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DISSERTATION ABSTRACT

Bryan S. Boggs
Doctor of Philosophy
Department oPhysics
Decembel012
Title: An ErbiumDoped 1D FiberBragg Grating and Its Effect Upon Er3+ Radiative
Spontaneous Emission

Spontaneous atamemission 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 w#us types of discrete, reflectimirror type, boundaries. The
cavity effect is generally understood in terms of a cawvitjyced modification of the
vacuum spectral energy density. Recently, interest has grown in the possibility that
systems charactegd by distributed periodic boundary conditions, such as a spatially
varying index of refraction, might be effective in controllnagliative atomic processes

A semiclassical theory is given that enables an estimate of the size of the lifetime
modification of a twaelevel radiator contained within a thrdémensionally incomplete
photonic mndgap structure called a fibBragg grating. Following this is axplaration
of a specific system arnt$ effect upon radiative sparteous emission. It is found
through fluorescence line narrowing and frequency hole burning measuremethe that
observation of lifetime modification of the specific system is complicated due to intra and
inter Stark energy migration. A lifetime modification measurement then showsothat n

change in lifetime is observed beyond the error bars on the measurement results.



The tuning and coherence properties of a sexternalcavity diode laser that
may beuseful for future timedependent spectroscopic measurements are examined using
a fibe-based, selheterodyne technique. Coherence properties during active frequency
scans are characterized through analysis of-tependent heterodyne beat signals at the

output of a fiber interferometer.
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CHAPTER |

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 thegirability 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 diste, reflectivemirror type, boundaries. The cavity effect
is generally understood in terms of a cawtgtuced modification of the vacuum spectral
energy density, i.e., in the strength of the electromagnetic reservoir that drives
spontaneous radiative chy. 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 cavitiép [2

Recently, interest has grown in the possibilitst systems characterized by
distributed periodic boundary conditions, such as a spatially varying index of refraction,
might be effective in controlling radiative atomic processe®]7 Interest in periodic
refractive index structures, sometimes cafjfadtonic 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 reults from Bragg reflection of electromagnetic waves off the periodic
material layers. Atoms resonant at frequencies within a-thirrensional spatially

1



complete photonic bandgap will, according to the prevailing view, exhibit a complete
suppression of gmtaneous dexy. A series of fieldnitiating papers15-18] describes the
optical properties of periodic dielectric structures as well as their effect oadia¢ive
properties of atomplaced within the structures. The case of a complete photonic
band@p 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
homogneous environments. This consideration, combined with the fact that the
fabrication of materials whose periodic index variations act to create comple&te thre
dimensional photonic bandgabpas proven challenging, provides strong motivation for
the study ovacuummediated processes in diverse types of periodic strudtueesn
those lacking complete threifmensional photonic bandgaps.

Following an exploration of a specific system and its effect upon radiative
spontaneous emission, the tuning and coloer@noperties of a sheeixternalcavity
diode laser that may be useful for future time dependent spectroscopic measurements are
examined using a fibdyased, selheterodyne technique. Coherence properties during
active frequency scans are characteribedugh analysis of timdependent heterodyne

beat signals at the output of a fiber interferometer.



Premise

Can one expect to see a modification of the spontaneous emission rate of a
radiator spatially contained within a typetbfeedimensionally incomplete photonic
bandgap material called a fibBragg grating?

This question is addressed by theoretically analyzing the spontaneous radiation of
a twolevel atom contained within a fib&ragg grating. It is shown that the spam¢ous
radiation rate is expected to be suppressed for devad atom spatially contained within
a fiberBragg grating whose optical transition frequency is resonant with theBiagig
gratingbés photonic bandga pteddeepvathinaigsating i f t he
of sufficiently high reflectivity, then the amount of suppression expected is equal to the
solid angle ratio of the perturbed environment to unperturbed envirominadtite atom
experiences.

The presentation of a case studyaotal system follows this theoretical
discussion. This case study provides a material parameter analysis for an-gdssm
system that may be used to study the radiative spontaneous emission of ions within a
fiber-Bragg grating and reveals that, giviee system under study, an experiment to
measure the suppression oftheerbiumn 6 s spontaneous emi ssion r
due to the characteristics of the real system. That is, the effects of intra/intele@hrk
energy migration dynamics increageatly the complexity of the system over that of the
theoretically analyzed, above mentioned,dexel systemA descriptionof experimental
attempts to measure teappresion of ionic spontaneous emission and a discussion of

theseattempts follows.



Topical Outline

Chapter | 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 takehat addresses the premise is also given.

Background material concerning an atom interacting with an electromagnetic
field is given in Chapter Il. This analysis begins with a description of the linear dipole
oscillator and is followed by an explicationtbke twalevel atom. With the development
of the twolevel atom accomplished, the next step is to formulate thedassical
picture of a twelevel atom interacting with a classical electromagnetic field. It is with
this semiclassical picture that anteésate 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
guantized, yields the same result as the ssasisical approach for the estimate of the
spontaneous emission ratietloe twaolevel atom. After this, optical fiber, photonic
bandgap structures and fibBragg gratings and their optical properties are described.

A case study of a real system is given in Chapter I, beginning with a physical
description of the rareath-doped glass material and the physical parameters associated
with this material, e.g., dimensions, level structure, absorption and doping concentration.
Foll owing, is a spectroscopic and hol eburnin
parameters. A discussion of the energy migration dynamics found in the spectroscopic
results is given. Finally, a conclusias to the estimated sinéthelifetime modification

effect given the system under study is provided.



Chapter IV constitutes @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 measurentsrare 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 frequensyvept cohenece properties of a rapidlynable externatavity
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 realizatioof measurable lifetime modification in the presently considered

system is restated.



CHAPTER Il

BACKGROUND

An atom interacts with light through the coupling between its electrons and the
electromagnetic field associatedttwthe 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 coupleasthe electromagnetic field through its electric dipole
moment. See referenckd 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 radates energy and, as a consequence, its dipole equation of motiodadrapiag
term and is of the form

W+ G+ 1na°x = £ E (2-1)
m

Wwherexi s t he dipole amplitude, {0 iwisthdte i ncohe
natural oscillation frequency of the dipo&m) is the electron charge (mass), &g the

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

which the | inear dipole oscillator radiates
dipole oscillator picture does not take into account the quantum nature of the atoms as

does the twdevel atom.



The Two-Level Atom

The electronic energy levels of an atom are quantized or discrete by nature. The
semiclassical theory of atom/field interaction is one which employs an atom with
guantized energy levels ingating with a classical fieldd two levelatom is an
idealization, but one which may not (in usual circumstances) be far from the truth.

Consider an atom with energy levels given by

E+=>w-

E —>w. (2-2)

, Wherey >y _ (see Fig. 2.1 If the electromagnetic field has sufficiently narrow spectral

width compared to the energgparation between the atomic energy levels under
consideration and is nearly reswodvahen wi th th
the two level approximation is a good one. A #iggel atom in the presence of a light

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

frequency.

Rabi Frequency and Pulse Area

For atwo-level atomlight-field systen with zero atonfield detuning, lhe
inversion or energy of the atom will make oscillations with a frequency that isi@ssb
with the dipole interaction enerdyn=-d.tE, whered, is the dipole moment arf is the

field amplitude. That is, the oscillation frequency is



e |+)

h(w.-w)

Figure 2.1. Schematic of a two level atom.

v d1E]

S (2-3)

,where q is called the Rabi frequency. A gqua

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

applied. A more general expression for the pulsa &rgiven by

Q(t) = fMt’)dt’. (2-4)

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

the cavity mediated spontaneous emission riaée @tom in a cavity.



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 thas ac@iseemingly
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
appliedelectromagnetic field. It has been found that spontasmemission may be
thought of as emission stimulated by the vacuum fi20e2f1]. 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 aton®p]. In this light, with knowledge of the
characteristics of the vacuum field interacting with the atom, the spontaneous emission
rate of a twelevel atom may be calculated.

Consider now, a single mode of the vacuum field with specific energy density
2%/ (2Vi), whereV is an appropriate choice for the modal volume. The general classical

result for the energy density of an electromagnetic field is

u=e&E? (2-5)

where(y is the permittivity of free space . EquatiorR, with the previous choice for

the specific vacuum field energy density, leadawacuum field amplitude

>k

Evac = .
2e\k (2-6)




Given the result in equation-@), the Rabi frequency associated with an atacuum
field system is
d||E
Wac = M . (2'7)
>
Neglecting decoherence, the atom will evolve in a continuous and directional manner

with the frequency given in equation{2

Random Walk Model for Spontaneous Emission of a Twhevel Atom

Consider an initially excited twievel atom in a perturbed, namiform
environment, e.g., a cavity or some more general set of boundary conditions, where the
peruurbation concerns only a single resonant mode of the electromagnetic field. The time
evolutionofh e p s e udos pi ndegcbingtlelsystene aly leerthpught of as
making a random walk startingthe North pole (see fig. 2.2vhere w representhe
inversion and v represents the absorptiomponent of the dipole momeithe step size
of t he r agisdefined to heltHe pulse area attained from the coherent
evolution of the Bloch vector before a

dipole oillation and the vacuum field.

10
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W axis

v axis

Figure 2.2. Pseudospin resonantly driven by electromagnetic field.

That is,

Qc = Wac dc (2-8)

whereT, is theaveragdime kefore a phase jump. The phase jump may be produced by

either a dephasing event acting on the field (a.ghoton leaking out of a cavity) or a

dephasing event acting on the atomic dipole oscillation, @ ggattering event which

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

that the coherent evolution of the Bloch vec
event occurs, the Bloch vector fwalkso from
number of stps, 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 bistgps from

the North pole isN*2 Therefore, the root mean square (rms) pulse area is given by

11



Qms = VNQe. (2-9)
The number of steps the Bloch vector takes is given by
N=—, (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 evolvem the North pole to the South pole equations

2-8 through 210 can be used and yield

=

Te @\K/acz . (2' 1 1)

The rateA; at which the dipa@ loses its energy (radiates a photon) or its spontaneous

emission rate is approximately given by the inverse of equatid@d ) 2and is

2T QM
p

A (2-12)

Consdering 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

4p~ 4Ap (2-13)



whereAsi s t he unperturbed (free scpsdhesld spontane
angle over which the atom interacts with the perturbed environment. Equafi@ (2

shows that when t hesancalianadior tRecbherent atoenfjlalde ncy q
interaction timeT is small, A may be much less thas so that the change frofsin

At is controlled almost entirely by that solid angle factor inAReterm of equation (2

13).
Quantum Light Field Driving the Two -Level Atom

Theabove analysis concerning the cavity mediated spontaneous emission rate of a
two-level atom simplifies the situation by considering a classical light field interacting
with aquantizedwo-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 thelsssical
approach, i.eA; of equation (212) above.

The fully quantum approach iolves starting from a Jayn€ummings
Hamiltonian R3] 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 upgate density operator. This procedure

yields

9’g
o 2"
2 (@)
D¢’ +
% Q

13

Gav( DC) =

(2-14)



w h e ra@is thep atom cavity detuning,istheatorc avi ty mode coaupling
is the cavity damping rateoFzero atom/cavity detuning this expression is equivalent to
the expression for the spontaneous emission rate given in equatigh (2
Now that the cavity mediated spontaneous emission rate has been calculated in
the semiclassical approach and has bémmd to agree with the fullguantum

approach, the next topic to exploreghstof 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 diste reflective elements within which a

sample may be siaited and may resemble figure .ZTBe cavity is of a discreteflector

Mirror 1 Mirror 2

Atom

Figure 2.3. Side view of a typical discretdlector atom/cavity implementation.
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type in the sense that the boundaryagi(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 (redition, 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 (infiniteahdius
curvature mirres) cavity depicted in figure 2.Bleglecting 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 tgvé\ofs

the distributeereflector cavity discussed next.

Distributed -Reflector Cavities

A distributedreflector cavity employs a more general or distributed set of
boundary conditions. That is, a distributed structure may beigaghlto produce a nen
discrete reflective environment. An implementation of a these distrivefiedtor
cavities mayadok like that shown in figure 2.4. In figured2wo distributed structures are
used as reflective elements. The structures usuallistasf 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 coefficientaof individual refractive index layer is
usually very small compared to the reflection coefficient of the discretedaoy mirror

shown in figure 3 above.Thus, the light traverses many refractive index layers before
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scattering or reflecting backwardhe 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 reflectofihe distributeedeflector planes do not usually have

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

Distributed Reflectors

Atom

Figure 2.4. Side view of a distributeeflector atom/cavity implementation.

Photonic Bardgap Structure

In figure 25 a different (but related) type of structure known as a photonic

bandgap structure (PBGS) is shown.
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Atom

Figure 2.5. Side view of a typical atom/PBGS implementation.

This is a type of a generalized cauityuallyconsistingof a single distributed reflector

thatis of the same nature as the distrédzuteflectors shown in figureZ.

The optical properties of the PBGS depend upon the dimensionality and detailed
geometry of the periodic structure, the pdramd 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 dimensigdL[/]. The rest of this section will describe,

in more detail, a pseudo ocdénensionaPBGS called a fibeBragg 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 indidena lesser valued

refractiveindex mediunfrom a higher valued refractiviadex medium the possiliy of
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total reflection exists. For a more detailed description of this sectior28eLjght that

is incident upon the boundary at an angle greater than a critical angle given by
. _ang
Qc =sin 1%—8 (2-15)
ni~

wheren; () is the refractive index of the medium of which the light is incident from

(transmitted to), is totallyeflected as shown in figure 2.6

Figure 2.6. Light ray undergoing totaiternal 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 providingdhditions for total internal
reflection within the core. The outermost layer is usually a protective plastic material that
mechanically stabilizes the glass c¢cladding.
confined within the core, with core &lding) material refractive index given by(ng),
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 flantetaal reflection.
18



Figure 2.7depcts this case, where it is indicated that no light leaks out of the core and

into the cladding.

n

cladding

al

‘cladding
n

el

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

Optical Losses

Opticalfiber 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, &0 BOs may added to the core to
increase its refractive index while boron or fluorine may be atlwl#fte cladding to
decrease #trefractive index. The refractive index profile across the core/cladding

boundary may be of a discrete or contins nature as shown figure 2.8

step index 5 continuous
variation o +index
k= . variation
core distance
region

Figure 2.8. lllustration of step and continuous variation of refractive index.

20



Transverse Light Mode Considerations

Optical fiber can be single mode or multimode. This designation refers to the
transverse characteristics of the ligha r r i ed down t he fi berds core
supports the propagation of only the fundamental transverse mode of light. The nature of
the mode is dictated by the material, geomet
coreand cladding and for single mode fiber the transverse intensity profile is very close

to Gaussian. The condition for singteode behaviori¥O 2. 405 wher e,

V = koavne® - na? (2-16)

is called the normalized frequency\6numberk,= 2"/ &, @& i s the wavel e
anda s the core radius. Due to the cylindrigglometry 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. Wheg(\) = O for the smalles¥, only the fundamental

mode will exist in the core. That, whenVO 2. 405 the fiber is said
the given wavelength. Equation-{B) may be solved foracotf f wa vevheseW gt h o

is set to 2.405. Forgfahbdivendibey, the fiberigsaldlobeg r eat er
single mode. Outsidéeé core, in the cladding, the field decays exponentially. The

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

Gaussian profilesashown in figure 2.9
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Figure 2.9. Fundamental field mode amplitude vs. radial dista

Other Considerations

Besideghosementioned 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 constastindicated 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 polariian nonpreserving 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 fibelBragg grating is that of a single mode opticaéf
with a periodic refractivéndex modulation alogthe core as shown in figure 2.Fbr a

more detailed description of fiber Bragg gratings 28 [

nc..’

ncl

A

< >
EEEERN

Figure 2.10. Aiber-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 thedyg condition

/8 =2nL (2-17)
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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 fibdBragg grating it is reflected backward off each grating

plane in a coherent fashion and adds constructively to produce a strong rdifigatted

signal. Shown in figure 2.1i$ the transmission versus wavelength for ligistdent on

the fiberBragg Grating.

Transmission

Figure 2.11. Transmission versus wavelength for light incident on aBikegg grating.

Wavelength
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The Making of a Fiber-Bragg Grating

In 1978 it was accidentally discovered that an optical fiber Imaa its core
refractive index altered. Hill and amorkers B0] introduced visible light (488nm) from
an argonon laser into the core of a germanhaoped silica optical fiber. The light
reflected off the cleaved end of the fiber and formed a standing. Wae 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 showi3]] that the magnitude of the refractivelex change was
proportional to the squared optical power of the afigoraser used to create the fiber
Bragg grating. This proportionality suggested a-photon mechanism was responsible
for the refractive index variation in the fiber. It was subsetiyshown 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 welknown GeO defect in the germanium dopedaifiber B2)].

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 accestitites
argonion laser and relatively weak or small magnitude refractive index variations. Other
techniques include the interferometric technique, point by point technique and tee phas

mask technique [29]. Figure 2.1lRistrates the phase mask techuraq
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Figure 2.12. lllustration of phase mask technique for inscribing fitxagg gratings.

As the phase masks are formed holographically or lithographically, complicated patterns
may be written into the fibdBr a g g g r active indgxdpsofiler e ddditen, the
Bragg wavelength is set by the phase mask pattern not the UV wavelmngthch

greater flexibility is obtained over the Bragg wavelength.

Properties of Fiber-Bragg Gratings

The simplest cas® 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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. 3205
n(X) = o+ DncaosgepL—g, (2-18)
wherengistheaver age r ef miatleetamphtede of therefractive ogpdex

modul ati on and s 29 sUsihgltaplegl made theor§jtkep aci ng |

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

W sinh?(sL)

R(L,/) = X * sinh?(sL) +s° cosif (sL)

W >[Xx?

(2-19)

WE sin®(isL)

Dk? - WE cog(isL) ’ <B

R(L,/) =

where

W= m (2-20)

with d(V) -&\#is the coupling coefficient,

D(:zmo_

2-21
; (2-21)

is the detuned wave vector asd - gk?)”. The bandwidth (full width at half

maximum) is given approximately by

Dn®> 1°
+ —
2no N

D/ =/ga

(2-22)
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wher e U ~Bragg dgratings with réflectivity near 100% aNds the nunber of
grating planes. Figure 2.EBows a typical grating reflectivity as a fuoct of

wavel engtdrl80nmse to @&
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Figure 2.13. Reflectivity versus wavelength for a 1 cm length grating.

FBG Effect on the Spontaneous Emission Rate of a Twevel Atom

Given Equation 213 @ove for the total spontaneous emission rate of an atom,

and assuming Ais much less thaAisa n d.is much less than4which is the case for

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

surface effects carelmeglected), 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

As- Ar_ Fe (2-23)
Ass 4p

As will be shown in Chapter IMhe ratio of solid angle perturbed by our fiignagg
grating that the er bsi~0% Thastresuih indicatessthptéorane nce t o
ideal twalevel atom interacting with the vacudimeld environment perturbed by our

fiber-Bragg grating a 1%maximumvariation in ionic lifetime may be expected.
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CHAPTER Il

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 1V) is the eduped
silica core of a singlkenode optical fiber. In this chaptexperiments 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 matgsttm 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 heliupetetures. A
holeburning experiment to measure the homogeneous width and the unperturbed
longitudinal dephasing time (Jrof the relevant optical transitiofi {3115 at liquid
helium temperature follows.

A discussion of the physics relevant to kne-temperature homogeneous
linewidth and the intra/inteBtarklevel energy migration seen in the FLN results is
presented. Finally, an estimatkthe on/off fiberBragg grating resonance variation in the

ionic spontaneous emission rate of the realesyss given.
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Material Parameters

The energy level structure of erbium in an erbidoped silica fiber is not the
structure of the simple twievel atom considered in the previous chapter. The erbium
doped silica is a complex sdlstate 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 +dopants) materiaBP]. Figure 31 shows
some of the energyvels of an erbiundoped glass fiber similar to that reported in

reference4Q].

em™ x4 2
1000 =L___,____4F},2

20 "__f_ ZHzm

to ‘Fors

12

Figure 3.1. Energy level structure of an erbidimped glass fiber.

Figure 32 (A) shows an expanded eneilgyel diagram for thél,3,, - *l1s, transition as
repoted in reference [33]. FigureZ(B) shows a typical pumping scheme (upward

arrow represents pump energy) for the fluorescence line narrowing measurements.
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Figure 3.2. Energifevel Stark splittings of th#:z/, - “l15, transition.

The *113:/1) - “115:41) transition is the transition of interest concerning the experimental
attempt to measure a c¢hange ate.rAs darhbe seerriroi umo s
figure 32 there are five Stark levels in the lower state manifold andStark levels in
the upper state manifold. The erbhaoped fiber reported in referen@8] is similar to
our erbiumdoped fiber; however differences (erbium concentratiorgapants, co
dopant concentration, contaminants, etcayrexist.
The erbiumdoped optical fiber employed in our material system is made by INO
in Canada ant their product number ER 10Bhe optical absorption of our fiber sample
is specified to be 4 £ 1 dB/m at room temperature amdwveelength 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 lifetimg, for a similar fiber, is reported in the
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literature as 10 ms while the homogeneousdvt h i s gi ven as an upper
4.2 K [33]. The erbium doping concentration is 900 + 300 ppm. The erbioped fiber

has a core with a diameter of 4 N1 e€m, a nu
transverse mode throughout the wiangth range of interest with a cutoff wavelength of

900 = 50 nm.

The FLN Sample

The erbiumdoped fiber sample is 20 cm in length and fusion spljo&ith fixed
V-groove splicerat each end onto SMEB optical fiber made by Corning Incorporated.
Fusia 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 transniiitéfter down
the fiber core with little scattering loss. The S®RB f i ber has a core di an
a cutoff wavelength of 1260 nm, a numerical aperture of 0.14 and an effective refractive
index of 1.4682 at 1550m. The schenta of the erbiumdopedfiber/SMF28-fiber
sample is shown in figure 3.Bheblack circles shown in figure 3represent the erbium
ions. The erbium ions are contained only in the core and are concentrated in the center of

the core with approximately 50&%f t he i ons within 1 em of the

33



SMF-28 ER 103 SMF-28

fiber fiber fiber
e e ee_o, 0
0 9¢° %0 0% ¢ o
) 20 cm g

Figure 3.3. Schematic of fiber sample: Gray area: fiber cladding. White area: fiber core.

The schematic in figure 3is inconsistent with the real sample in that erbium
ions diffuse out of the ER 103 fiband into the SMR28 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.
Ourfibers (ER 103 and SME8) do not have closely matched parameters. Consequently,

the nature of the sample in the regions of the fusion splices is largely unfibjwn

The Cryostat

The sample is immersed in either liquid helium or liquid nitrogennrodified
immersion cryostat made by Janis Research Company modahé&Berial number 205.

Figure 34 shows a simplified schematic of the cy@sAs can be seen in figuret3he

34



sample is located in the liquid helium reservoir which can be filledhgitid helium

(LHe) or liquid nitrogen (LN).

fiber optic leads c:-:f;’_'i'Ltﬂ .
in ani (t)ut of vacuum
cryosta port
4
>
sample —— o
reservoir
~_sample

Figure 3.4. Simplified schematic of cryostat: Light gray areas are the vacuum jacket,
darkgray areas are the liquid nitrogen reservoir and the central white area is the LHe

reservoir where the sample is located.

A temperature sensor DA70-CU-13 from LakeShore Cryotronics, Inc. is mounted on an
aluminumplatform (not shown in figure 8) a few inches above the sample and is
connected to a LakeShore Cryatics temperature controller model DRC 80C for
monitoringt he t emperature in the LHe reservoir.
the vacuum jacket of the cryostat by attaching a Varian Inc. mechanical pump medel SD

200 to the vacuum port. The fiber optic leads (the SM¥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 immersedaguilil helium or liquid nitrogen,
the cool down procedure starts by mechanically pumghiegyacuum 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 tempemin 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 nagowin
measuremds [4244] is shown in figure 3. The components indicated in box a) are F1
a focal length f=5cm 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 cladtexifor, 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 | ight beamés
acceptance geometry of the spectrometer. The coupler is a fibeg sphee light
coupler from Thorlabs model number F220FC that produces a-simggle beam with
approximately a 1 mm beam diameter (FWHM). The laser is a singéke fibercoupled
tuneable externatavity diode laser model number 6200 from New Focus. Tlee hes 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 teas 5 MHz over 5 seconds. The

Wavemeter is model number WEO00 from Burleigh.

M F3 5l
/ G; Spectrometer Computerl

-

Wavemeter| | ....... fiber guided optical beam|
— free space optical beam | — J

— electrical connection

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) adinguled optical circulator

model numbeCIRD 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 /5.3 aperture and unity magnification
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at the exit slitsThe grating used in the spectrometer to spectrally disperse the

fluoresceke i's a 76 x 76 mm 600 | ine/ mm grating
with the spectrometer is a liquid nitrogen cooled IR (InGaAs) detector model number
DSSIGAO020L from ElectreOptical Systems Inc. and a DataScan 2 module from

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

computer is a 120 MHz PC with Microsoftos Wi
Il nstrument S. A. Groupbs Spectromax software.
a spectral rage of approximately 1.01 . 7 & m. I n the mode that the

a responsivity of 2.0 x £V/W, a bandwidth of DEL50Hz and a NEP of 1 x 0

W/HZ"2. The chopper wheel is nammmercial and was constructed in the University of

Or e g otudéns Maghine Shop with the guidance of Chris Johnson and David
Senkovich. A representation thfe wheel is shown in figure@®.The representation of
thechopper wheel shown in figure63s meant to convey the general pattern. The actual
chopper wheelds 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
exdusive 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. Rpresentation of optical chopper wheel.

In this mannerlight collected and sent to the spectrometer is assured to be fluorescence
from the sample and not excitation light.

As figure 35 indicates, the light from the laser is directe 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 $s (~ 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 pdisrough the chopper wheel) by a fitbéibench from
Thorlabs Inc. model number FB2EL. 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 litte 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 anothei-fieeich. A
fiber to freespace coupler is then used to make the fluorescence light incident on the
spectrometematching opticsndicated in box a) of figure 8. The fluorescence is then

coupled into the spectrometer. A schematic of tleetspmeter is given in figure 3.

1 —
T 4
collimating focusing
mirror mirror
LN_Z detector
——
eXlﬁtk A -JA
mirror '
7 ? 'L‘
entrance grating exit elliptical
slits slits mirror

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 reachebithatiog 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 focusingmiirects 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 excitatpower 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 throu@R3 3how the fluorescence power
collected from the liquichelium-cooled samplerad sent to the spectrometer versus
wavelength for the giverxeitation wavelengths. FigureZ3 shows the liquid helium
sampl edéds fluorescence power versus wavelengt

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.@Xcitation.
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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 fo2.582hm 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 wavelef@tth530.00 nm excitation.

50



1.4

1.2+

1.0

0.8

0.6

Fluorescence Power (pW)

0.4+

0.0+

1500 1510 1520 1530 1540 1550 1560
Wavelength (nm)

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 versusrelangth 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 powesrgus 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 325 shows the maximuwptical power of the narrow feature (that spectroscopic
feature corresponding to the direct optical transitles(1) to*l15(1)) as a function of

the spectroscopically narrow featureods wavel
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Figure 3.25. Power of direct transition fluescence peak versus peak wavelength.
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Figure 326 is a plot of the wavelength difference between the spectrally broad feature

and the spectrally narrow feature or the excitation wavelength.
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Figure 3.26. Wavelength difference between broad and wespectral features.
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Figure 327 is a plot of the area of the broad spectral feature as a function of excitation

wavelength.
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Figure 3.27. Area of broad spectral feature versus excitation wawbleng
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Figures 3.28 through 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 aefinegLof ~ 1900

Hz. The timeaveraged excitation power is ~ 10nW. The wavelength scan increment is

0.1 nm with an integration time of 0.5 sec. while the instrumental resolutoeasured

tobe 0.2nm. Figure3.5 shows the | i qui dluorescéencepgmern c ool ec

versus wavelength for all excitation wavelengths superimposed.
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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.
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