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Abstract:

Correlators are needed in communications, memory, and signal processing applications to perform
cross-correlations for tasks such as address-header decoding for data-packet switching, spread spectrum
and code division multiple access communication, associative memory, database searching, and pattern
recognition. Correlators based on optical coherent transients, Fourier theory, and holography can
potentially perform real-time correlations with multi-phase encoded information at gigahertz
bandwidths, a capability conventional electronics lack.

The first operation of spatial-spectral holographic correlators in the 1.5-pm communication bands was
demonstrated at 1536 nm using Er3+:Y2SiO5 and the correlator processed multi-phase encoded optical
pulses. Real-time decoding of 20-bit binary-phase-shift key encoded address-header pulses is
demonstrated using stimulated photon echoes in a phase-matched crossed-beam configuration; this
function is required for coherent transient optical data routing and packet switching.

Optical 30-symbol quadriphase-shift keyed (QPSK) and binary-phase-shift keyed (BPSK) codes were
processed, and the results demonstrated the ability of such correlators to process QPSK codes and
BPSK codes with the same apparatus. The high fidelity correlations exhibit the low sidelobe
characteristics expected for the codes used.

The 4115/2 and 4113/2 crystal field levels of 0.005% Er3+:Y203 were measured by absorption and
laser excited fluorescence on oriented samples. Site selective fluorescence distinguished transitions of
Er3 in crystallographic sites of C2 and C3i symmetry. The paramagnetic g-tensors for ions in sites of
C2 symmetry were measured by orientation dependent Zeeman absorption spectroscopy; For the
lowest crystal field level of 4115/2 the g-tensor principal x-axis in the (100) plane is tipped +2.06° from
[OO1] and principal g-values are: gz = 11.93, gx = 1.603, and gy = 4.711. For the lowest crystal field
level of 4113/2 the g-tensor principal x-axis in the (100) plane is tipped -11.7° from [001] and principal
g-values are: gz=10.07, gx = 1.08, and gy = 4.361. Two magnetic field orientations were identified for
optimizing this material for optical coherent transient correlators: field along [111] and [110].
Fluorescence lifetimes of the lowest 4113/2 crystal field level were measured for ions in sites of C2 and
C3i symmetry and they were 8.51 ms and 14.62 ms, respectively.
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ABSTRACT

Correlators are needed in communications, memory, and signal processing
applications to perform cross-correlations for tasks such as address-header decoding for
data-packet switching, spread spectrum and code division multiple access
. communication, associative memory, database searching, and pattern recognition.
Correlators based on optical coherent transients, Fourier theory, and holography can .
potentially perform real-time correlations with multi-phase encoded information at
gigahertz bandwidths, a capability conventional electronics lack.

The first operation of spatial-spectral holographic correlators in the 1.5-um
communication bands was demonstrated at 1536 nm using Er* :Y,SiOs and the
correlator processed multi-phase encoded optical pulses. Real-time decoding of 20-bit
binary-phase-shift key encoded address-header pulses is demonstrated using stimulated
photon echoes in a phase-matched crossed-beam configuration; this function is required
for coherent transient optical data routing and packet switching.

Optical 30-symbol quadriphase-shift keyed (QPSK) and binary-phase-shift keyed
(BPSK) codes were processed, and the results: demonstrated the ability of such
correlators to process QPSK codes and BPSK codes with the same apparatus. The high-
fidelity correlatlons exh1b1t the low sidelobe characteristics expected for the codes used.

The 115/2 and 113/2 crystal field levels of 0.005% Er’* :Y,03; were measured by
absorption and laser excited ﬂuorescence on oriented samples. Site selective
fluorescence distinguished transitions of Er’* in crystallographic sites of C, and Cjy;
symmetry. The paramagnetic g-tensors for ions in sites of C, symmetry were measured
by orientation dependent Zeeman absorption spectroscopy: For the lowest crystal field
level of “I;5, the g-tensor principal x-axis in the (100) plane is tipped +2.06° from [001] :
and principal g -values are: g, = 11.93, g, = 1.603, and gy, = 4.711. For the lowest crystal

field level of I3, the g-tensor principal x-axis in the (100) plane is tipped -11.7° from
[001] and principal g-values are: g, = 10.07, g, = 1.08, and gy = 4.361. Two magnetic
field orientations were identified for optimizing this material for optical coherent
transient correlators: field along [111] and [110] Fluorescence lifetimes of the lowest

*Liaja crystal field level were measured for ions in sites of C, and Cs;i symmetry and they
were 8.51 ms and 14.62 ms, respectively.
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CHAPTER 1
INTRODUCTION

The primary purpose of this dissertation .is‘the demonstration of devices that generate
real-time cross-correlations' of high-speed optical signals and operate in the important
1.5-um communication bands. The frequency selective and coherence properties of
spectral hole-burning (SHB) materials along with concepts and techniques from
conventional holography, Fourier transforms, and optical coherént transients (OCT) are
a combination ideally suited to producing real-time optical correlator devices with
performénce advantages over traditional computational electronics. Transparent
crystalline solids activated with trivalent erbium rare-earth ions provide hole-burning
media in the 1.5-um specfral region. Correlator device pérformance based on and
relevant properties of the Er* hole-burning materials were charaéterized in this

dissertation.

Correlators and Their Applications

‘ Correlators are devices that measure the similarity of two things. All observable
-phenomena varying in and with respect to any physical dimensions can be considered
data. A correlator can measure the similarity of any two subsets of such data. Correlator
devices may operate on quite different physical principles, and the data that correlators

process may take quite different physical manifestations but the defining characteristic
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of all correlators is the ability to perform the mathematical operation of cross-
correlation.

Correlators are needed in a wide variety of memory, signal processing, and
communications applications.’ These applications includelz neural networks, associative
memories, database searching and pattern recognition.? Particularly interesting
applications in fiber and free space optical communications are dgta—packet address-
header recognition®, spread-spectrum, and code division multiple access «(CDMA)
communications.*”

Convolution and cross-correlation are closely related mathematical operations.® The

convolution ~ c(u) of two " functions flw) and g(u) is defined as
I f(v) glu—v)dv and is written symbohcally as c(u)=f (u) * g(u). Sliding g

. along the axis of abscissae as v is varied and integrating the product of the two functions

at each overlap produces the convolution of g with f. The cross-cofrelation C,(u) of two
functions f(x) and g(u ) is deﬁned as C,(u I fv) g'lv—- u dv and is written

symbolically as C,(u)= f(u) ® g(u). Cross-correlation is similar to convolution except

that one of the original functions is complex-conjugated prior to convolution. The

special case of autocorrelation defined as C f f) v u)dv is obtained when




Fourier transforms provide a fundamental and useful method of calculating
convolutions and cross-correlations of functions. In particular, the Fourier transform of

the convolution of two functions is equal to the product of their Fourier transforms, so
that c(u) = f F(x) G(x) e™ dx, where F(x) and G(x) are the Fourier transforms of

f(u) and g(u), respectively. The cross-correlation of two functions is obtained

similarly, ' except one of the functions is complex-conjugated,

C(u)= IF (x) G'(x) e™ dx. And likewise the autocorrelation *  is

C,(u)= J.F (x) F'(x) e™ dx. A wide variety of signal processing applications' require

these classic operations. By exploiting the powerful Fourier transform techniques just -
discussed, spectral-hole burning materials are ideally suited to perform these operations

on optical signals in real-time and potentially provide capabilities electronics cannot.

Spectral Hole-burning and Optical Coherent Transienté

The frequency domain phenomenon, spectral hole-burning, and its time domain
counterpart, optical coherent transients, can Be achieved in any material with
inhomogeneoﬁsly broadened absorption, including atomic vapors, organic solids, and
glassy or crystalline solids doped with rare earth ions. Choosing Er’* as the rare-éarth

ion dopant provides unique capabilities in the important 1.5-4m spectral region.
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- Optical coherent transient phenomena are analogous to transients found in electronic

and nuclear spin systems. Optical coherent transient phenomené include optical nutation,
optical free induction decay, "2-pulse 'photon echoes, z‘md stimulated photoﬂ echoes
(SPE). Stimulated photon echoes are interésting for memory and signal processing‘
applications when combined with ideas frorﬁ ‘conventional holography and Fourier
Theo&. The phase matching conditions common to conventional holography and other
four-wave mixi.ng phenomena, of which stimulated photon echoes are a transient variefy,
add spatial multiplexing possibilities to the memory and signal processing capabilities.
Fourier Theory has provided conventional electronics and communications with
' pdwerful tools for temporal signal processiné using spectral filtérs and in the opfical_
domain, 'in combination with stimulated photon echoes, provides time domain memory

and signal processing capabilities.

Three optical excitation pulses, having the correct properties outlined in Chapter 2, .

applied to a spectrél hole-burning matefial will produce a fourth pulse of light called a
stimulated photon echo. The input directions of the e.xcitation pulses determine the SPE
output diteqtion. The temporal structure of tﬁe stimulated photon echo output can be
crafted by temporally ‘structuring the _excita'tion pulses usmg any combination of
' amplitude, phase or fre;luency modulation as discussed in detail in Chapter 2. Spectral
hole—Burning materials can thus perform convolutions and cross-correlations on the
modulated éxcitatiqn pulses by multiplying the Fourier transforms of such pulses. Such

stimulated-photon-echo-based devices are predicted to provide data processing at multi-
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GHz rates with time-bandwidth products greater than 10* and storage densities of 10'2

bits/cm®.

1.5-um Communication Bands

The demonstrated succesées and future potentiai of fiber-optic and free-space
communication networks exploit the 1.5-um waveléngth region -and make it a
particularly important -spectrall fegion indeed. Much of this success is due to the
Wavelength Division Multiplexing (WDM) technique in whicfl multiple transmission
channeis are carried simultaneously through a single optical fiber, each channel on its
own distinct optical carriér frequency, just as multiple radio transmissions are carried
through the air on their own radio carrier frequency. Single channel 40 gigabité/secg
(Gb/s) technology, called OC-768 in the technical literature; is in developmént and 10
Gb/s (0OC-192) singlel channel trahsmis;ion is widely ‘deplc')yec'l.g A single-mode optical
fiber with a 10 ulﬁ core has the potential to provide total data bandwidth of 50 THz.!°
"Enabled by Dense Wavelength-Division Multiplexing (DWDM), thé. 10 terabit/sec
threshold has been achieved in the laborat.ory over short distances'' and deployed
systems achieving an aggregate. of 40 Gb/s (4 channels at 10 Gb/s) are state of the art.”
The current International Telecommunication Union (ITU) standard DIWDM grid places
50 channels, each with 10 Gb/s bandwidth, at 100 GHz intervals centered on the grid
anchor at 193.10 THz (1552.52 nm).

Full utilization of the impressively large single fiber bandwidth is currently not

possible. Signal distortion at high bit rates and high powers due to fiber dispersion and




self- and cross-phase modulation places' limitations on channel spacing and single
channei bandwidth. Nonlinear crosstalk among channels owing to four—wéve mixing
places limitations on the number of channels, the channel spacing, and the individual
channel power.

Dynamically reconfigurable networks, needed to respond to changes in bandwidth
demand, require 'dynamic optical switching and routing. Hybrid network
implementations, aimed at expanding the useable single-fiber bandwidth and increasing
the variety of capabilities, employ time division multiplexing (TDM) in combination
with DWDM' and require optical buffer memories, routers, packet address header
decoders, and other switches and processors. Use of code-division multipie access
(CDMA) in optical networks, reqqires _convolvers. and .cross-coﬁéiétors. Many
opportunities for spectral hole-;t)urning technology to provid;e a wide variety of new all-
opticalhmemory, switching, and processing devices exist within these efforts associated

with bandwidth utilization and network management.

Overview of the Dissertation

Chapter 2 discusses the enabling properties of spectral hole-burning materials and
the optical coherent transient techniques that combined to provide correlator devices.
The assumptions and limitations are presented.

Cha’pter’ 3 reports a study of spectroscopic and dynamic properties of Er**:Y,03
which is an excellent candidate for spectral hole-burning memories and processors

owing to its ability to generate unusually strong stimulated photon echoes at
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conveniently low external magnetic fields. The energy levéls relevant for the 1.5-pm
operating wavelength were determined from absorption and fluorescence specfroscopies.
The. excited state lifetime was measured by laser-induced fluorescence. The
paramagnetic properties of the ground and excited states, which profoundly influence
the dynamical behavior of the ions, were characterized with Zeeman spectroscopy as a
function of magnetic field direction.

A demonstration’® of real-time address Header decoding is presented in Chapter 4. .
Twc; distinct patterns consi§ting of 20-bit binary-phase-shift key encoded pulses
representing data packet address headers were simultaneously stored. A phase—matched
* crossed beam configuratioﬂ, similar to that uéed in conventional holographic t:_echniques
and common to four-wave mixing phenomena, was used to associate each pattern with a
spétial direction. A random sequence of the two patterns was decoded and stimulated
photon echoes temporally structured as the auto-correlation and cross-correlation were
emitted from the crystal along the pre-programmed phase-matched directions. Address
lheader decoding is one function required for coherent transient optical data routing,
packet switching, and processing. The active medium was sing}e—cfystal Er’*:Y,Si0s
operating at 1536 nm.

Chapter 5 presents a demonstration!* of time-domain optical correlations using 30-
symbol quadriphase-shift (QPSK) and binary-phase-shift keyed (BPSK) codes. The
codes were processed in.a spatial-spectral holographic correlator with the Er’*:Y,SiOs
spectral hole-burning material operating at 1536 nm. The results demonstrate the albili‘ty

of spatial-spectral holographic correlators to process QPSK codes and BPSK codes with
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the same apparatus. The high-fidelity correlations | produced by this optical coherent
transient device exhibit the low sidelobe characteristics expected for the codes used.
Chapter 6 provides summaries of the results obtained in the Er**:Y,05 material study
and in the two correlator studies and recommends future directions for the rese.ar‘ch field.
The correlator demonstrations in Chapters 4 and 5 used the Er3+:YZSi05~hole burning
material. For reference; Appendix A presents the:‘ two pulse I;hoton echo ‘measurements
'of the material coherence lifetime and stimulated photon ect\lo measurements of spectral

diffusion and stimulated echo lifetime of I;:r3+:Y2.Si05.15




CHAPTER 2
BACKGROUND AND THEORY

This chapter describes the propert_ies lof spectral hole-burning materials and
specifically the properties of Er3+—doped 'lsolid—state materials. Spectral hole-burning
discussion is r‘estrilcted to fwo—level systénis with population storage in a long-lived
excitéd state. Optical coherent tralmsient behaviors relevant to memory and signal

processing devices are also described.

Spectral Hole-burning Materials

Energy Levels and Spectroscopy of Er-*

Raré earth lanthanides (atomic numbers N = 57 to 71) in crystalline hosts'®!’ are
most commonly in a trivalent ionization state with a Xe-like core, closed 5s2p6
outermost shélls, and 4f" valence electrons in the ground state. Energy levels of Er**
(atomic number 68)_ below ~80,000 cm™ are due to the 4f'! configuration of the valence
electrons. The largest Russell-Saunders “tenﬁ” in the admixture labels the levels, the
total angular momentum, J, labels ea'ch “multiplet” within a term, and multiplets are

(27 +1)fold degenerate in the free ion. The 5s?p® wavefunctions. have greater radial:

extent than the 4f'' wavefunctions and the latter contract toward the nucleus due to
imperfect mutual screening from the nuclear potential. The 5s°p°® wavefunctions shield
the 4f electrons from static and dynamic environmental effects resulting in narrow

transition ’l.inewidths. Crystal fields distort the 4f wavefunctions, shifting multiplets, .
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partially or fully lifting degeneracy within multiplets depending on the crystal field point

symmetry at rare earth substituent sites, and mixing in 4f*'5d configuration Russell-

. Saunders terms. Forced electric dipole transitions are allowed among the mixed parity

crystal field levels, except in site symmetries with an inversion center, and their -

intensities can be calculated from the Judd-Ofelt theory.'®"® Tons with an odd numbér of
electrons, like Er’*, exhibit Kramers degenergcy,1'6’l7’20
partially lift the M, degeneracy yielding up to J +7 crystal field levels, depending on
the crystal site point ‘symmetry thus the “I;s/, ground multiplet can be c'rystal—field split
into at most 8 Kramers doublets~_and the 4113/2 first excited multiplet at ~6500 cm’! can be
cfystal—fielld' spllit into at most 7 Kramers doublets; the lower Zeeman component of the
lowest lying “Iis crystal field -level Z; serves as the grouﬁa state and the lower Zeeman
component of the lowest lying “Ijs cry.stal field level Y; serves as the excited state of

the two level system for coherent transients. Magnetic dipole transitions between these

states are aliowed with selection rules, AJ =0, 1 and AM =0, 1.

Transition Line Broadening and Material Time Scales

An ideal, isolated, two-level electronic system at zero temperature has a fundamental

transition linewidth, I, (0), determined by population decay from the eXcit§d state with

characteristic lifetime, 7;(0), given by T,,,(0)=1/27T;(0). Transition linewidths in real

materials are always broader than this limit due to two general types of line broadening,

homogeneous and inhomogeneous.

allowing crystal fields to only
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Homogeneous Broadening and Coherence Lifetime

Dynamical processes have a statistically identical influence on indistingﬁishable ions
and cause homogeneous broadening which leaves.the ions with the same dynamically
perturbed transition ehergy. The homogeneous linewidth in Er’*-doped crystals can be

written as the sum of contributions from several mechanisms as

Fh = é— rpop + rEr—host + FEr—-Er + 1—‘phonon ? (2 1)

where I, is population decay from the excited state as before, I', , . is the

.

contribution from nuclear and electronic spin fluctuations of the host crystal, T}, _,. is

the ‘contribution from mutual flip-flop transitions®** between Er’* ions, and T

phonon

represents a variety of phonon contributions. Population decay sets the ultimate lower .
bound on homogeneous linewidth and is almost .purely radiative for decay from the
lowest crystal field lével of the BEr** '411 32 multiplet, with insignificant contributions from
spontaneous phonon emission dﬁe to the large energy gap to lo§ver levels (in this case

} .
~6000 cm™). By design the I, contribution is minimal in this study as the two

r—host
hosts, Y,SiOs and Y,0s3, have nuclear magnetic moments of zero (160), very small

values (89Y), or low isotopic abundance (2981 and 170).23'25 The phonon contribution,

T

ionon » 10Cludes both direct phonon driven transitions and inelastic or Raman scattering
of phonons.'***° Room temperature homogeneous linewidths in rare-earth doped
crystals are dominated by phbnon contributions, and for Er** at the low temperatures

used in this work, direct process transitions between Zeeman—split levels can be

significant. At low temperatures, low available phonon energy and low phonon density
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of states at the resonaﬁt energy generally make direct trat;sitions between crystal field
levels and such dephas.ing, contributions insignificant. The I';,_. contribution includes
the mutual Er-Er resonant “flip-flop” transition that is quite significant and highly
dependent on choice of temperature, Er** concentration, and applied magnetic field
direction and :strength. Even at liquid helium temperatures, the upper Zeeman
component of a weakly split Krame;s doublet can be thermally populated; jons
undergoing spontaneous “flip” transition from the upper to lower Zeeman component
can resonantly drive another ion 'through a lower to upper component transition, a
“flop.” The resulting fluctuating magnetic field dephases yet the ion of interest by
suddenly shifting its energy levels.

| At liquid helium temperatures homogeneous linewidths as narrow as 10*sto 100’s of
Hz have been observed in rare earth doped crystals.>!* These narrow linewidths cannot
be measured directly in the frequency domain because readily available lasers have
jitter-limited linewidths of a few hundred kHz; _‘ linewi;dths. are derived from
measurements of a material’s _cqherence‘ lifetime, T,, related to the homogeneous

linewidth by T, = 1/xT, . The coherence lifetime is measured using 2-pulse photon echo

decays.****

‘Inhomogeneous Broadening

Static processes within a material cause the second class of spectral line broadening
- known as inhomogeneous broadening. Crystal“ impéffections such as dislocations,
impurities and other types of defects cause local stresses and strains within the crystal.

The resulting distribution of'local crystal fields causes a variety of perturbations on ions
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at different locations within the crystal and a distribution of transition energies rendering
homogeneously broadened groups of ions spectrally distinguishable. Inhomogeneous

linewidths, T, , are highly material dependent as well and range from 100’s of MHz to

I

several THz, e.g. for Er’* in silica used in erbium-doped fiber amplifiers.

Frequency Domain Hole-burning Memogy‘

Early e;fforts to produce spectral hole-burning memow devices éttempted to store
data directly in the frequency domain.*® This approach subdivided the inhomogeneous
line into narrow frequency bins, ‘each serving as a storage location in the spectral domain
for a single bit. 'An intense “write” laser stored a digitalﬁ“one” in a frequency bi-n by
depleting the ground state popﬁlation and leaviﬂg a modified inhomogeneous absorption
profile; conversely, a digital “zero” was stored by not burning a hole in a particular
frequency bin. Tuning the write laser across the inhorhogeneous line allowed many bits
to be stored in a single spatial location. In this way the entire in‘homogeneous.line had
notches, or holes; burned in it. Spatially rastering the write laser sto.red multiple data séts
" in different spatial locations. Scanning a low intensity “read” laser through the
inhomogeneoué iine and detecting the modified absorption read out the data.

The number of bits that could be stored in a single spatial location was

fundamentally limited to <T,, /T, . However, to achieve this limit, the write laser was
required to have a linewidth less than T}, to dwell for a time 7,,, > 1/T;,, and to have

sufficiently low intensity to avoid power broadening. Similar requirements exist for the

read laser. Frustrated by these stringent laser requirements, efforts to achieve practical
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spectral hole-burning dgvices turﬁed from this frequency domain approach to time-
domain storage®® ‘based on the coherent: transient‘ behavior of inhorﬁogeneously
broadened materials. In contrast with frequency domain storage, the write laser in time-
domain storage is rapidly modulated to burn specfrally broad, structured hole patterns
representing many bits and spanning many homOgéneous linewidths within the
inhomogeneous profile. The remainder of this chapter discusses the theoretical tools of
time-domain spectral hole burning memory and signal processing, and the optical

coherent transient phenomena that form its basis.

Phenomena and Models

Optical coherent transients (OCT) ére coherent responses induced in
inhomogeneously broadened materials when such materials are suddenly exposed to
resonant laser light, exposed to pulses of such light or when such excitations are
suddenly switche(i off.' These phenomena include dptiéal nutation, optical free inductibn
decay, two-pulse photon echpes, and stimulated photon echoes (SPE).*”* The following
discussion states the' important reéults used by this work and outlines the major

theoretical approximations made, along with their implications.

Onptical Bloch Vector Model

The dynarrﬁcal behavior of a two-level atomic system resonantly excited by coherent
laser light is mathematically analogous to a spin-one-half particle in a static magnetic
field resonantly excited by a radio-frequency magnetic field.***® The spin vector

formalism developed by Bloch* to characterize the behavior of the magnetization in
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magnetic resonance experiments can bg applied to optical resonance phenomena; in that
case, the “so-called optical Bloch vector represents the coherence and population
difference induced in a two-electronic-level system. For self-;:onsistency, the following
discussion of Bloch vector formalism uses the notatipn of Shoemaker™® throughout.

The components of the optical Bloch vector u, v, and w are definéd in terms of
elementé of the two—le\}el-system density matrix* | and they have the following physical
interpretation: w (defined e.g. in Equation (3-66) of Shoemaker) measures the population
inversion between the ground and excited state and obtains a maximum ‘(;rﬁnimum)
value of 1 (—1) when the ensemble of atoms is fully in the excited (grlound) state; u and v
(defined e. g. in Equation (3-65) of Shoemaicer) measure, when multiplied by the ground-
eigited state transition dipole matrix element, the exactly in- ‘and out-of phase
- components of the polarization, respectively, where phase refefs to that of the driving
optical field. These components can be regarded as a fictitious electric spin vector, or
pseudo-dipole moment, for a homogeneously broadened ensemble of ions within an
inhomogeneously broadened line.

The optical Bloch equations are the equations of motion ‘for the optical Bloch 'Vectof, '
are derived from Schrodinger’s Equation for an ensemble of harmonically excited t;)vo—
level systems, and can be written as (e.g. Equation (3-75) and surrounding discussion of

S hoémaker) :
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u:(Q—(oo)v—?2

: , M Ew v
=—(Q—-a 4Ly 2.2
V=@ ur e T 2.2)
W=—ﬂ—””§—°1—%-[w—(na—nb)]

where Q' is the laser frequency; ap is the ground-excited state transition frequency
which in an inhomogeneously broadened material takes a distribution of values, g is
the ground-excited state transition dipole matrix element, Ey is the laser electric field -

’

amplitude, and n, and n, are thermal equilibrium excited and ground state populations,

respectively. Customarily, relaxation terms are added phenomenologically using Ti as
. 2

the coherence decay rate and ?1- as the population decay rate;44l the former onIy
1 .

contributes to decay of # and v, and the Jatter only contributes to decay of w. -
The primary approximation made in deriving the optical Bloch equations is that the
optical radiation field is very nearly monochromatic and almost exactly on resonance‘
with one transition frequency of the atom under c_onsideration.37 This approximation
immediately implies- a two-level éy.stem37 and is an excellent approximation for Er3+;
doped crys.talline .solids at low temperatures; indeed, as diécussed previously and
illustrated by the work presented in Chapter 3, c;ne st‘riv.es to ﬁnd a medium with suitable
host lattice properties and Er’* dopant‘todr'lcentration, and temperature énd‘ external
magnetic field cénditions to minimize the effects that cause deviation from pure two-

level-system behavior. '
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The on-resonance assumption makes possible an additional approximation known as
the Rotating Wave Approximation (RWA). The RWA is valid if the rate at WhiCh.
population is driven from the ground to excited state is very small comparéd to the
optical transition frequency;” for the demonstrations presented in Chapters 4 and 5 the
RWA is justified because the rate at which population was driven from ground to
excited state.never excee'ded‘ ~10" Hz and the optical transition frequéﬁcy was ~10"* Hz.
In the derivation of the optical Bloch equations the RWA negiects terms that oscillate at
twice the optical frequency; the rationale is fhat rapid gyrations of the Bloch Vector at
twice the laser frequency tend to average out on the time scales of interest. In the work
presented in Chapters 4 and 5 the -time scales of interest were > 10® seconds and the
optical period was < 10™* seconds which provides additional justification for use of the
RWA in that W(I)I'k. The RWA neglects effects that, in principle at least, are observable,
these include sum frequency generation® and a small shift of the resonant frequency
which in magnetic resonance is called the Bloch-Siegert shift and is negligible in optical
experiments.>”®
‘A graphical interpretation of solutions of the optica] Bloch equations is called the

vector model*7#°

and was developed by Feynman, Vernon, and Hellwarth.*? This model
is useful for visualizing and predicting material polarization state and ii;s evolution under
a variety of simple but important excitation schemes; the language of the Vecto; model is
used below in discussion of the optical coherent &msient phenomena relevant to this

work. In a wide variety of excitation schemes that are too complicated for simple

visualization, numerical simulation techniques using this Bloch formalism can predict
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two-level-system response; indeed, numerical simulation of the optical Bloch equations

is used in Chapter 5 to model complicated correlator performance.

Pulse Area and Opticgl Nutation

It is useful to characterize laser pulses by their so-called “area,” which is defined,

(e.g. in Shoemaker Equation (3-128)):

-

6= K:[ E,(t) dt 23

=KE,7=Q7 ° for rectangular pulsés

# 7;;” , E, (t) is the amplitude envelope of the laser electric field, 7 is the pulse

where K=

duration, and € is the Rabi frequency on resonance. The pulse area measures the effect a
laser pulse has on the two-level system and is usually given in units of T radians to
denote the angle through which a pulse rotates the optical Bloch vector. Estimating pulse
area is important for comparison of experiment with theory but is inexact in practice as

the laser electric field Ep always has -a non-uniform spatial distribution governed by

diffraction and absorption; Gaussian profiles across the beam and laser absorption .

th‘roughou.t the érystal cause a spatial distribution of pulse areas. Also, inhomogeneous
broadening of the absorbing medium takes atoms off of exact resonance with the laser
causing a spectral distribution of pulse areas. When used to estimate pulse areas, optical
nutation accounts for some of these effects and within certain limits conveniently allows
others to be neglected as described below.

Optical nutation*"***” describes the transient effect that occurs when an ensemble of

.atoms is suddenly exposed to intense resonant laser light and is analogous to the spin
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nutation phenomenon in magnetic resonance.*’ Ions in the ensemble undergo alternate
- absorption and emission of light 'as they are driven coherently between the ground and
excited states by the laser field.*! In nutation experiments the total detected signal is the
sum of the transmitteci portion of the incident laser field and the field emitted by the
polarization induced in the sample; in an experiment using a laser with a Gaussian
profile across the beam, a crystal with low total absorption ol < 1, (where o is the Beer-
Lambert Law absorption coefficient and L is the length of the medium along the

direction of laser propagation) and a single transition dipole moment*® the nutation

signal behaves approximately as:

9%, ()

O 2.4)

S

where J; is the first order Bessel function.*® The first maximum of the expression in

Equation 2.4 above is at 8= £ = 1.65x. This approximation is valid if rise time 7, of

1.657

the excitation pulse and material coberence lifetime 7 satisfy 7, << <<T,; in the

1.65x

work presented in Chapter 5, where 7. = 35 ns, 2100 ns, and T> = 70 s, nutation

experiments and this approximation were used to estimate pulse areas for comparison of

correlator performance with simulations.

Stimulated Photon Echoes
The pulse sequence required for generating a stimulated photon echo is described
below. The absorbing medium is assumed to start in equilibrium with a fully populated

ground state and zero population in the excited state. At time 7 = 0 a pulse is applied on
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resonance with the transition. This pulse has duration #; << fz such t_hat it burns holes
over many homogeneous packets, though not evenly, in the inhomogeneous line. In the
low pnlse area limit, the Fourier transform of this pulse is burned into the absorption line
and the ions are placed in a super‘posivtion of the gronnd and excited states. The optical
electric field amplitude and phases of the spectral ‘components of the optical electric
field are recorded (in resonant .‘homogeneous packets) in the inhomogeneous line.
Amplitude is recorded as hole' depth, .the relative fraction of ions in excited ver‘sus
ground state. Optical pnase is recorded as phase of ensemble oscillation in their
superposition states. A macroscopic polarization is created leaving the ions os'cillating
coherently after the.pulse, and this coherence decays with the material coherence
lifetime T,. The inhomogeneous distribution of natural oscillation freguencies of tne
various ions causes them to lose coherence with one another over time, but population
difference persists for a time scale of 7.

A second pulse appiied to the medium at time t=¢,< Tzi, while the coherence
created by pulse one persists, interferes with the first pulse. The second pulse can
transfer the ions from the superposition states- created by pulse one, and tends to conlvert
the associated coherences. into excited state and ground state population gratings. These
population gratings can be thought of as filters, spectrally shaped by the product of the

Fourier transforms of the two pulses in the low pulse area limit, and they persist for the
material upper state lifetime 7] . The temporal interference of pulses in the medium is the

motivation for referring to this technique as spectral holography and the material phase
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memory allows this interference to occur even when the pulses are not ‘present

simultaneously in the medium.

" A third pulse applied to the population gratings at ¢= t,<T, 'co‘nverts the gratings
back into coherences, placing the ions again in superpositibn states; the coherence
increases in time as the ions rephase; re-establishing an oscillating macroscopic
polarization in the medium. The medium emits another pulse called a stimulated photon

echo attime t =1, +(t, —t,) =1, +7,,.

Conditions for Linear Response

In general, the stimulated echo intensity depends on the three input pulse intensities,

1, ,and areas, 6,, with £ =1,2,3 thlrough.:39

Is‘ocIIIZISoc(sin(el)sin(ez)sin(03))2‘. C T (2.5)

Pulses with areas < Z are necessary if linear response is desired since the Fourier -

transforms of the pulses aré not faithfully recorded or reproduced by the medium for Z-

pulses. Most practical deViées have the mutually incoﬁlpatible requirements that output
signals be maximally intense and minimally distorted which suggests that a device-

specific and application-specific tradeoff must always be found.

The Fourier Transform Approximation

364952 that the stimulated photon echo could be used to perform cross-

Proposals
correlation and convolution operations transformed the subject.from one of scientific

curiosity to one of technological application; this i§ readily seen when the stimulated

- photon echo electric field E; is expressed as:
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Eg(t)= [E (@) E,(0) E;(w) e -0 g (2.6)

where E,(w) is the Fourier transform of the electric field envelope of the k” pulse, wis

the optical frequency, z, is the amval time of pulse three, and 7,, is the delay between

pulses one and two. The limits of validity for this approximation are that the excitation

" pulse areas are low, '9<0.37L', so that the material responds linearly to the Fourier
Transform of the pulse, that the pulse bandwidths are well within the inhomogeneous
linewidth, that the delay between pulses one and two, Ty, I8 shoﬁer than the ‘cotllerence'
lifetime T,,, and that pulse three is applied at a tim;é, t,, within the upper state lifetime;
1.

Babbitt* provided fuﬁhér justification .for the Fourier Trénsform Approximation

(FTA) above by.demonstrating through a density matrix calculation that pulses of low

_ area generate response in the material proportional to the pulse Fourier Transform. Later

the FTA was experimentally verified.>?

The primary resuit of the FTA ’is prediction of the stimulated photon echo temporal
structure, arrival time, and output direction. In the FTA the tempc;ral structure of the
stimulated photon echo is the cross-correlation of pulse 1 with the convolution of puises

2 and 3. The SPE arrival time is approximated as:

to=t,+(t, —1,), R IR
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but depends in general on the intensity, structure, duration, and propagation effects of
the excitation pulses.>* Finally, if the excitation pulses can be regarded as plane waves,

the phase matching conditions:
kg =k, +(ky— k), : B (2.8)

are obtained. The special case of l-c’1 =l€3 which sets ES =k, is useful for ‘spatially

separating the intense third excitation pulse from the weak SPE output signal to aid in

detection of the latter. This scheme is also utilized in Chapter 4 to épatially discriminate

a number of output signals from many spatial-spectral gratings along corresponding l_c;

directions programmed by choice of IZZ directions.

Devices Based on the Fourier Transform Approximation

The FTA can be used to craft a wide variety of devices’>* by choice of input pulse
shape, timing, and propagation direction. For device purposes, the input pulses fall into
two categories, reference pulsés and temporally structured waveforms. The temporally
structured waveforms typically contain data that is to be stored or.processed .by the
device. The reference pulse, whose name is taken from conventional holography to
impiy a function analogous to the reference beam, contains no information but is used as
a “write” pulse and interfered with a temporally structured waveform to store a spatial-
spectral grating or as a “read” pulse to generate a étimulatéd photon echo from a stored
grating. The reference pulse.timing and input direction can be used to control the

stimulated photon echo emission time and output direction. The reference pulse is
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required to have constant spectral amplitude over the bandwidth of the temporally
stru_ctured waveforms and can be of arbitrarily large area without sacrificing linear
response. This is typically a{ccomplished, and is always the case in this work, by making
it temporally brief compared with any structure in the tempdrally structured waveforms,
although chirped reference pulses of longer- duration have been proposed and
demonstrated.>*

The most important processor device for this work is the correlator. If pulse 2 is a

spectrally flat over the bandwidth of pulses 1 and 3, the FTA reduces to,
Ey(t)o [E}(0) Ey(0) et g, (29)

the cross-correlation between pulses 1 and 3, which are arbitrary temporally structured
waveforms. The special case of auto-correlation is obtained when pulses 1 and 3 are

- identical. The temporal length of the pattern in pulse 1 is set by 7, and the upper bound
on the processing for pulse 3 is set by 7. The correlator demonstrations of Chapters 4

and 5 are based upon this reduced version of the FTA.
When pulse 1 is chosen to be a reference pulse and pulses 2 and 3 are temporally

structured, the FTA reduces to
Ey(t)e [E, (@) Ey(0) e ™) g, , (2.10) -

the convolution of pulses 2 and 3. The convolution process is fundamental as described
in Chapter 1 and has interesting communication applications-in conjunction with cross-

correlation as discussed in Chapter 6.




25

CHAPTER 3

SPECTROSCOPY AND DYNAMICS OF Er**:Y,0;

Introduction and Motivation

The Er’* ion is of considerable interest for optical signal processing and memories
using OCT techniques, because the 4115/2 to 4113/2 transitions can provide a device in the
1.5 um fibef—optic communication bﬁnds, where this same transition is used in Erbium-
dopea Fiber Amplifiers (EDFA) to provide signal gain. Trivalent erbium in YAG, glass
and other hosts is also used as.a solid-state laser material providing emission near 3 um,
utilizing a different set of energy levels from those given above. A study of the
spectroscopy and dynamics of Er’* in the Y,Os host is presented here; this system is
- particularly interesting for OCT dé\./ices. |

The coherence lifetime T, determines two-pulse photon echo lifetime, limits stored-
pattern temporal duratioﬂ in an OCT correlator, and through its spectral domain
counterpart, homogqneous linewidth I'y, limits spectral resolution of any OCT device;
excited state lifetime sets ‘an upper bound on coﬁerence lifetime. Dynamical behavior of .
the environment surrounding the'correlator ions reduces coherence lif;atime' through the
mechanisms of phqnon scattering and magnetic spin flips. Operating at low tempefature
reduces the significance of direct phonon transitions; phonons of the resonant freql‘le'ncy

become unavailable to drive direct transitions as the density of states at the resonant

frequency and the maximum available phonon energy become reduced. Nuclear and




26

electronic spin flips of host crystal ions contribute to dephasing as well. By design, the
Y,05 host??* lattice contributes minimally to the fluctuating Jocal field; the constituent

nuclear magnetic moments are either zero as in the case of 16O, very small as in the case

of ¥Y with a moment -0.14 My (the nuclear magneton, u, =52-), or of low enough

isotopic abundance as not to be of consequence as.in the case of 0.04% abundant 1’0
with a moment of —-1.89 u, . Erbium ions substitute with equal probability into ten

spectroscopically distinct Y3 sites in the Y,03 host as discussed on the next pagé; an
OCT device is thereby restricted to be comprised of a fraction of the total Ert ions,

2L2 and leaves a fraction of

called “device ions” (“A” ions in the terminology of Mims)
Er’* jons unused for -.the device, called “environment ions” (“B” ions in the terminology
of Mims).*»** The primary® low magnetic field, low temperature dephasing
mechanisms in this system are device ion electronic spin flips driven“By direct process
phonon transitions®®>
-device ions through the resulting fluctuating magnetic field.*"*2 Device ions can dephase

other device ions through the flip-flop process and in this context can be regarded as

~ environment ions as well.

The crystal field levels used for an OCT device and those that influence its |

performance were located by absorption and fluorescence spectroscopy of transitions
between the Er’* 4115/2 and 4113/2 multiplets. Excited state lifetime was measured by laser-
excited fluorescence decay. Device ion and environmeﬁt ion paramagnetic g-tensors,

which guide choice of external magnetic field direction and strength to optimize

0 and environment ion mutual “flip-flop™ transitions which dephase |
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coherence lifetime, were measured by orientation dependent Zeeman spectroscopy. This

information can be used to optimize Er3+:Y203 for OCT devices.

Crystal Field Levels

Crystal fields modify Er’* free-ion energy levels and spectroscopy as discussed

in Chapter 2. Trivalent erbium exhibits Kramers degeneracy ®”*

as it is an odd
electron ion, with the 4f! valence electrons inside the 552p6 closed shells. The result of

Kramers degeneracy is that the Stark effect can only lift half of the (2J -!-l)fold

degeneracy of a J -multiplet and only the Zeeman effect can lift the remaining two-fold
degeneracy. A cr.ystal field, deﬁending on its symmetry, can split the 16-fold degenerate
4115/2 ground anci‘ 14-fold degenerate 4113/2 first excited multiplets of Er’* into 8 and 7
doubly degenerate crystal field levels, respectively.

The yttrium sesquioxide host crystal\is cubic and belongs to the T;,’ space group,
with 16 formula units per unit cell.*® Triply ionized rare-earth dopants can substitute into
the Y** sites without charge compensation.. Of the 32 such rare earth sites in the unit
cell, 24 are of C, point Symmetry and 8 are of Cs; point symmetry.“ Using electron
paramagnetic resonance (EPR) rare earth ions were first observed to substifute into both
the C, and Cy; Y°' sites with equal probability with Yb.3+ as the dopant ion.”” Further
EPR studies showed that Er’" also substituted into both C; and Cs; Y3t "sites.s 8,59

The Y03 unit cell is depicted in Figure 3.1%°

with the O sites suppressed; circles
represent the two types of rare-earth sites with open circles for C, sites and solid circles

for Cs; sites. The Cj; sites, numbered 1-4, are orientationally inequivalent, with their
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local Csz; symmetry axes along the [1 1 1'], [IITJ‘, [ITIJ, aﬁd [Tl 1] crystal axes,
respectively. The Cs; site nearest neighbor O* sites define the vertices of the polyhedron
centéred oﬁ the ion site labeled 1 ahd are shown removed from the unit cell and enlarged
in Figure 3.2.® The C, sites, numbered 5-10, are orientationally inequivalent, with the
C, axes for 5 and 6 along [100], 7 and 8 along [010], and 9 and“l'O along [001]. The C,
Site neﬁest neighbor O sites define the vertices of theé polyhedroq centered on the ion
site labeled 5 and are shown removed from. the unit cell and enlarged in Figure 3251
sites of C, symmetry the.crysfal 6nly imposes the C; symmetry axis, by convention the
z-axis in the context of the Er** paramagnetic g-tensors; the principal x anc.1 y axes of the
g-tensor can be tipped at a different angle o with respect to the crystallographic axes for=
-each crystal field energy level as shown in Figure 3.3.% Following in this chapter is a
detailed discussion’ of’ the g-tensors, their importance to the dynamical behavior of

Er’*:Y,0;, and their measurement.
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with experiment; the average deviation between the 65 observed and predicted levels
was 11 cm™.% . ‘

In the present work, lamp absorption experiments and site-selective fluorescence
excitation experiments using 1.5 pm diode lasers, located fhe crystal field levels of thé
*lis;2 and *I;3, multiplets for the ions in both C; and Cj; sites in 0.005% Er3f:Yzo;.64

Energy levels of the higher inultiplets are of no consequence for this study as the next

multiplet 4111/2 is 3500 cm™ above the 4113/2.

Methods and Apparatus

Scientific Materials Corporation of Bozeman, Montana provided several pieces of
0.005% Er**:Y,03 grown by their proprietary top-seeded-solution method.®> One such

piece was oriented by Laue X-ray diffraction. The crystal was cut, ground, and polished °

to produce two opposing faces normal to [1 1 1], two opposing faces normal to [ITOJ, and

a single face normal to ll IEJ‘. The remaining side, normal to llli], was left as received.
The crystal dimensions along [111] and [1 TOJ‘and [1 15] were 3.47, 6.55, and ~ 5 mm,
respectively. |

The absorption and fluorescence spectroscopy apparatus is éhown schematically in
Figure 3.4. The crystal was immersed in liquid helivm at 1.5 K in an Oxford Instruments
Optistat-Bath cryostat (CRYO) which had twc; opposing pairs of vs}i'ndows (W) for
optical access. The filament of a tungsten halogen lamp (LAMP) was imaged inside thé
crystal and propagation along the thickest dimension of thé sample yielded maximum

available absorption. The transmitted light was focused on the entrance slits of a SPEX
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Model IOOOM‘ monochrémator (SPEX). The monochromator gratings had 600
grooves/mm, were blazed at 1.5 pum, and provided 0.8 nm/mm reciprocal dispe;sion.
The entrance and exit slits were set to 100 um width, and the monochromator was
scanned over the spectral region whefe absorption lines werel expected from previous
studies.®® A colored glass bandpass filter (FIL) with 0.94 transmittance between 950 and
2900 nm wa's placed between the lamp and the cryo'sta‘t to .elivminate visible light that
coﬁld pass through the monoch‘romatbr at the same grating orientation’ as the 1.5-um
absorption spectrum but in a higher grating order. The monochromator exit slit was
imaged onto either a Hamamatsu NIR PMT Model R5509-72 or a liquid nitrogen cooled
Advanced betector Corporation Model 403L Germanium detector (PMT/Ge). A
Tektronix TDS 520]5 oscilloscopé (SCOPE) monitored the output from either detector. .
An 80486-based micro-computer, not shown in Figure 3.4, recorded the spectra by
colllecting the generated photocurrent from the photodetector at each monochromator

grating position.
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Results and Discussion

Direct excitation and observation of absorption and fluorescence in the 1.5 pm
region using the apparétus and 'techniqu‘es descril:;ed above’ allowe;d more detailed
characterization of Er’*:Y,0; than previously possible.. Previous measurements aﬁd
crystal field analyses of the energy levels of ions in C, sites62’63’72‘ served as an initial
guide for assignlrr16ﬁt' of a particular site to a set of absorpti’onl lines that produced
identical fluorescence spectra. Also, iohs’ in C, sites were’ expected to have larger
absorption line intensities than~th0-se of ions in Cs; sites; there are three times as many C,
sites as Cs; sites and forced electric dipole transitions are allowed for the former but not
for the latter due to its inversion center. These observations and arguments aided
interpretation .of the spectra.

The low teml;)erature insured that only the lc;west crystal field level of the ground
multiplet would be popﬁlated, and the spectral region observed insured that absorption
would terminate in a lcyel of the first excited mu-ltip_let. In general, ior‘is in the tw;)
crystallographic sites have different crystal field levels anél spectra. Absorption
spectroscopy alone was not sufficient to distinguish the two interspersed sets of
absorption lines belonging to ions in C, and Cy sifes. But, for- each site, ﬂuo:escence
spectra from each of the‘ lhigher 4113/2 levels (labeied Y, to Y7) should.have identical
features to fluorescence spectra from the lowest 4113/2 level (Y;), and all measured the
position of the 4115/2 levéls (Zl up to Zg). Ions purﬁped from the 4115/2121 to the ‘_1113/2:Y2
aﬁd higher 4113/2 levels rapidly and noﬁ—radiatively relaxed to the 4113/2:Y1 lgzvel from

which fluorescence to all levels of the ground multiplet simultaneously occurred. Two
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distinct fluorescence spectra were thained from ‘individually pumping each of the
absorption lines and suggested that each of the two groups of absorption lines belonged
to ions in either the C, or Cy; sites.

Absofption and fluorescence spectra obtained by the methods desciibed above are
shown in Figure 3.5. The absorption spectra contained all absorption lipes ‘expected for
transitions to the 4113/2 crystal field levels of ions in C, sites from previous studi@s62 thﬁs
coﬁfirming and extending the resﬁlts of - the ‘earlier visible fluoresceénce experiment.
Above the absorption spectrum is a comb of seven vertical bars indica’ting the C, site
absorption lines. These absorption lines consistently yielded fluorescence spectra like
that of the bottom trace in Figure 3.5 which agree wéll with thé Tisn Ca crystal .ﬁeld
levels cited in previous studies.®? The feature at 6000 cm’v1 is similar to that obtained
previously62 and was previously believed®® to be; two lines separated by 20 cm™ and
corresponding to the Z; and Zg crystal field levels of the. 4115/2'multiplet as eight crystal
field levels are expected for the s multiplet in C, symmetry. Interspersed with the C,
ébéorption lines were additional absorption lines, indicatgd above the absorption
spectrum with a coxﬁb of four vertical bars and labeled as C3i site absorption lines and
were not consistent with known absorption by C; ions; all previous observations of
absorption by Er*t in C3i sites -were on stoichiometric Er20'3.73 The fluorescence spectra
from the remaining, interspersed, ébsorption lines yielded a consistent fluorescence line
pattern, the middle trace in Figure 3.5, distinct from that expected for C, ion crystal field
levels. The new absorption and fluorescence lines were attributed to the jons in Cy; sites,

and G. Reinemer’s Zeeman experiments64 confirmed this hypothesis.
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The 115/2 and 113/2 crystal field levels determmed by this study for the C, and Cy;
ions are presented in Flgure 3.6 and Table 3.1. The 1eft three columns of levels are for
the C, ions, with the leftmost column representing energy values refined by this study.
" The most complete previous observation of these energy levels are given in the t\;vo
center columns and are due to the observations of Gruber, et. al.®® The right column of
levels is for ions occupying the Cs; sites.®* The following Zeemen spectroscopy study is
concerned with the paramagnetic properties of the Z; and Y; levels of ions in C;' sites ae
the 6512 cm’ transition between these" 1e\/els is of interest ‘for OCT devices;

corresponding levels for ions in Cy; sites have been studied by G. Reinemer.%*
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Table 3.1. Crystal field levels of 0.005% Er>*:Y,0;
SL; Multiplet ‘ Er’*in C, Er’* in Cy;
Empirical This Work Reference 63 Reference 63 G. Reinemer
Designation Observed " Calculation Reference 64
s : | ' Energy [cm™]
Zy 0 0 1 0
Zs 39.5 39 - 36 9.9
Zs 774 76 - 82 41.0
Zy 90.0 89 97 80.6
Zs 161.8 158 145 97.3
Zs 261.8 258 267
Z ~ 500 490 486 f
Zs (see text) 510 502
4113/2: Energy [cm'l] ‘
Y 6512.1 ‘ 6510 - 6512 6470.2
Y, 6544.5 - 6542 6545 - 6534.1
Y3 6589.8 ' 6588 6580 6570.2
Y, 6596.1 6594 6606 6590.6
Ys 6686.4 6684 6676
Y¢ 6841.0 6840 6840
Y; 6868.0 6867 6842
Excited State Lifetime

Methods and Apparatus

The crystal used above was placed in the cryostat at 1.5 K to avoid significant-
population of levels other than the Z; ground level. Pumping the 4115/2:21 to 4113/2:Y2
transition allowed simple spectral discrimination of the fluorescence from the laser

excitation. Fluorescence from 4113/2:Y1 to 4115/2 levels occurred after rapid nonradiative.
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decay frdm Y, to Y;. The fluorescence lifetime apparatus is shown in Figure 3.7 and
much of it was the same as that shown in Figure 3.4.-Model and manufacturer are the
same unless specifically stated otherw1se A Crystal Technology Model 3165-1 Acousto-
Optic Modulator (AOM) produced.2.5 ms duration pulses, required by the low transition
oscillator strength, of 4 mW peak powers from the laser (ECDL) beam at a 10 Hz
repetition rate. The 165 MHz drive signal to the modulator was gengrated by a PTS 500
if synthesizer (Rf). Low voltage pulses from the Hewlett Packard Model 8013B Pulse

Generator (HP-PG) controlled the Watkins-Johnson S1 rf switch (SW) gating 2.5-ms 1f

pulses to the ENI Model 411LA 40 dB rf power amplifier (AMP) which boosted the rf

pulses to 5 watts. Fluorescence was collected at 90° to the laser path and focused on the
monochromator (SPEX) entrance slit. The monochromator was tuned to the Z; to Yy

transition, and light from the monochromator exit slit was imaged onto the

photomultiplier tube (PMT). The 3 ns rise time of the photomultiplier tube provided'

sufficient response to collect undistorted decays. As a diagnostic, the New Focus 2033
Ge photodiode (GePD) monitored the transmitted laser signal and was used to identify

the Z; to Y, absorptibn lines by operating the modulator continuous-wave at reduced

power and scanning the laser; the photodiode also provided real-time capture of the

partially absorbed excitation pulses with the modulator in pulsed mode and the laser
tuned to the absorption line center. The photomultiplier tube and photodiode
photocurrents were fed to the oscillds‘cope (SCOPE), which was triggered by the pulse

generator. The oscilloscope was interfaced with an 80486-based micro-computer, not
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numbers, and the J -multiplet is split into 2J +1 equally spaced Zeeman ‘sub-levelsi with

field dependent energy shifts Ao =y, M,g,B.">"®

This simple picture changes dramatically. when the ion is in a ‘crystal. As discussed
in Cﬁapter 2 and previously in this chapter, a crystal field partially lifts the (2J +1)fold
degeneracy of thg J -multiplet and imposes reduced symmetry so that J and M ; are no
longer good quantum numbers.!%”>"® The resulting Kramers déublets are each split
differently by an external magnetic field. The effective spin Hamiltonian for the weak
magnetic field Zéeman ef.fect‘in a crystal field, ignoring hyperfine structure, becomes: '

A, =1,(-5-B), (3.1)
where S is an effective spin (S = V%), determined by the crystal field level degeneracy in
zero field and g is a symmetrlc rank 2 tensor in Cartesian coordinates determlned by
the crystal site point symmetry.75’77 For a Kramers doublet, S =% . A symmetric rank 2
tensor has six independeng components, which may be chosen as the three principal axes
of an ellipsoid labeled x, y, z and thg three angles épecifying the ellipsoid orientation
with respect to the crystallographic site.”’” For sites of C, symmetry, as in Y,0s, one
principal ellipsoid axis, by convention the z-axis, must be along the C, symmetry axis,
and four parameters are left independent: the g-values g_, g, &, aiong the principal.
axes and a single angle « orientiﬁg the tensor x -y principal axes with tespect to the

crystallographié axes.”” Bach crystal field level has distinct values of g,, g,, g,, and

o . Tn Y,0; the g -tensor z-axis is along [100] for the 5 and 6 sites, [010] for the 7 and
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8-sites, and [001] for the 9 and 10 sites according to the convention of Figure 3.1. For

each site, the Zeeman Hamiltonian in Equation 3.1 can be written in terms of the
principal g-values as: |
H, = 1,(8.5.B, +2,5,B, +2,5,B,) (32)
where S, Sy , S, are effective spin operator comporients and B_, B,, B, are the
applied magnetic field components.”” Each crystal f'ield level splits into two Zeeman
sub-levels with magnetic field and orientation dependent energy shifts given by:

Ao =+4r¢g B | ‘ (3.3)

where Ao, the energy level shift, is typically given in wavenumbers, IBI is the magnetic

field strength and g,, i=5,.,10 is the orientation dependent g-value for each site as

Zc_;{iven below.

To aid in the following discussion a graphical interpretation of the g-tensors is
presented in Figure 3.10 and reference to Figure 3.3 is useful. Six rectapgulgr solids, or
“bricks,” are numbered to associate‘ each_ witﬁ one of the six C, sites; the dimensions of
the bricks are scaled to match the ground s—tate principal g-values, as measured by EPR*®
(8x = 1.645, gy = 4.892, g, = 12.314). The bricks .are shown realistically oriented with
respect to the (100) crystal axes except that the 2° tipbing angle o measured™® for this
state has been exaggerated to 20° (in reality +2° from EPR*®) for illustration purposes.
Specifically, the C, axis of site iO is parallel With [100]; the site 10 ellipsoid is tipped

+2° (for illustration +20°) from [001] toward [010].
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g5 =8 =g2cos’® + (gf cos” o +g2sin’ a) sin® @ . (3.4c)

Equations 3.4 ap];)ly to both the ground and excited states, wigh different principal g-
values g, g ,y» &, and tipping angles «. Here ® is the angle between the applied
magnetic field and the [100] axis in the (001) plane. For the bricks labeled 9 and 10 the
longest dimension g, is along the field when @ = 0° and this orientation yields pure
measurements of g, ; the projection of g, for the 9 and 10 bricks onto the field yanishes-
as @ increases to 90° but the projection of g, along the field for bricks labeled 7 and 8
maximizes again yielding a pure measurement of g_, but using ions labeled 7 and 8. It is
instructive to note that the ions labeled 7 and 8, with their C, axes along [010], and the
ions labeled 9 and ‘10', with their C; axes along [100]:, are orientationally équivalent With
;espect to the (001) plane. Also, witﬁ ® = 0° and 90° the ioné labeled 5 and 6 become
orientationally equivalent.

Similarly, when the applied magnetic field is in the (1 10) plane, the g-values for the
various siteé can be expressed as:*®

82 = glcos’O® + { glcos’(z + o) + g5 sin?(Z + a)}sin2~® (3.5a)

2
818

V2

2
+ (icos@) sing + —=sin® cos a') g’ +%gz2 sin’ ®

V2

2
(cos@ coso F —l—sin® sinaJ gi
(3.5b)
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2
8o = (cos@ cosa £ %siné) sina] g,
(3.5¢)

V2

2
— . 1 .
+ (+ cos® singr + ——sin© cosaj g’ +%gl2 sin’ ©

" Again, the;e equations apply to ail crystal field -levels. In this case © is the angle
between B and the [001] axis in the (1 10) plane. All six sets of ions are orientationally
inequivalent with respect to this plane. Special orientations somewhat reduce the six-
fold ilnequivalence._ The pﬁirs 5and 6, 7 and 8, and 9 and 10 collapse iﬁto three

inequivalent sets-at ©= 0° and g, can be directly measured of using the sets labeled 5

and 6. The sites labeled 7 and 8 and 9 and 10 are equivalent when © == 90°. Finally,

and most interestingly, at ® = + 54.7°, where B is along ‘[_1‘11J or [ITIJ, the
inequivalence is only -two—fold with the ions 5,7 and 9 forming a single equivalent set
and the ions 6,8 and 10 forming a distinct set as can be clearly seen in Figure 3.10.

A transition-labeling scheme aided collection ana analysis of the 24 possible
transitions, four from each of the six sites, between the two Zeeman components of the
ground and excited states. The “a” transition, from the ground state lower component |
(Z11) to the excited state higher camponent (Y11), had the. highest energy of the four.

The lowest energy transition, Z;1 to Y14, was the “d” line. The “b” transition (Z14 to Y1)

€6 79

was typically higher energy than the “c” transition (Z;¢ to Y11) as the ground state g-

value was typically greater than the excited state g-value; but the reverse was true for

orientations where the excited state ellipsoid protruded from the ground state ellipsoid.
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A subscript, 5-10, was added to each letter designation maidng the.label site-spéciﬁc and
transition labels are grouped when sites a;e magnetically equivalent.

The orientation and field dependent transition energies. were calculated to first order
by combining Equations 3.4 and 3.5 with Equation 3.3. The a and d transition energies L

are:
ol (®or@)=0, + (ng.+ EAO') =0, i’ﬁzi(g g+ egi,)B (3.6a)
and + corresponds to a and — to d. The b and ¢ transition energies are:
c®9(® or ©) =0, * (*Ac—Ac)=0, + ’u—zB(ggi —“¢,)B (3.6b)

and + éorrespo_nds to b and — to c. The ground (excited) state g-values, g, (°g,), for
sites i =35,...,10, are substituted from Equations 3.4 (3.5), 0, is the zero-field Z; to Y;
transition energy. Graphs of o“®(® or @) and o> (® or ©), ﬁsing estimated %g and
°g values, provided excellent guides for assigning and tracking transitions during data )
collection; initial values for (g 8. ggy\,‘ 8g.s g a) and (egx, ggy, ‘8. ea) were adjusted

and plots updated in real-time as the data were collected. Initial ground state values

58,59

relied on published EPR values™ and excited state principal g-values were previously

unmeasured.

Determination of the ground and excite(i state g -tensor principal parameters,
(g £..°8,,°8,; ga) and (e 8.8y ‘815 ea), respectively was accomplished by analyzing.
orientation dependent Zeeman absorption spectra. Ground (excited) state g;values were

calculated by subtracting energies of transitions connecting different ground (excited)
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state Zeeman components with the same excited (ground) state component. There were

two ways to calculate each g-value:

(a) (c) (b) @)
(Gi —0; ) (O-i _'~O-i )

“g,(®or ©) = = . | " .(3.7a)
My B HyB :
and _
L (@) _ () [ (@ _ @)
°g,(® or @)= ( ] )= ( 9 —9 ) ' - -(3.7b)
My B UyB : :

Methods and Apparatus -

.

Two larger Erystals from the same commercial growth ‘as the crystal used in
determining erystal field levels and upper state lifetime were used for measurement ofZ;
and Y1 g -tensors and were oriented by Laue X-ray diffraction. .The “(_)Ol-crystal”: and
“110-crystal” were oriented for épplying the magnetic field in the (001) and (1 10)
planes, respectively, and~ to provide optical access, propagatic;n and maximum
absorption along [001] and [1 iO], respectively. The 001-crystal was cut and ground into

a rectangular solid with dimensions of 8.84 mm along [001], 5.08 mm along [1 10} and

3.76 mm along llTOJ: The 110-crystal was cut and ground into a rectangular solid with

dimensions of 8.25 mm along [1 10], 4.65 mm along [1TOJ and 3.95 mm along ‘[001].
Faces normal to the optical propagation direction were polished to optical inspection
quality with 1.0 pum alumina paste to reduce scatter. The remaining four crystal faces

were simply ground flat with 600 grit silicon carbide paper.
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Thermal population of the ground state upper Zeeman component was required to
observe all four Zeeman transitions for a specific site, and to achieve this the crystals
were typically held between 6 and 7 K at a magnetic field of 1 T. Varying the

temperature and magnetic field strength allowed: determination of the originating and

terminating levels of the Zeeman transitions. Lowering the temperature or increasing

magnetic field diminished transitions originating in the upper Zeeman component of the
ground state and strengthencd transitions originating in the lower Zeeman component.

A custom-built sarnple rod allowed rotation of the crystal about two orthogonal axes.
The entire rod could be rotated about the concentric vertical cryostat axis and positioned
with care to * 1°; this allowed rotati_on of the sample in the horizontal plane and
alignment of the second rotation axis orthogonal to the magnetic field. This second

rotation axis was along the axis of a hollow cylindrical crystal holder; rotating a shaft,

internal and concentric to the main rod, rotated the crystal holder and crystal in the

magnetic field. Bevel -gear teeth on the internal shaft end and crystal holder outer

perimeter provided a 2.5:1 gear ratio. Takrng care to avoid gear backlash, the internal
shaft could be rer)roducibly positioned to the equivalent of & 0.2° of crystal rotation; a
vernier scale was attached to the internal ahaft an,d a soale was attached to tho main rod,
‘inscribed with divisions corresponding to 0.1° and 1° increments of crystai rotation,
respectlvely The brass geared shaft and crystal holder were provided by Dr. M. J. M.
Leask of the Clarendon Laboratory at the University of Oxford United Klngdom The
remaining sample rod parts were brass and stamless steel joined by silver solder and

were designed specifically for this experiment. -
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The Zeeman spectré were recorded with a Littman-Metcalf external cavity diode

laser®®7!

(ECDLI) that provided up to 5 mW single mode output between 1500 and
- 1575 nm with a jitter limited linewidth of < 200 kHz. This laser was tuned by moving
the roof prism retro-reflector by either a fine ﬁitch écrew, providing better than 5 GHz
resolution, or by a piezoelectric stack, giving mode-hop free scans of up to 46 GHz and
scan repefition rates up to a few hundred Hertz. |

A Stanford Research Systems DS345 (RAMP) éynthesizer generated a + 5‘ volt, 10
Hz triangular wave that the Thor Labs Pigzb Driver Modél‘MDT 691 (PieDl) converted
to a 0-150 volt triangular wave, and applied to the laser to scan it full-range. Beam-
splitter> (BS1) split a portion of the scan laser oufput power td mirror M1. A half-wave
plate (A/2) rotated the polérization of the linearly polarized beam and the Glan-Thomson
polarization analyzer (POL) was used to verify polarization of transitions along or
. orthogonal to the magnetic field. The hollow cylindrical crystal holder masked the
crystal, and the collimated laser beam passed through the crystal, and cryostat, and was
detected by the NewFocus 2033 germanium photodiode (GePD). The laser écan rate and
thé 200 kHz photodiode bandwidth allowed collection of undistorted transmission
spectra. The Tektronix TDS520D oscilloscope (SCOPE) displéyed spectra in real-time
with triggering frorﬁ the synthesizer; the GPIB IEEE-488 interface with an 80486-based
personal computer (not shown) allowed data recording. The large-area photodiode and

real-time spectral display allowed observation and identification of transitions while

rotating the crystal in the applied magnetic field.
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A special procédure was developed for .accurate calibration of the scan laser
wavelength. The deflected portion of the scan laser at the first beam splitter (BS1) was
combined at a second beam splitter (BS2) with.the oﬁtput ofa second.. identical laser, the
marker laser, and split into two bearﬁs; one beam was fo;:used by lens L onto a
" NewFocus 1811 InGaAs photodiode (InGaAs PD) and tﬁe other was fiber coupled into a
Burleigh WA-1500 wavemeter (A-meter). The oscilloscope‘displayed the two—lasér beat
when the marker laser was tuned to the scan laser within the 125 MHz bandwidth of the
InGaAs photodiode. Adjusting the voltage of the second Thor Lélbs Piezo Driver Model
MDT 691 (PiéDZ) tuned the marker laser and tuped the beat in real-time 'éllowing
measurement ;)f frequencies at any position in the scan. Transition energies were
measured by blocking the scan laser at position X (Figure 3.11) and recording the.
absolute frequency of the marker laser, measured by the wavemeter. Repeatability of
transition energy measurements was + 0.001 cm™ which is nearly the 0.1 ppm accuracy

of the wavemeter.

Results

The upper trace of Figure 3.12 is the zero field C, si.te absorption spectrum showing
the Z; to Y; transition at 6512.074 cm™. The background periodic structure was caused
by two etalons, one formed by the cryo'stat windows with ﬁ ~2 cm™ free spectral range.
The parallel entrance and exit surfaces of a beam splitter cube at the output of the scan
laser, not shown in Figure 3.12, formed the second étalon with a ~6 GHz free spectral
range. The lowe.r trace is the photodiode noise floor. A thick ‘cf.ystal was required to

observe the individual weaker Zeeman transitions with good signal strength at high field
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The assumed Hamiltonian is justified to at least 2.0 Tesla as nearly all transitions,

particularly those most field dependent at this orientation, the aga;o and dod;g transitions,

shift qliite linearly' with field; the Z;1 level began thermally depopulating beyond 2.0 |

Tesla making observation of transitions originating in it difficult. Only the bsbg and csce
transitions display any significant deviation from linearity at these fields. These
deviations are not cleaﬂy quadratic in nature, and. are not accounted for by the scale of

the etalon-induced distortions described previously and most evident in Figure 3.12.

This is evidence that terms quadratic in field must be added to the Hamiltonian of

Equation 3.1 to fully describe the Zeeman splitting behavior at these fields.
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Complete orientation dependent Zeeman spectra with a 1.0 Tesla external magnetic
field applied in. the (001) plane are presented in Figure 3.15. Symbols (O) indicate
transition énergies assigned to obsérved absorption' lines at a particular orie;ltation.
Using Equations 3.7 these data were used to calculaté orientation dependent g-values,
which are presented below. Sﬁbstituting the best-fit principal values, also presented
below, into Equations 3.6 generates the solid curves; transition labels are inset in each
solid curve. Figure 3.16 presents transitions b and ¢ (* in Figure 3.15) expanded for
clarity; a straight line illustrates ze;ro—field transition energy, o, =65 12.0’%4 cm’™. The bs-
and cs (bs and cg) curves cross each other at t}_le zero-field transition energy indicating
larger excited state splitting than ground state splitting between ® ~ 5° and 65° (115°
and 175°) for site 5 (6) ions and excited state ellipsoid protrusion through the ground
state ellipsoid. Bars are attached to one data point to. illustrate the ~1.3 GHz
inhomogeneous linewid.th, but the measurement uncertainty is much_ smaller, about +100
MHz (0.003 cm’l). The site 5, 6 transitions shift to higher energy at @ =90° and the 7, 8
transitions behave similarly at @ = O°‘ and 180°. With t‘he magnetic field in the (110)
plane Zeeman spectra were coilected more sparsely as the principal g -tensor parameters
were well determined by fitting the (001) data. Figure‘3.‘17 presents the (1 10) spectra

and transitions b and c (*) are displayed in Figure 3.18 expanded for clarity; again, a

straight line illustrates zero-field transition energy.
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Figures 3.19 and 3.20 preseﬁt the (001) plane orientation depend_ént ground and
excited state g-value r‘esuits, respectively; solid curves are Equaﬁoﬁs 34 usiﬁg best-fit
principal values, and the. site—iabeis, g, and °g,, are inset. The g, principal value; can
be read directly from the maxima of the 9 and 10 (7 and 8)_curvés at @ ‘=l‘0,° (D =90,
| and the ciiffe;ent ground and excited state tipping anglés, far and ‘or, allowed by the C,

point symmetry are evident in‘curves 5 and 6. Figure 3.21 and 3.22 present graphical

representations of the ground and excited state ellipsoids, respectively; again the
dimensions‘o'f the “bricks” represent the principal g-%lalues and the tipping angies‘ ‘o |
and ‘e are in the o.pposite sense for the two states and exaggerated (to. 20° and -30°,
respectiVely;) for illustration purposes. Figures '3123 and 3.24 present (1 10) plane ground
and excited. state g-values, respectively; solid curves are Equations 3.5 with best-fit
principal values. The six-fold orientational inequivalence with respect to (1 10) is more

easily observed in the excited state than in the ground state.
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Equations 3.4 were fit'>* to the (001) plane g-values using (g 8.°8,,%8,:¢ a) and
(“ 8 ‘8,5 8,5 "0{) as fitting parameters. Table 3.2 presents best-fit g -tensor parameters

.and a collection of previously measured and calculated values.?! The average ratio
between this work’s ground state principal g-values aﬁd those of the i)revious EPR work
1s 0.969 * 0.066, a quite uniform discrépancy, which could be attributed to a 3% error in
magnetic field calibration, as the SpectroMag magnetic field has not been calibrated

since shipment from the manufacturer. The ey'((;ited state principal g—vaiues have not
been previously mea_é,ured. The tipping angie ‘oc is larger in magnitude and of the
opposite sense with respect to the crystal axes v(:ompared with that for the ground state.
Table 3.2 also présents the g-values along (111), the interesting case alluded to
previously. Two sets of ions, sites 5?, 7,9 and 6, 8, 10, each .consistin-g of half of the C,

ions are each orientationally equivalent with respect to <111> with eight transitions

possible.
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Table 3.2. Measured and calculated g-values for Er’*in C, sites of Y,03
T2y ‘g, ‘e, | ‘g, g for
Technique - ' Reference | [100] [010] [001] (111)
Optical Zeeman This 1.603+ 14711+ | 1193+ 7';}595 206 £ |
0.005% Br'*:Y,0s | Work | 0.003 | 0.006 | 0.08 7433 | 006
EPR g | 1.645% | 4802 | 12314 7';55 [ 204+
0.01% Er3+:Y203 0.002 0.005 £0.009 | 7.677 0.2
FIR Spectroscopy g
E1,0s 81 () 4.9 12.3
Crystal Field |
Analysis 63 04 4.51 12.0 74
Superposition ' :
Model Calculation 82 3.7 >3 10.5 7.2
Optical Zeeman : _ '
Er*:Y,0, 61 - 75
, s Y 8 g y 8. | ‘8 | ‘o
Technique Reference | [100] | [010] [001F} (111 |
Optical Zeeman This | 1.08+ | 4361+ | 10.07+ 6?50 | -117+
0.005% Er’*:Y,0s | Work | 002 | 0003 | 008 6551 | O1 7

Discussion

The primary purpose of this v;/ork was to gain the necessary spectroscopic
in_form’ation to ‘guide the choic¢ c;f external magnetic field strength and orientation to
optimize Er3+:YzO3 for OCT devices by maximizing coherence lifetime. For this
purpose it is useful tb concept’ually divide the Er3+ ions into tvs}o groups: “device ions”

are those that contribute directly to generating the OCT signals; the remaining ions are
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“environment ions” and contribute to dephasing of device \ions through the fluctuating
~ " local fields they. genefafe; device ions can. dephasé one anotﬁer and in this context
should be ;chought of éls environment ions as well. Again, in the terminology of Mims the
former are “A” jons and the latter are “B” jons.2"? The two primary rnechanism‘s55 thét
reduce coherence lifetime pf devic}; ions at low temperatures and low magnetic fields in

26-30

this host are direct process phonon scattering and electronic spin “flip-flop”

transitions;*"** these mechanisms depend on temperature and external magnetic field
strengtﬁ and orientation.

The relevant energy levels and transitions for direct phonon process dephasing of
device ions in Er3+:Y203 are presented in Figure 3.25. Tﬁe optical transition for OCT
devices is between the lower Zeeman componénts of the 4115/2121 ground énd 4113/2:Y1
excited states; the ground and éxcited doublet Zeeman s’plittiﬁg AE, »énd AE. are
determined by the magnétic field strength and orientation. The direct process randomly
drives device ions between .two adjacent electronic sfates By reson;int single phonon
absorption and spontaneous phoqon emission; in thié case the two adjacent levels can be
either the level of inteérest, the ground or excited state of the OCT device, and a nearby :
crystal field level, or the two‘ Zeefnan levells of the ground state or excited state.
Lowering the temperafﬁre redﬁces the significance of direct phondn absorptibn process;
by :decreasing the avéilable phondn energy and accessible density of stafes; at
tempe'ratures such that kpT << AE, (AE.) lt‘he poﬁulation of phonons resonant with the

ground (excited) energy gap becomes vanishingly small and the direct process becomes

negligible compared to other mechanisms.
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External magnetic field strength and direction determine device ion ground and
- excited Kramers doublet splittings, environment ion ground doublet splittings, and
magnetic equivalence of orientationally inequivalent sites. Maximizing Zeeman splitting
of the relevant doublets, by maximizing g-value, minimizes individual ion contributions
to dephasing. Maximizing magnetic equivalence of ions utilized as device ions
minimizes the overall ddping necessary to achieve the desired overall absorption
assuming the same oscillator strength, which maximizes av;arage distance between idns,
reducing mutual interaction. These optimization mechanisms, in a complicated system
such as Er’*:Y,0s, are often mutually incompatible. The oriéntation dependent Zeeman
spectra and g-tensor data, along with published EPR data™ for ions in Cj; sites, guide the
tradeoffs surrounding choice of external magnetic field direction and magnitucie needed
to maximize coherence lifetime. Two ‘external magnétic field di.rections that may
optimize coherence lifetime are suggested by these data and they are discussed below

along with their relative merits and drawbacks.

The most promising configuration orients the magnetic field along a (111) axis in a

{110} plane with a “b” transition enérgy of o = 6512.22cm™ at 1B1= 1.0 T. This is
indicated in Figure 3.20 by I. Half of the ions in G, sites constitute the device ions and
the other half contribute to the environment as a consequence of the two-fold
inequivalence of C, sites for this orientation. The device ions have relatively large
ground and excited g-values, 7.433 and 6.180, respectively and the C; site en;/ironment
ions have a relatively large ground g-value, 7.495. The Cs; sites form two inequivalent

groups in this orientation; one-fourth (three-fourths) of these environment ions have a
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very high (moderate) ground g-value, 12.176 (5.124).3® As the C, sites form two
inequivalent groups in thi\s orientation, each comprised of half of the sites, a relatively
low overall doping is required and a high device-to-environment ion ratio (3/7) is
obtained; ﬁ-relatively low magnetic ﬁeld is needéd to depopulate the ground doublet

upper component of the low g-value subset of ions in Cy; sites.

The second most favorable configuration orients the magnetic field near a (’1 10> ‘axis

in a {001} plane with a “b” transition energy of o = 6512:38 cm’ at B=10 T
indicated in Figure 3.16 by II. While ions in sites labeled (7,8) are equivalent with
respect to this pla;le and (9,10) are as well, they form two inequivalenf sets at this
orientation. Gréund (excited) doublet g-values fo£ ions in all four sites ére 8.817 (7.494) 3
at ® = 42.84° (42.443°), as shown in Figure 3;19 (3.20), and the b transitions are
incidentally resonant, but are not magnetically equivalent at ® = 44.5° as shown in
Figure 3.16. Two-thirds of the jons in C, sites constitute the device ions with very high
ground and excited g-values; only one-third of the ions in C, sites contribute to the
environment, but have low ground g—valﬁes (3.4 and 3.6). Ions in C3i sites ‘are
inequivalent at this orientation and one-half of these environment ions have an very high
ground g-vélue (10.1); however, the remaining hvalf of these envirpnment ions have a
low ground g-value (3.3)’.58 This orientation requires the lowest o.verall doping due to the
lar_ge fraction of ions in C, sites utilized as device ions (2/3) and high device to
environment ion ratio ‘(2/3); a larger magnetic field is required however to depopulate

the ground doublet upper component of the low g-value subsets of ions in C, and Cj;
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sites. Table 3.3 summarizes the two interesting cases discussed above; both transitions

were insensitive to laser polarization.

Table 3.3. Two magnetic field directions that hold promise for OCT devices.

Orientation:

B along [T11] in (110)

B near [110] in (001)

cat|Bl=10T

6512.22 cm’!

6512.38 cm!

Pros: .

Y% of C, ions used for device
allowing lower overall doping
for greater FEr-Er average

1 distance.

' % of C; jons used for device |
‘allowing  lowest  overall
doping for greatest Er-Er
average distance.

Device ions have high ground

and excited state g-values (7.433
and 6.180, respectively). -

Device ions have high ground |
and excited state g-values (8.8
and 7.5).

Y of C, ions contribute to
environment.

Only % of C, ions contribute

"| to environment.

C, environment ions have high
ground state g-value (7.495).

Y of Cs environment ions

| have high ground state g-.

value (10.1).

Y, of Cs; environment ions have

high ground state g-value
(12.176).

i

Cons:

% of Cs; environment ions have

| low ground state g-value (5.124).

Two-fold inequivalent C,
environment ions have low
ground state g-values (3.42
and 3.62).

{ % of Cs; environmient ions |

have low ground state g-value

| (3.32).

The two orientations discussed above need further characterization to optimize

Er**:Y,05 for OCT correlators, memories and other devices. So far in this discussion

other crystal field levels have been. ignored, however, the Z, level of ioﬁs in Cjy; sites

may be significant as it lies only 10 cm™ above Z; [Reference 64] and less than 2 Tesla
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is necessary to split the Zl C3; doublet by 10 cm™ with the field along [111]. If the Z,

level has comparable g-values the Z;t and Z;) levels may repel "significantly, preventing

.the expected ground doublet splitting. Orientation dependent Zeeman investigations on
the ions in Cy; sites are‘needed resolvé this and are presently'bein‘g conducted by G.
Reinemer. ’

The knowledge gained in this study aﬁd the higher quality specimens of Er’**:Y,0s5
now available'maike -pos-sible further material characterization and dévice tesﬁ_ng with
crystals of known oricntation and controlled absorption. Magnetic fiéld'and 'témberature
dependence of the coherence lifetimé and homogeneous lipewidth should be
characterized. Stimulated photon echo decays will establish storage lifetime of correlator
patterns, operating. conditions for other OC'f devices, and provide further insight into
-d.ephasing mechanisms. Orientation dependent vechq decays, needed to characterize the
second orientation above, are also readily possible with the sample manipulator built for

-

this work and.described above.
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CHAPTER 4

REAL-TIME ADDRESS-HEADER DECODER

" Introduction

Real-time spatial-spectral holographic storage ‘and processing of optical address
headers has recently been proposed® and experimentally demonstrated.’*® Those
demonstrations were performed at the wavelengths of 580 and 793 nm employing Eu>*

1555 that

and Tm>* doped insulating brystals respectively. More recently, we have shown
erbium-doped insulating crystals, in particular Er’*:Y,SiOs, have the required ﬂequency—
selective and coherence properties to provide operating wavelengths in the important
1550-nm telecommunication wind;)w. We report hefe our use of ’Er3+:YZSiO5 in a
demonstration 6f address header decoding, one of several important components. of high
speed data routing by optical packet switching.>%° Thé advantages of optical packet
switching’ include fast data routing in theA wavelength and space domains and
transi)arency to packet bit rate and format. Specifically, we programmed a crystal to
recognize binary-phase-shift key coded address headers and t6 decode an arbitrary
-sequence of these headers, resulting in spétidly—discrinﬁnated optical output pulses.

Each output pulse could be used to route or switch the optical data packet or the

combined header and data packet in real-time.
































































































































































