the grating spacing, 

the light is reflected backward off each grating plane in an incoherent manner and adds 

destructively producing a weak reflected light signal. When light that meets the Bragg 

condition is incident on the fiber-Bragg grating it is reflected backward off each grating 

plane in a coherent fashion and adds constructively to produce a strong reflected light 

signal. Shown in figure 2.11 is the transmission versus wavelength for light incident on 

the fiber-Bragg Grating. 

 

Figure 2.11. Transmission versus wavelength for light incident on a fiber-Bragg grating. 
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The Making of a Fiber-Bragg Grating 

 

In 1978 it was accidentally discovered that an optical fiber may have its core 

refractive index altered. Hill and co-workers [30] introduced visible light (488nm) from 

an argon-ion laser into the core of a germanium-doped silica optical fiber. The light 

reflected off the cleaved end of the fiber and formed a standing wave. The refractive 

index at the locations of the high intensity regions of the standing wave were altered 

permanently. This light induced effect in an optical fiber was termed fiber 

photosensitivity. It was shown [31] that the magnitude of the refractive index change was 

proportional to the squared optical power of the argon-ion laser used to create the fiber-

Bragg grating. This proportionality suggested a two-photon mechanism was responsible 

for the refractive index variation in the fiber. It was subsequently shown that relatively 

large magnitude refractive index variations could be obtained by using UV light of 

approximately 240nm wavelength to illuminate the fiber core. This wavelength is 

coincident with a well-known GeO defect in the germanium doped silica fiber [32]. 

 A fiber-Bragg grating can be formed with a variety of techniques. The technique 

Hill and coworkers used (longitudinal standing wave) has a number of drawbacks. These 

include, Bragg resonance wavelengths limited to the wavelengths accessible with the 

argon-ion laser and relatively weak or small magnitude refractive index variations. Other 

techniques include the interferometric technique, point by point technique and the phase 

mask technique [29]. Figure 2.12 illustrates the phase mask technique.  
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Figure 2.12. Illustration of phase mask technique for inscribing fiber-Bragg gratings. 

 

As the phase masks are formed holographically or lithographically, complicated patterns 

may be written into the fiber-Bragg gratingôs refractive index profile. In addition, the 

Bragg wavelength is set by the phase mask pattern not the UV wavelength, so much 

greater flexibility is obtained over the Bragg wavelength. 

 

Properties of Fiber-Bragg Gratings 

 

 The simplest case to treat analytically may be that of a sinusoidally varying 

constant amplitude refractive index profile where the refractive index as a function of  

length is given as 
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                                                            (2-18) 

 

where n0 is the average refractive index, ȹn is the amplitude of the refractive index 

modulation and ȿ is the grating spacing [29]. Using coupled mode theory [31] the 

reflectivity as a function of length and wavelength may be shown to be  

 

                                                                                                                                                                                                              

      (2-19) 

 

 

 

where 

(2-20) 

                                                                                                   

with ɖ(V) å1-1/V
2
 is the coupling coefficient,  

 

                                                                               (2-21) 

 

is the detuned wave vector and s = (ɋ
2 
- ȹk

2
)
½
.  The bandwidth (full width at half 

maximum) is given approximately by 

 

                                                                                          (2-22) 
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where Ŭ ~ 1 for fiber-Bragg gratings with reflectivity near 100% and N is the number of 

grating planes. Figure 2.13 shows a typical grating reflectivity as a function of 

wavelength close to ɚB = 1530nm. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Reflectivity versus wavelength for a 1 cm length grating.  

 

FBG Effect on the Spontaneous Emission Rate of a Two-level Atom 

 

 Given Equation 2-13 above for the total spontaneous emission rate of an atom, 

and assuming Ac is much less than Afs and ūc is much less than 4́ (which is the case for 

our system), also assuming that most of the ions reside deep within the grating (grating 

surface effects can be neglected), and that ions deep within the grating are completely 
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shielded from the vacuum field mode perpendicular to the grating planes, the fractional 

change in the spontaneous emission rate is given by 

 

 

                                                                                         (2-23) 

 

As will be shown in Chapter IV, the ratio of solid angle perturbed by our fiber-Bragg 

grating that the erbium atomôs experience to 4 ́is ~ 1%. This result indicates that for an 

ideal two-level atom interacting with the vacuum-field environment perturbed by our 

fiber-Bragg grating a 1% maximum variation in ionic lifetime may be expected. 
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CHAPTER III 

 

REAL SYSTEM: ERBIUM-GLASS CASE STUDY 

 

 The material system employed in the experimental attempt to measure a 

modification in the ionic spontaneous emission rate (Chapter IV) is the erbium-doped 

silica core of a single-mode optical fiber. In this chapter, experiments measuring the 

material parameters of the system are described along with the results.  

 This description begins with the level structure, absorption, unperturbed lifetime 

[33 - 38], doping concentration and fiber characteristics of the material system as 

reported elsewhere in the literature or specified by the company that makes the fiber. 

Following this is a description of fluorescence line narrowing (FLN) experiments and the 

spectroscopic results obtained at liquid nitrogen and liquid helium temperatures. A 

holeburning experiment to measure the homogeneous width and the unperturbed 

longitudinal dephasing time (T1) of the relevant optical transition (
4
I13/2-

4
I15/2) at liquid 

helium temperature follows.  

 A discussion of the physics relevant to the low-temperature homogeneous 

linewidth and the intra/inter-Stark-level energy migration seen in the FLN results is 

presented. Finally, an estimate of the on/off fiber-Bragg grating resonance variation in the 

ionic spontaneous emission rate of the real system is given. 
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Material Parameters 

 

 The energy level structure of erbium in an erbium-doped silica fiber is not the 

structure of the simple two-level atom considered in the previous chapter. The erbium-

doped silica is a complex solid state material. Complications result from the fact that the 

wavefunctions of the electrons in the erbium atoms are altered from their free atomic 

form by the presence of the host (silica + co-dopants) material [39]. Figure 3.1 shows 

some of the energy levels of an erbium-doped glass fiber similar to that reported in 

reference [40].  

  

Figure 3.1. Energy level structure of an erbium-doped glass fiber.  

 

Figure 3.2 (A) shows an expanded energy-level diagram for the 
4
I13/2 - 

4
I15/2 transition as 

reported in reference [33]. Figure 3.2 (B) shows a typical pumping scheme (upward 

arrow represents pump energy) for the fluorescence line narrowing measurements. 
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Figure 3.2. Energy-level Stark splittings of the 
4
I13/2 - 

4
I15/2 transition. 

 

The 
4
I13/2(1) - 

4
I15/2(1) transition is the transition of interest concerning the experimental 

attempt to measure a change in the erbiumôs spontaneous emission rate. As can be seen in 

figure 3.2 there are five Stark levels in the lower state manifold and four Stark levels in 

the upper state manifold. The erbium-doped fiber reported in reference [33] is similar to 

our erbium-doped fiber; however differences (erbium concentration, co-dopants, co-

dopant  concentration, contaminants, etc.) may exist.  

The erbium-doped optical fiber employed in our material system is made by INO 

in Canada and is their product number ER 103. The optical absorption of our fiber sample 

is specified to be 4 ± 1 dB/m at room temperature and a wavelength of 1531nm, while at 

the experimental temperature of 4.5 K the absorption is measured to be 8.6 ± 0.2 dB/m at 

1530nm. The free space or unperturbed lifetime (T1), for a similar fiber, is reported in the 
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literature as 10 ms while the homogeneous width is given as an upper limit of Ò13 GHz at 

4.2 K [33]. The erbium doping concentration is 900 ± 300 ppm. The erbium-doped fiber 

has a core with a diameter of 4 Ñ1 ɛm, a numerical aperture of 0.16 Ñ 0.02, and is single 

transverse mode throughout the wavelength range of interest with a cutoff wavelength of 

900 ± 50 nm.  

 

The FLN Sample 

 

 The erbium-doped fiber sample is 20 cm in length and fusion spliced (with fixed 

V-groove splicer) at each end onto SMF-28 optical fiber made by Corning Incorporated. 

Fusion splicing is a process whereby two optical fibers are connected using an electrical 

arc to fuse the fibers together in such a way as to produce a connection with relatively 

little optical loss. That is, light incident upon the fusion splice is transmitted further down 

the fiber core with little scattering loss. The SMF-28 fiber has a core diameter of 8.2 ɛm, 

a cut-off wavelength of 1260 nm, a numerical aperture of 0.14 and an effective refractive 

index of 1.4682 at 1550 nm. The schematic of the erbium-doped-fiber/SMF-28-fiber 

sample is shown in figure 3.3. The black circles shown in figure 3.3 represent the erbium 

ions. The erbium ions are contained only in the core and are concentrated in the center of 

the core with approximately 50% of the ions within 1 ɛm of the coreôs axis.  
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Figure 3.3. Schematic of fiber sample: Gray area: fiber cladding. White area: fiber core. 

 

 The schematic in figure 3.3 is inconsistent with the real sample in that erbium 

ions diffuse out of the ER 103 fiber and into the SMF-28 fiber during the fusion splicing 

process. In addition, low loss fusion splicing usually occurs when the fibers to be spliced 

have closely matched core diameters, numerical apertures and core refractive indices. 

Our fibers (ER 103 and SMF-28) do not have closely matched parameters. Consequently, 

the nature of the sample in the regions of the fusion splices is largely unknown [41]. 

 

The Cryostat 

 

 The sample is immersed in either liquid helium or liquid nitrogen in a modified 

immersion cryostat made by Janis Research Company model RD and serial number 205. 

Figure 3.4 shows a simplified schematic of the cryostat. As can be seen in figure 3.4 the 
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sample is located in the liquid helium reservoir which can be filled with liquid helium 

(LHe) or liquid nitrogen (LN2). 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Simplified schematic of cryostat: Light gray areas are the vacuum jacket, 

dark gray areas are the liquid nitrogen reservoir and the central white area is the LHe 

reservoir where the sample is located. 

 

A temperature sensor DT-470-CU-13 from LakeShore Cryotronics, Inc. is mounted on an 

aluminum platform (not shown in figure 3.4) a few inches above the sample and is 

connected to a LakeShore Cryotronics temperature controller model DRC 80C for 

monitoring the temperature in the LHe reservoir. A vacuum is induced (Ò 10 mTorr) in 

the vacuum jacket of the cryostat by attaching a Varian Inc. mechanical pump model SD-

200 to the vacuum port. The fiber optic leads (the SMF-28 fiber fusion spliced onto the 
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sample) are directed out the top of the cryostat through sealed ports and sent to the laser 

and the optical detection system. 

 Typically, when the sample is to be immersed in liquid helium or liquid nitrogen, 

the cool down procedure starts by mechanically pumping the vacuum jacket to around 10 

mTorr in pressure then introducing liquid nitrogen into the liquid nitrogen reservoir. 

Following this, either liquid nitrogen is introduced immediately into the sample reservoir 

or, after a period of time (so that the temperature in the sample reservoir is approximately 

77K), liquid helium is introduced into the sample reservoir.  

 

Fluorescence Line Narrowing Experiment: Experimental Setup 

 

The experimental setup employed in the fluorescence line narrowing 

measurements [42-44] is shown in figure 3.5. The components indicated in box a) are F1 

a focal length f = 5 cm lens, F2 a f = 50 cm lens and F3 a f = 10 cm lens which is ~10 cm  

away from the entrance slits of the spectrometer. M indicates an IR coated flat mirror, F1 

and F2 are separated by 55 cm and all lenses are IR coated. The components in box a) are 

employed in order to match the light beamôs geometry at the entrance slits to the 

acceptance geometry of the spectrometer. The coupler is a fiber to free space light 

coupler from Thorlabs model number F220FC that produces a single-mode beam with 

approximately a 1 mm beam diameter (FWHM). The laser is a single-mode fiber-coupled 

tuneable external-cavity diode laser model number 6200 from New Focus. The laser has a 

maximum output power of approximately 4 mW (fiber coupled), a wavelength range of ~ 
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1508 nm to 1583 nm and a specified linewidth of less than 5 MHz over 5 seconds. The 

Wavemeter is model number WA-1000 from Burleigh.   

 

 

Figure 3.5. Experimental setup for fluorescence line narrowing measurements. 

 

The components indicated in box b) are an optical chopper and controller model number 

SR 540 from Stanford Research Systems. In box c) a fiber-coupled optical circulator 

model number CIRD 1550 from Telelight Communication Inc. is shown. Box d) shows 

the cryostat and sample. The spectrometer is model number HR 460 from Instruments 

S.A. Group with a focal length of 460 mm and an f/5.3 aperture and unity magnification 
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at the exit slits. The grating used in the spectrometer to spectrally disperse the 

fluorescence is a 76 x 76 mm 600 line/mm grating blazed at 1.5 ɛm. Employed along 

with the spectrometer is a liquid nitrogen cooled IR (InGaAs) detector model number 

DSS-IGA020L from Electro-Optical Systems Inc. and a DataScan 2 module from 

Instruments S.A. Group that interfaces the detector, spectrometer and computer. The 

computer is a 120 MHz PC with Microsoftôs Windows 95 operating system and 

Instrument S.A. Groupôs Spectromax software. The IR detector is operated at ~ 77K with 

a spectral range of approximately 1.0 - 1.7 ɛm. In the mode that the detector is used it has 

a responsivity of 2.0 x 10
10

 V/W, a bandwidth of DC-150Hz and a NEP of 1 x 10
-15

 

W/Hz
1/2

. The chopper wheel is non-commercial and was constructed in the University of 

Oregonôs Student Machine Shop with the guidance of Chris Johnson and David 

Senkovich. A representation of the wheel is shown in figure 3.6. The representation of 

the chopper wheel shown in figure 3.6 is meant to convey the general pattern. The actual 

chopper wheel has 24 holes in an outer pattern and 24 holes in an inner pattern. The outer 

hole pattern has an on/off duty cycle of ~50% while the inner hole pattern has an on/off 

duty cycle of ~36%. The outer and inner hole patterns allow light to pass in a mutually 

exclusive manner. That is, when light is allowed through the inner hole pattern (for  

example, to excite the sample) light is not allowed to pass through the outer hole pattern 

(for example, to detect fluorescence from the sample). 
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Figure 3.6. Representation of optical chopper wheel. 

 

In this manner, light collected and sent to the spectrometer is assured to be fluorescence 

from the sample and not excitation light. 

 As figure 3.5 indicates, the light from the laser is directed to the inner hole pattern 

of the optical chopper. The light is then guided through the optical circulator and on to 

the sample. The circulator is a directional device that directs light from port 1 to port 2 

and light from port 2 to port 3 with little loss (~ 0.5 dB). Large loss (~45dB) occurs for 

light directed from port 2 to 1 and port 3 to 2 and ~ 65dB loss from port 1 to 3. The light 

is fiber coupled for most of this path except at the optical chopper wheel where it is free 

space coupled (so as to pass through the chopper wheel) by a fiber-U-bench from 

Thorlabs Inc. model number FB211-FC. Fluorescence from the excited erbium ions that 

is guided by the fiber is then directed back to circulator port 2 where the circulator sends 

it out of port 3 with little loss and on to the outer hole pattern of the optical chopper 

wheel. Most of this optical path is also fiber coupled except, as mentioned above, directly 
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at the chopper wheel where it is again free space coupled by another fiber-U-bench. A 

fiber to free space coupler is then used to make the fluorescence light incident on the 

spectrometer-matching optics indicated in box a) of figure 3.5. The fluorescence is then 

coupled into the spectrometer. A schematic of the spectrometer is given in figure 3.7.  

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Schematic of spectrometer and detector apparatus. 

 

The optical path through the spectrometer begins with the fluorescence, focused by F3 to 

a spot, at the entrance slits. The beam then diverges until it reaches the collimating mirror  

where it is collimated and made incident upon the grating. The grating angularly 

separates the fluorescence as a function of its spectral content and sends the spectrally 

diffused fluorescence on to the focusing mirror. The focusing mirror directs the light to 

the flat exit mirror where it is then sent to a spot on the exit slits. The fluorescence light 
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then diverges to the elliptical mirror where it is sent to the active area of the detector with 

a magnification of 1/6. 

 

The Fluorescence Line Narrowing Data 

 

 The laser is wavelength calibrated with the Wavemeter to an absolute wavelength  

accuracy of ~ 0.005 nm. The excitation light from the laser is chopped with a frequency 

of ~ 1800 Hz. The time averaged excitation power is ~ 12nW. The wavelength scan 

increment is 0.1 nm with an integration time of 0.5 sec. while the instrumental resolution 

is measured to be 0.2 nm. Figures 3.8 through 3.23 show the fluorescence power 

collected from the liquid-helium-cooled sample and sent to the spectrometer versus 

wavelength for the given excitation wavelengths. Figure 3.24 shows the liquid helium 

sampleôs fluorescence power versus wavelength for all excitation wavelengths 

superimposed.  
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Figure 3.8. Fluorescence power versus wavelength for 1510.00 nm excitation. 
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Figure 3.9. Fluorescence power versus wavelength for 1512.50 nm excitation. 
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Figure 3.10. Fluorescence power versus wavelength for 1515.00 nm excitation. 
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Figure 3.11. Fluorescence power versus wavelength for 1517.50 nm excitation. 
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Figure 3.12. Fluorescence power versus wavelength for 1520.00 nm excitation. 
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Figure 3.13. Fluorescence power versus wavelength for 1522.50 nm excitation. 
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Figure 3.14. Fluorescence power versus wavelength for 1525.00 nm excitation. 
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Figure 3.15. Fluorescence power versus wavelength for 1527.50 nm excitation. 
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Figure 3.16. Fluorescence power versus wavelength for 1530.00 nm excitation. 
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Figure 3.17. Fluorescence power versus wavelength for 1532.50 nm excitation. 
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Figure 3.18. Fluorescence power versus wavelength for 1535.00 nm excitation. 
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Figure 3.19. Fluorescence power versus wavelength for 1537.50 nm excitation. 
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Figure 3.20. Fluorescence power versus wavelength for 1540.00 nm excitation. 
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Figure 3.21. Fluorescence power versus wavelength for 1542.50 nm excitation. 
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Figure 3.22. Fluorescence power versus wavelength for 1545.00 nm excitation. 
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Figure 3.23. Fluorescence power versus wavelength for 1547.50 nm excitation. 
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Figure 3.24. Fluorescence power versus wavelength for all excitation wavelengths. 
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Figure 3.25 shows the maximum optical power of the narrow feature (that spectroscopic 

feature corresponding to the direct optical transition 
4
I13/2(1) to 

4
I15/2(1)) as a function of 

the spectroscopically narrow featureôs wavelength.   

 

 

 

 

Figure 3.25. Power of direct transition fluorescence peak versus peak wavelength. 
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Figure 3.26 is a plot of the wavelength difference between the spectrally broad feature 

and the spectrally narrow feature or the excitation wavelength. 

 

 

 

 

 

Figure 3.26. Wavelength difference between broad and narrow spectral features. 
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Figure 3.27 is a plot of the area of the broad spectral feature as a function of excitation 

wavelength. 

 

 

 

 

Figure 3.27. Area of broad spectral feature versus excitation wavelength.  
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Figures 3.28 through 3.34 show the fluorescence power collected from the liquid nitrogen 

cooled sample and sent to the spectrometer versus wavelength for the given excitation 

wavelengths.  The excitation light from the laser is chopped with a frequency of ~ 1900 

Hz. The time-averaged excitation power is ~ 10nW. The wavelength scan increment is 

0.1 nm with an integration time of 0.5 sec. while the instrumental resolution is measured 

to be 0.2 nm. Figure 3.35 shows the liquid nitrogen cooled sampleôs fluorescence power 

versus wavelength for all excitation wavelengths superimposed. 

 

Figure 3.28. Fluorescence power versus wavelength for 1510.00 nm excitation. 
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Figure 3.29 Fluorescence power versus wavelength for 1520.00 nm excitation. 
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Figure 3.30 Fluorescence power versus wavelength for 1530.00 nm excitation. 
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Figure 3.31 Fluorescence power versus wavelength for 1540.00 nm excitation. 
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Figure 3.32 Fluorescence power versus wavelength for 1550.00 nm excitation. 

 

 


