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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-μm 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 4I15/2 and 4I13/2 crystal field levels of 0.005% Er3+:Y2O3 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 4I15/2 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 4I13/2 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 4I13/2 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-|im 
communication bands was demonstrated at 1536 nm using Er3+IY2SiO5 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 4Ii5/2 and 4Iigy2 crystal field levels of 0.005% Er3+=Y2O2 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 4Iisy2 the.g-tensor principal x-axis in the (lOO) plane is tipped +2.06° from [OOl] 
and principal g-values are: gz = 11.93, gx = 1.603, and gy = 4.711. For the lowest crystal 
field level of the g-tensor principal x-axis in the ( 100) plane is tipped -11.7° from 
[OOl] 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 [ill] and [llO], Fluorescence lifetimes of the lowest 
4Ii3z2 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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CHAPTER I 

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-|im communication bands. The frequency selective and coherence properties of 

spectral hole-burning (SHE) materials along with concepts and techniques from 

conventional holography, Fourier transforms, and optical coherent transients (OCT) are 

a combination ideally suited to producing real-time optical correlator devices with 

performance advantages over traditional computational electronics. Transparent 

crystalline solids activated with bivalent erbium rare-earth ions provide hole-burning 

media in the 1.5-|bn spectral region. Correlator device performance based on and 

relevant properties of the Er3+ hole-burning materials were characterized 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.1 These applications include neural networks, associative 

memories, database searching and pattern recognition.2 Particularly interesting 

applications in fiber and free space optical communications are data-packet address- 

header recognition3, spread-spectrum, and code division multiple access (CDMA) 

communications.4'7

Convolution and cross-correlation are closely related mathematical operations.8 The 

convolution c(u) of two functions f (u)  and g{u) is defined as

U

c{u)~ J /(v )  g{u-v)dv  and is written symbolically 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/. The cross-correlation Cc (u) of two

. ;
functions f (u)  and g(u) is defined as Cc(u) = j  f (v)  g*{v -  u) dv and is written

symbolically as Cc(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

u

special case of autocorrelation defined as C0 (w) = J /(v )  f * (v -u )  dv is obtained when

f(u)=g(u).
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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(w) = J F(x) G(X)i e 1X11 d x , 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,

•Cc(u)= J F(x) G*(x) e”““ dx. And likewise the autocorrelation ' is

Ca (u) = J i 7(X) F*(x) dx. A wide variety of signal processing applications1 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 Transients

The frequency domain phenomenon, spectral hole-burning, and its time domain 

counterpart, optical coherent transients, can be achieved in any material with 

inhomogeneously broadened absorption, including atomic vapors, organic solids, and 

glassy or crystalline solids doped with rare earth ions. Choosing Er3+ as the rare-earth 

ion dopant provides unique capabilities in the important L5-|im spectral region.
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Optical coherent transient phenomena are analogous to transients found in electronic 

and nuclear spin systems. Optical coherent transient phenomena include optical nutation, 

optical free induction decay, 2-pulse photon echoes, and stimulated photon echoes 

(SPE). Stimulated photon echoes are interesting for memory and signal processing 

applications when combined with ideas from conventional holography and Fourier 

Theory. The phase matching conditions common to conventional holography and other 

four-wave mixing phenomena, of which stimulated photon echoes are a transient variety, 

add spatial multiplexing possibilities to the memory and signal processing capabilities. 

Fourier Theory has provided conventional electronics and communications with 

powerful tools for temporal signal processing using spectral filters and in the optical 

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 spectral hole-burning material will produce a fourth pulse of light called a 

stimulated photon echo. The input directions of the excitation pulses determine the SPE 

output direction. The temporal structure of the stimulated photon echo output can be 

crafted by temporally structuring the excitation pulses using any combination of 

amplitude, phase or frequency modulation as discussed in detail in Chapter 2. Spectral 

hole-burning materials can thus perform convolutions and cross-correlations on the 

modulated excitation 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 IO4 and storage densities of IO12 

bits/cm3.

1.5-|iim Communication Bands

The demonstrated successes and future potential of fiber-optic and free-space 

communication networks exploit the 1.5-pm wavelength region and make it a 

particularly important spectral region indeed. Much of this success is due to the 

Wavelength Division Multiplexing (WDM) technique in which multiple transmission 

channels are carried simultaneously through a single optical fiber, each channel on its 

own distinct optical carrier frequency, just as multiple radio transmissions are carried 

through the air on their own radio carrier frequency. Single channel 40 gigabits/sec 

(Gb/s) technology, called OC-768 in the technical literature, is in development and 10 

Gb/s (OC-192) single channel transmission is widely deployed.9 A single-mode optical 

fiber with a 10 pm core has the potential to provide total data bandwidth of 50 THz.10 

Enabled by Dense Wavelength-Division Multiplexing (DWDM), the. 10 terabit/sec 

threshold has been achieved in the laboratory over short distances11 and deployed 

systems achieving an aggregate, of 40 Gb/s (4 channels at 10 Gb/s) are state of the art.9 

The current International Telecommunication Union (TTU) standard DWDM 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
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self- and cross-phase modulation places limitations on channel spacing and single 

channel bandwidth. Nonlinear crosstalk among channels owing to four-wave 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 DWDM12 and require optical buffer memories, routers, packet address header 

decoders, and other switches and processors. Use of code-division multiple access 

(CDMA) in optical networks, requires convolvers and cross-correlators. Many 

opportunities for spectral hole-burning technology to provide a wide variety of new all- 

optical memory, 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.

Chapter 3 reports a study of spectroscopic and dynamic properties of Er3+--Y2O3 

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 levels relevant for the 1.5-jLlm 

operating wavelength were determined from absorption and fluorescence spectroscopies. 

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 demonstration13 of real-time address header decoding is presented in Chapter 4.. 

Two distinct patterns consisting of 20-bit binary-phase-shift key encoded pulses 

representing data packet address headers were simultaneously stored. A phase-matched 

crossed beam configuration, similar to that used in conventional holographic techniques 

and common to four-wave mixing phenomena, was used to associate each pattern with a 

spatial 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 

header decoding is one function required for coherent transient optical data routing, 

packet switching, and processing. The active medium was single-crystal Er3̂ Y2SiO5 

operating at 1536 nm.

Chapter 5 presents a demonstration14 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 Er3*: Y2SiO5 

spectral hole-burning material operating at 1536 nm. The results demonstrate the ability 

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 Er3+IY2O3 material study 

and in the two correlator studies and recommends future directions for the research field.

The correlator demonstrations in Chapters 4 and 5 used the Er3+IY2SiO5 hole burning 

material. For reference. Appendix A presents the two pulse photon echo measurements 

of the material coherence lifetime and stimulated photon echo measurements of spectral 

diffusion and stimulated echo lifetime of Er3+IY2SiO5.15
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CHAPTER 2

BACKGROUND AND THEORY

This chapter describes the properties of spectral hole-burning materials and 

specifically the properties of Er3+-doped solid-state materials. Spectral hole-burning 

discussion is restricted to two-level systems with population storage in a long-lived 

excited state. Optical coherent transient behaviors relevant to memory and signal 

processing devices are also described.

Spectral Hole-burning Materials 

Energy Levels and Spectroscopy of Er3+

Rare earth lanthanides (atomic numbers N = 57 to 71) in crystalline hosts16,17 are 

most commonly in a trivalent ionization state with a Xe-Iike core, closed 5s2p6 

outermost shells, and 4f" valence electrons in the ground state. Energy levels of Er3+ 

(atomic number 68) below -80,000 cm"1 are due to the 4fn configuration of the valence 

electrons. The largest Russell-Saunders “term” in the admixture labels the levels, the 

total angular momentum, J, labels each “multiplet” within a term, and multiplets are 

(2 / + l)fold degenerate in the free Ion. The 5s2p6 wavefunctions. have greater radial 

extent than the 4fn wavefunctions and the latter contract toward the nucleus due to 

imperfect mutual screening from the nuclear potential. The 5s2p6 wavefunctions shield 

the 4f electrons from static and dynamic environmental effects resulting in narrow
■j-

transition linewidths. 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""15d 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.18,19 Ions with an odd number of 

electrons, like Er3"1", exhibit Kramers degeneracy,16’17’20 allowing crystal fields to only 

partially lift the M j degeneracy yielding up to J + \  crystal field levels, depending on

the crystal site point symmetry thus the 4Ii572 ground multiplet can be crystal-field split

into at most 8 Kramers doublets and the 4Ii372 first excited multiplet at -6500 cm"1 can be 
.

crystal-field split into at most I  Kramers doublets; the lower Zeeman component of the 

lowest lying 4Ii572 crystal field level Zi serves as the ground state and the lower Zeeman 

component of the lowest lying 4Ii372 crystal field level Yi serves as the excited state of 

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

states are allowed with selection rules, AJ = 0, +1 and AM7 = 0, +1.

Transition Line Broadening and Material Time Scales

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

transition linewidth, Tpopi(O), determined by population decay from the excited state with

characteristic lifetime, T1 (o), given by Tpop (o) = 1/2^7, (o). Transition linewidths in real

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

homogeneous and inhomogeneous.
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Homogeneous Broadening and Coherence I ,ifefimp.

Dynamical processes have a statistically identical influence on indistinguishable ions 

and cause homogeneous broadening which leaves, the ions with the same dynamically 

perturbed transition energy. The homogeneous linewidth in Er3+-doped crystals can be 

written as the sum of contributions from several mechanisms as

_  J_ T-1 I "p J - T n i I-1
2 A pop f  1 E r-host ‘ ^ E r-E r  **" phonon (2. 1)

where Tpop is population decay from the excited state as before, TEr_host is the 

contribution from nuclear and electronic spin fluctuations of the host crystal, t Er_Er is 

the contribution from mutual flip-flop transitions21,22 between Er3* ions, and Tphonon

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 level of the Er3* !̂13/2 multiplet, with insignificant contributions from 

spontaneous phonon emission due to the large energy gap to lower levels (in this case 

-6000 cm'1). By design the TEr_host contribution is minimal in this study as the two 

hosts, Y2SiOs and Y2Og, have nuclear magnetic moments of zero (16O), very small 

values (89Y), or low isotopic abundance (29Si and 17O).23'25 The phonon contribution, 

Tphonon, includes both direct phonon driven transitions and inelastic or Raman scattering

of phonons.16,26"30 Room temperature homogeneous linewidths in rare-earth doped 

crystals are dominated by phonon contributions, and for Er3* 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 resonant energy generally make direct transitions between crystal field 

levels and such dephasing contributions insignificant. The F&_& contribution includes 

the mutual Er-Er resonant “flip-flop” transition that is quite significant and highly 

dependent on choice of temperature, Er3+ concentration, and applied magnetic field 

direction and ; strength. Even at liquid helium temperatures, the upper Zeeman 

component of a weakly split Kramers doublet can be thermally populated; ions

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’s to 100’s of 

Hz have been observed in rare earth doped crystals.31"33 These narrow linewidths cannot 

be measured directly in the frequency domain because readily available lasers have 

jitter-limited linewidths of a few hundred kHz; . linewidths are derived from 

measurements of a material’s coherence lifetime, T2, related to the homogeneous 

linewidth by T2 = I/Tt Th . The coherence lifetime is measured using 2-pulse photon echo

decays.24,34

Inhomogeneous Broadening

Static processes within a material cause the second class of spectral line broadening 

known as inhomogeneous broadening. Crystal imperfections 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 

line widths, Tinh, are highly material dependent as well and range from 100’s of MHz to 

several THz, e.g. for Er3"1" in silica used in erbium-doped fiber amplifiers.

Frequency Domain Hole-burning Memory

Early efforts to produce spectral hole-burning memory devices attempted to store 

data directly in the frequency domain.35 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 digital “one” in a frequency bin by 

depleting the ground state population and leaving 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 inhomogeneous line allowed many bits 

to be stored in a single spatial location. In this way the entire inhomogeneous line had 

notches, or holes, burned in it. Spatially rastering the write laser stored multiple data sets 

in different spatial locations. Scanning a low intensity “read” laser through the 

inhomogeneous line 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 < TinhJTh . However, to achieve this limit, the write laser was 

required to have a linewidth less than T a , to dwell for a time Tbuni > IjTh, 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 devices turned from this frequency domain approach to time- 

domain storage36 based on the coherent transient behavior of inhomogeneously 

broadened materials. In contrast with frequency domain storage, the write laser in time- 

domain storage is rapidly modulated to burn spectrally broad, structured hole patterns 

representing many bits and spanning many homogeneous 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) are 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 switched off. These phenomena include optical nutation, optical free induction 

decay, two-pulse photon echoes, and stimulated photon echoes (SPE).37"41 The following 

discussion states the important results used by this work and outlines the major 

theoretical approximations made, along with their implications.

Optical Bloch Vector Model

The dynamical 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.42,43 The spin vector 

formalism developed by Bloch44 to characterize the behavior of the magnetization in
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magnetic resonance experiments can be 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-consistency, the following 

discussion of Bloch vector formalism uses the notation of Shoemaker38 throughout.

The components of the optical Bloch vector u, v, and w are defined in terms of 

elements of the two-level-system density matrix45 and they have the following physical 

interpretation: vy (defined e.g. in Equation (3-66) of Shoemaker) measures the population 

inversion between the ground and excited state and obtains a maximum (minimum) 

value of I ( -1) when the ensemble of atoms is fully in the excited (ground) state; u and v 

(defined e.g. in Equation (3-65) of Shoemaker) measure, when multiplied by the ground- 

excited state transition dipole matrix element, the exactly in- and out-of phase 

components of the polarization, respectively, where phase refers 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 vector, 

are derived from Schrbdinger’s Equation for an ensemble of harmonically excited two- 

level systems, and can be written as (e.g. Equation (3-75) and surrounding discussion of 

Shoemaker):
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u -  (£2’-<y0) v - —

v = - (O -^ 0) w + - ab̂ w -  Y  (2.2

w = _lhib_o— —-[w-(nti -TZ6)]

where is the laser frequency, Co0 is the ground-excited state transition frequency 

which in an inhomogeneously broadened material takes a distribution of values, fiab is 

the ground-excited state transition dipole matrix element, E0 is the laser electric field 

amplitude, and na and nb are thermal equilibrium excited and ground state populations,

Irespectively. Customarily, relaxation terms are added phenomenologically using — as
Ti

the coherence decay rate and — as the population decay rate;44 the former only
T\

contributes to decay of u and v, and the latter 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 consideration.37 This approximation 

immediately implies a two-level system37 and is an excellent approximation for Er3+; 

doped crystalline solids at low temperatures; indeed, as discussed previously and 

illustrated by the work presented in Chapter 3, one strives to find a medium with suitable 

host lattice properties and Er3+ dopant concentration, and temperature and external 

magnetic field conditions 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 compared to the 

optical transition frequency;39 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 exceeded -IO7 Hz and the optical transition frequency was -IO14 Hz. 

hi the derivation of the optical Bloch equations the RWA neglects terms that oscillate at 

twice the optical frequency; the rationale is that 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 > IO"8 seconds and the 

optical period was < IO'14 seconds which provides additional justification for use of the 

RWA in that work. The RWA neglects effects that, in principle at least, are observable, 

these include sum frequency generation39 and a small shift of the resonant frequency 

which in magnetic resonance is called the Bloch-Siegert shift and is negligible in optical 

experiments.37,38

A graphical interpretation of solutions of the optical Bloch equations is called the 

vector model37"40 and was developed by Feynman, Vernon, and Hellwarth.42 This model 

is useful for visualizing and predicting material polarization state and its evolution under 

a variety of simple but important excitation schemes; the language of the vector model is 

used below in discussion of the optical coherent transient 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 Optical 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 ^ EQ{t) dt

= KE0T = Q t for rectangular pulses
(2.3)

where K = , E0(t) is the amplitude envelope of the laser electric field, T is the pulse

duration, and Q 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 TC 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 E0 always has a non-uniform spatial distribution governed by 

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

throughout the crystal 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 nutation41,46,47 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.45 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.41 In nutation experiments the total detected signal is the 

sum of the transmitted 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 OtL < I, (where a  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 moment48 the nutation 

signal behaves approximately as:

Q.2 Jl(Qt) 
Qt (2.4)

where J1 is the first order Bessel function.38 The first maximum of the expression in 

Equation 2.4 above is at 6= £2t = 1.657V. This approximation is valid if rise time Tr of

the excitation pulse and material coherence lifetime T2 satisfy Tr «  ~~~~ «  T2; in the

work presented in Chapter 5, where Tr = 35 ns, \ .6 5 jv >100 ns, and T2 = 70 ps, 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 t = 0 a  pulse is applied on
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resonance with the transition. This pulse has duration 0 «  T2 such that it burns holes 

over many homogeneous packets, though not evenly, in the inhomogeneous line. In the 

low pulse area limit, the Fourier transform of this pulse is burned into the absorption line 

and the ions are placed in a superposition of the ground 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 versus 

ground state. Optical phase is recorded as phase of ensemble oscillation in their 

superposition states. A macroscopic polarization is created leaving the ions oscillating  

coherently after the pulse, and this coherence decays with the material coherence 

lifetime T2. The inhomogeneous distribution of natural oscillation frequencies of the 

various ions causes them to lose coherence with one another over time, but population 

difference persists for a time scale of Ti.

A second pulse applied to the medium at time t = t2<T2, 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 convert 

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 T1. 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 f = < T1 converts the gratings

back into coherences, placing the ions again in superposition states; the coherence 

increases in time as the ions Tephasei re-establishing an oscillating macroscopic 

polarization in the medium. The medium emits another pulse called a stimulated photon 

echo at time f = Z3 +  (Z12 -  ) = f3 + T21.

Conditions for Linear Response

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

. Ik , and areas, Ok, with k = 1,2,3 through:39

' h  ^  h h h  “  (sin(01)sin(6>2)sin(6>3))2. (2.5)

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

transforms of the pulses are not faithfully recorded or reproduced by the medium for f  -

pulses. Most practical devices have the mutually incompatible 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

Proposals36,49’52 that the stimulated photon echo could be used to perform cross

correlation and convolution operations transformed the subject from one of scientific 

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

photon echo electric f i e l d i s  expressed as:
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2 ,  W = j^ 'W ) ^  (2.6)
-O O .

where Ek{co) is the Fourier transform of the electric field envelope of the k th pulse, mis 

the optical frequency, t3 is the arrival time of pulse three, and T21 is the delay between 

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

pulse areas are low, 9 < 0.3#, 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, T21, is shorter than the coherence 

lifetime T2, and that pulse three is applied at a time, f3, within the upper state lifetime, 

T1.

Babbitt52 provided further justification for the Fourier Transform 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.53

The primary result of the FTA is prediction of the stimulated photon echo temporal 

structure, arrival time, and output direction. In the FTA the temporal structure of the 

stimulated photon echo is the cross-correlation of pulse I with the convolution of pulses 

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

tS - 4 + (̂ 2-T1), (2.7)
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but depends in general on the intensity, structure, duration, and propagation effects of 

the excitation pulses.54 Finally, if the excitation pulses can be regarded as plane waves, 

the phase matching conditions:

(2 .8)

are obtained. The special case of £, =£, which sets ks =k2 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 spatially discriminate

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

directions programmed by choice of k2 directions.

Devices Based on the Fourier Transform Approximation

The FTA can be used to craft a wide variety of devices52,54 by choice of input pulse 

shape, timing, and propagation direction. For device purposes, the input pulses fall into 

two categories, reference pulses 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 

imply 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 stimulated 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 

structured waveforms and can be of arbitrarily large area without sacrificing linear 

response. This is typically accomplished, and is always the case in this work, by making 

it temporally brief compared with any structure in the temporally structured waveforms, 

although chirped reference pulses of longer duration have been proposed and 

demonstrated.54

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

spectrally flat over the bandwidth of pulses I and 3, the FTA reduces to,

j f i 'M  Z s M dm,  (2.9)

the cross-correlation between pulses I and 3, which are arbitrary temporally structured 

waveforms. The special case of auto-correlation is obtained when pulses I and 3 are 

identical. The temporal length of the pattern in pulse I is set by T2 and the upper bound 

on the processing for pulse 3 is set by T1. The correlator demonstrations of Chapters 4 

and 5 are based upon this reduced version of the FTA.

When pulse I is chosen to be a reference pulse and pulses 2 and 3 are temporally 

structured, the FTA reduces to

ZjM = j X M ^ M  dm, (2.10)

the convolution of pulses 2 and 3. The convolution process is fundamental as described 

in Chapter I and has interesting communication applications in conjunction with cross

correlation as discussed in Chapter 6.
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CHAPTER 3

SPECTROSCOPY AND DYNAMICS OF Er3+: Y2O3

Introduction and Motivation

The Er3+ ion is of considerable interest for optical signal processing and memories 

using OCT techniques, because the 4Iisz2 to 4Iiaz2 transitions can provide a device in the 

1.5 Jim fiber-optic communication bands, where this same transition is used in Erbium- 

doped 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 Jim, 

utilizing a different set of energy levels from those given above. A study of the 

spectroscopy and dynamics of Er3+ in the Y2O3 host is presented here; this. system is 

particularly interesting for OCT devices.

The coherence lifetime T2 determines two-pulse photon echo lifetime, limits stored- 

pattern temporal duration in an OCT correlator, and through its spectral domain 

counterpart, homogeneous linewidth Fh, limits spectral resolution of any OCT device; 

excited state lifetime sets an upper bound on coherence lifetime. Dynamical behavior of 

the environment surrounding the correlator ions reduces coherence lifetime through the 

mechanisms of phonon scattering and magnetic spin flips. Operating at low temperature 

reduces the significance of direct phonon transitions; phonons of the resonant frequency 

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
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electronic spin flips of host crystal ions contribute to dephasing as well: By design, the 

Y2O3 host23,24 lattice contributes minimally to the fluctuating local field; the constituent 

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

of 89Y with a moment -0.14 /Zjv (the nuclear magneton, /Zjv = ^ - ) ,  or of low enough

isotopic abundance as not to be of consequence as.in the case of 0.04% abundant 17O 

with a moment of -1.89 /Zjv. Erbium ions substitute with equal probability into ten 

spectroscopically distinct Y3+ sites in the Y2O3 host as discussed on the next page; an 

OCT device is thereby restricted to be comprised of a fraction of the total Er3+ ions, 

called “device ions” (“A” ions in the terminology of Mims)21,22 and leaves a fraction of 

Er3+ ions unused for the device, called “environment ions” (“B” ions in the terminology 

of Mims) 21’22 The primary55 low magnetic field, low temperature dephasing 

mechanisms in this system are device ion electronic spin flips driven by direct process 

phonon transitions26'30 and environment ion mutual “flip-flop” transitions which dephase 

device ions through the resulting fluctuating magnetic field.21,22 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 Er3"1" 4Iisz2 and 4Ii3/2 multiplets. Excited state lifetime was measured by laser- 

excited fluorescence decay. Device ion and environment ion paramagnetic g-tensors, 

which guide choice of external magnetic field direction and strength to optimize
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coherence lifetime, were measured by orientation dependent Zeeman spectroscopy. This 

information can be used to optimize Er3+: Y2O3 for OCT devices.

Crystal Field Levels

Crystal fields modify Er3+ free-ion energy levels and spectroscopy as discussed 

in Chapter 2. Trivalent erbium exhibits Kramers degeneracy16,17,20 as it is an odd 

electron ion, with the 4fn valence electrons inside the 5s2p6 closed shells. The result of 

Kramers degeneracy is that the Stark effect can only lift half of the ( 2 /+ l)fold 

degeneracy of a J  -multiplet and only the Zeeman effect can lift the remaining two-fold 

degeneracy. A crystal field, depending on its symmetry, can split the 16-fold degenerate 

4Ii 5/2 ground and 14-fold degenerate 4Ii3z2 first excited multiplets of Er3"1" into 8 and 7 

doubly degenerate crystal field levels, respectively.

The yttrium sesquioxide host crystal is cubic and belongs to the Th7 space group, 

with 16 formula units per unit cell.56 Triply ionized rare-earth dopants can substitute into 

the Y3"1"' sites without charge compensation.. Of the 32 such rare earth sites in the unit 

cell, 24 are of C2 point symmetry and 8 are of C3i point symmetry.56 Using electron 

paramagnetic resonance (EPR) rare earth ions were first observed to substitute into both 

the C2 and C3; Y3+ sites with equal probability with Yb3"1" as the dopant ion.57 Further 

EPR studies showed that Er3"1" also substituted into both C2 and C3i Y3+ sites.58,59

The Y2O3 unit cell is depicted in Figure 3.160 with the O2" sites suppressed; circles 

represent the two types of rare-earth sites with open circles for C2 sites and solid circles 

for C3i sites. The C3i sites, numbered 1-4, are orientationally inequivalent, with their
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local C3i symmetry axes along the [ill] , [ i l l ] ,  [ i l l ] ,  and [ i l l ]  crystal axes, 

respectively. The C3; site nearest neighbor O2" sites define the vertices of the polyhedron 

centered on the ion site labeled I and are shown removed from the unit cell and enlarged 

in Figure 3.2.58 The C3 sites, numbered 5-10, are orientationally inequivalent, with the 

C2 axes for 5 and 6 along [lOp], I  and 8 along [OlO], and 9 and 10 along [00l]. The C2 

site nearest neighbor O2" sites define the vertices of the polyhedron centered on the ion 

site labeled 5 and are shown removed from the unit cell and enlarged in Figure 3.2.58 In 

sites of C2 symmetry the crystal only imposes the C2 symmetry axis, by convention the 

z-axis in the context of the Er3+ paramagnetic g-tensors; the principal x and y axes of the 

g-tensor can be tipped at a different angle a  with respect to the crystallographic axes for 

each crystal field energy level as shown in Figure 3.3.59 Following in this chapter is a 

detailed discussion of the g-tensors, their importance to the dynamical behavior of 

Er3+: Y2O3, and their measurement.



29

[lOO]

I  r

o ,  J r j

/  ^  - t  i h
/  0  6, Iz^8- ! \ \ f

2 -  I _

' " I  4 - r  "-  - i ------ I----- "̂ T I

M -

" " M f  *

W s S N
NNj f

----------Q-

/  [o I o] 8 *
Ls-------*2----- -----------

f l l - P . i - V r '

* — 0 !-----------

__________-
[001]

Figure 3.1 Yttrium sesquioxide unit cell with O2 sites suppressed. Sites with C3i 
symmetry ( • )  are labeled 1-4, and sites with C2 symmetry (O) are labeled 5-10, 
(Reproduced from reference 60).

Cj/,

Figure 3.2 Rare-earth site coordination polyhedra of Y2O3. Nearest neighbor O2 sites 
(O) are vertices and C2 and C3i sites (# )  are at centers of cubes. (Reproduced from 
reference 58).
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Figure 3.3. The g-tensor principal axis orientations with respect to the crystal axes. 
(Reproduced from reference 59).

The first spectroscopic studies of Er3+IY2O3, located the two lowest crystal field 

levels of the 4Iisz2 multiplet at 0 and 38.9 cm 1 using fluorescence from the 4S3/2 

multiplet; the 4F9z2 multiplet at 15,000 cm"1 and other higher multiplets but no lower 

multiplets were determined with absorption spectroscopy.61 These transitions were all 

attributed to forced electric dipole transitions within ions in C2 sites as the C3i site 

inversion center forbids electric dipole transitions.16,17 Fluorescence from the 4S3z2 

multiplet located all seven 4Ii3z2 and all eight 4Ii5z2 crystal field levels for C2 ions; 

absorption and fluorescence spectroscopies located all other crystal field levels up to 

43,000 cm"1; magnetic dipole allowed 4Ij5z2 <=> 4Ii3z2 transitions within C3i ions were not 

observed since experimental facilities for direct 1.5 pm spectral region absorption were 

not available.6'  Crystal field analyses for ions in C2 sites were performed and compared
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with experiment; the average deviation between the 65 observed and predicted levels 

was 11 cm"1.63 , >

In the present work, lamp absorption experiments and site-selective fluorescence 

excitation experiments using 1.5 jlm diode lasers, located the crystal field levels of the 

4Iisz2 and 4I1372 multiplets for the ions in both C2 and C3i sites in 0.005% Er3+:Y2O3.64 

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

multiplet 4In72 is 3500 cm"1 above the 4Ii372.

Methods and Apparatus

Scientific Materials Corporation of Bozeman, Montana provided several pieces of 

0.005% Er3"1": Y2O3 grown by their proprietary top-seeded-solution method.65 One such 

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

to produce two opposing faces normal to [ ill] , two opposing faces normal to [l I o], and 

a single face normal to [ll2j. The remaining side, normal to [112], was left as received. 

The crystal dimensions along [ill] and [l It)] and [ll2] were 3.47, 6.55, and ~ 5 mm, 

respectively.

The absorption and fluorescence spectroscopy apparatus is shown schematically in 

Figure 3.4. The crystal was immersed in liquid helium at 1.5 K in an Oxford Instruments 

Optistat-Bath cryostat (CRYO) which had two opposing pairs of windows (W) for 

optical access. The filament of a tungsten halogen lamp (LAMP) was imaged inside the 

crystal and propagation along the thickest dimension of the sample yielded maximum  

available absorption. The transmitted light was focused on the entrance slits of a SPEX
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Model 1000M monochromator (SPEX). The monochromator gratings had 600 

grooves/mm, were blazed at 1.5 gm, and provided 0.8 nm/mm reciprocal dispersion. 

The entrance and exit slits were set to 100 pm width, and the monochromator was 

scanned over the spectral region where absorption lines were expected from previous 

studies.63 A colored glass bandpass filter (FDL) with 0.94 transmittance between 950 and 

2900 nm was placed between the lamp and the cryostat to eliminate visible light that 

could pass through the monochromator at the same grating orientation as the 1.5-pm 

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 Detector Corporation Model 403L Germanium detector (PMT/Ge). A 

Tektronix TDS 520D oscilloscope (SCOPE) monitored the output from either detector. 

An 80486-based micro-computer, not shown in Figure 3.4, recorded the spectra by 

collecting the generated photocurrent from the photodetector at each monochromator 

grating position.
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Figure 3.4. Apparatus for broadband absorption and laser induced fluorescence 
spectroscopies.

A Littman-Metcalf configuration external cavity diode laser (ECDL)66"71 excited 

fluorescence, in turn, from each of the absorption lines. The laser was focused through 

the cryostat and through the crystal along the [l I oj direction; the fluorescence exiting 

the cryostat at 90° along [ill] was collected and focused into the monochromator. A 

Burleigh WA-1500 wavemeter (XMETER) monitored the laser wavelength and 

individual crystal absorption lines could be observed by scanning the laser over a <46 

GHz range and observing the transmission on a New Focus 2033 Large Area 

Germanium photodiode (GePD). To detect fluorescence, the monochromator was 

scanned and the computer recorded the spectra as before.
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Results and Discussion

Direct excitation and observation of absorption and fluorescence in the 1.5 Jim 

region using the apparatus and techniques described above allowed more detailed 

characterization of Er3+:Y2O3 than previously possible.. Previous measurements and 

crystal field analyses of the energy levels of ions in C2 sites62,63’72 served as an initial 

guide for assignment of a particular site to a set of absorption lines that produced 

identical fluorescence spectra. Also, ions in C2 sites were expected to have larger 

absorption line intensities than those of ions in C3i sites; there are three times as many C2 

sites as C3; 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 temperature insured that only the lowest crystal field level of the ground 

multiplet would be populated, and the spectral region observed insured that absorption 

would terminate in a level of the first excited multiplet. In general, ions in the two 

crystallographic sites have different crystal field levels and spectra. Absorption 

spectroscopy alone was not sufficient to distinguish the two interspersed sets of 

absorption lines belonging to ions in C2 and C3i sites. But, for each site, fluorescence 

spectra from each of the higher 4I13z2 levels (labeled Y2 to Y7) should have identical 

features to fluorescence spectra from the lowest 4I13z2 level (Y1), and all measured the 

position of the 4I13z2 levels (Z1 up to Z8). Ions pumped from the 4I13z2=Z1 to the 4I13z2=Y2 

and higher 4I13z2 levels rapidly and non-radiatively relaxed to the 4I13z2=Y1 level from 

which fluorescence to all levels of the ground multiplet simultaneously occurred. Two
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distinct fluorescence spectra were obtained 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 C2 or Cg, sites.

Absorption and fluorescence spectra obtained by the methods described above are 

shown in Figure 3.5. The absorption spectra contained all absorption lines expected for 

transitions to the 4Ibz2 crystal field levels of ions in C2 sites from previous studies62 thus 

confirming and extending the results of the earlier visible fluorescence experiment. 

Above the absorption spectrum is a comb of seven vertical bars indicating the C2 site 

absorption lines. These absorption lines consistently yielded fluorescence spectra like 

that of the bottom trace in Figiire 3.5 which agree well with the 4I15z2 C2 crystal field 

levels cited in previous studies.62 The feature at 6000 cm' 1 is similar to that obtained 

previously62 and was previously believed63 to be two lines separated by 20 cm"1 and 

corresponding to the Z7 and Z8 crystal field levels of the 4I1572 multiplet as eight crystal 

field levels are expected for the 4I1572 multiplet in C2 symmetry. Interspersed with the C2 

absorption lines were additional absorption lines, indicated above the absorption 

spectrum with a comb of four vertical bars and labeled as C31 site absorption lines and 

were not consistent with known absorption by C2 ions; all previous observations of 

absorption by Er3"1" in C31 sites were on stoichiometric Er2O3.73 The fluorescence spectra 

from the remaining, interspersed, absorption lines yielded a consistent fluorescence line 

pattern, the middle trace in Figure 3.5, distinct from that expected for C2 ion crystal field 

levels. The new absorption and fluorescence lines were attributed to the ions in C31 sites, 

and G. Reinemer’s Zeeman experiments64 confirmed this hypothesis.

v
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■ C3j site absorption lines

C2 site absorption lines

Absorption spectrum of 
0.005% Er3+:Y O

C1 site fluorescence

C  site fluorescence

6000 6200 6400 6600 6800

Energy [cm 1]
Figure 3.5. Absorption and site selective fluorescence spectra of 0.005% Er3̂ Y2Os. At 
top of figure, two combs of vertical bars denote absorption lines assigned to ions in C3i 
sites (upper comb) and to ions in C2 sites (lower comb) from absorption spectrum 
immediately below them. Site selective fluorescence spectra generated by pumping 
absorption lines; upper and lower traces are fluorescence from absorption lines assigned 
to ions in C3j (Reference 64) and C2 sites.
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The 4Ii5/2 and 4Iigz2 crystal field levels determined by this study for the C2 and C3, 

ions are presented in Figure 3.6 and Table 3.1. The left three columns of levels are for 

the C2 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 two 

center columns and are due to the observations of Gruber, et. al.63 The right column of 

levels is for ions occupying the C3i sites.64 The following Zeeman spectroscopy study is 

concerned with the paramagnetic properties of the Zi and Yj levels of ions in C2 sites as 

the 6512 cm"1 transition between these' levels is of interest for OCT devices; 

corresponding levels for ions in C3i sites have been studied by G. Reinemer.64
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Figure 3.6. Crystal field levels of 4Ii5z2 and 4Ii3z2 multiplets of Er3̂ Y 2O3. Deduced from 
absorption and site selective fluorescence excitation. Leftmost column shows energy 
levels refined by this work for ions in C2 sites and the arrow denotes the transition of 
interest for OCT devices; center two columns are values from Reference 63. Rightmost 
column shows energy levels of ions in C3i sites studied by G. Reinemer.64
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Table 3.1. Crystal field levels of 0.005% Er3"1": Y2O3

sLj Multiplet Er3+in C2 Er3+in C3i

Empirical
Designation

This Work Reference 63 
Observed

Reference 63 
Calculation

G. Reinemer 
Reference 64

%5/2: Energy [cm'1]
Zi 0 0 I 0
Z2 39.5 39 36 9.9
Z3 77.4 . 76 82 41.0
Z4 90.0 89 97 80.6
Z5 161.8 158 145 97.3
Z6 261.8 258 267
Z7 500 490 486
Z8 (see text) 510 502

4Iiszs: Energy [cm"1]
Yi 6512.1 6510 6512 6470.2
Y2 6544.5 • 6542 6545 6534.1
Y3 6589.8 6588 6580 6570.2
Y4 6596.1 6594 6606 6590.6
Y5 6686.4 6684 6676
Y6 6841.0 6840 6840

- Y7 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 Zi ground level. Pumping the 4Ii5Z2IZ1 to 4Iisz2: Y2 

transition allowed simple spectral discrimination of the fluorescence from the laser 

excitation. Fluorescence from 4Ii3ZsiYi to 4Ii5Z2 levels occurred after rapid nonradiative
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decay from Yz to Yj. 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 otherwise. 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 generated by a PTS 500 

rf synthesizer (RF). Low voltage pulses from the Hewlett Packard Model 8013B Pulse 

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

pulses to the ENI Model 41ILA 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 Zi to Yi 

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 Zi to Yz absorption 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 oscilloscope (SCOPE), which was triggered by the pulse 

generator. The oscilloscope was interfaced with an 80486-based micro-computer, not
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shown, using GPIB IEEE-488 that allowed capture of fluorescence decays, excitation 

pulses, absorption lines, and background levels.

AMP

HP-PG

SPEX

SCOPE

ECDL

PMT

AOM

L ig h t------
C oax------

X’TAL

W GePD

Figure 3.7. Apparatus for measurement of % 3/z fluorescence lifetime T%.

Results and Discussion

The normalized single shot fluorescence decay for C2 sites is shown in the upper 

graph of Figure 3.8 and is obscured by the photomultiplier noise floor after about 60 ms; 

the solid line is a non-linear least squares exponential decay fit to the data. A 

fluorescence lifetime of Ti = (8.510 ± 0 .020) ms was obtained from the fit, establishing 

the upper bound for the coherence lifetime of Er3+ in C2 sites at T2 < 2T, = 17.02 ms,
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and is in good agreement with the previously measured value74 of (8.000 ± 0.500) ms for 

0.2% Er3+: Y2O3 at 77 K and previously calculated value74 of (7.750 ± 2.150) ms. The C3i 

site fluorescence decay is shown in Figure 3.9 and it gave a Ti = (14.620 ± 0.030) ms 

lifetime. There were no previous measured or calculated values for comparison. The 

lower graph in each figure shows the normalized transmitted portion of the excitation 

pulse and the energy level diagram depicting the excitation and fluorescence scheme is 

shown below the fluorescence decay.

T 1 = 8 .5 1  ±  0 .0 2  m sec

Excitation 
□Ei = 6544.651 cm"

Fluorescence 
Cth = 6 5 12.074 cm

Time [msec]

Figure 3.8. Fluorescence lifetime of Er3+ in C2 sites of Y2O3. Upper graph shows 8.51 
ms fluorescence decay and energy levels used; lower graph shows the 2.5 ms laser pulse 
that excited fluorescence.
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T 1 =  1 4 .62  ±  0 .0 3  m sec

Excitation
o oEx = 6534.462 cm"

Fluorescence 
on = 6470.202 cm

Time [msec]

Figure 3.9. Fluorescence lifetime of Er3+ in C3; sites of Y2O3. Upper graph shows 14.62 
ms fluorescence decay and energy levels used; lower graph shows the 2.5 ms laser pulse 
that excited fluorescence.

Paramagnetic g-tensors

The Hamiltonian for the Zeeman interaction of a weak applied magnetic field B 

takes the simple form, Hz = -/2y B . Here Jlj = BbKj J is the total magnetic moment 

operator,//B is the Bohr magneton, gj is the Lande g-factor, and J is the total angular 

momentum. For the free ion the angular momenta J and M j are good quantum
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numbers, and the J  -multiplet is split into 2 J  + 1 equally spaced Zeeman sub-levels with 

field dependent energy shifts Acr = /HbM jg j B . 75,76

This simple picture changes dramatically, when the ion is in a crystal. As discussed 

in Chapter 2 and previously in this chapter, a crystal field partially lifts the (2 / + l)fold 

degeneracy of the J  -multiplet and imposes reduced symmetry so that J  and M j are no 

longer good quantum numbers.16,75,76 The resulting Kramers doublets are each split 

differently by an external magnetic field. The effective spin Hamiltonian for the weak 

magnetic field Zeeman effect in a crystal field, ignoring hyperfine structure, becomes:

where S is an effective spin (S = 1A), determined by the crystal field level degeneracy in 

zero field and g is a symmetric rank 2 tensor in Cartesian coordinates determined by 

the crystal site point symmetry 75,77 For a Kramers doublet, S = j .  A  symmetric rank 2

tensor has six independent components, which may be chosen as the three principal axes 

of an ellipsoid labeled x,  y , z and the three angles specifying the ellipsoid orientation 

with respect to the crystallographic site.75,77 For sites of C2 symmetry, as in Y2O3, one 

principal ellipsoid axis, by convention the z -axis, must be along the C2 symmetry axis, 

and four parameters are left independent: the g-values gx, gy, gz along the principal

axes and a single angle a  orienting the tensor x-y  principal axes with respect to the 

crystallographic axes.75 Each crystal field level has distinct values of gx , g g_, and

a . In Y2O3 the g -tensor z -axis is along [lOO] for the 5 and 6 sites, [OlO] for the 7 and

(3.1)
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8 'sites, and [OOl] 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:

H2 = A, (gxSxBx + SySyBy + gzSzBz) (3.2)

where Sx, Sy , Sz are effective spin operator components and Bx, By , Bz are the

applied magnetic field components.75 Each crystal field level splits into two Zeeman 

sub-levels with magnetic field and orientation dependent energy shifts given by:

Acr = ± ^ g i\B\ (3.3)

where A a , the energy level shift, is typically given in wavenumbers, |b | is the magnetic

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

given 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 rectangular solids, or 

“bricks,” are numbered to associate each with one of the six C2 sites; the dimensions of 

the bricks are scaled to match the ground state principal g-values, as measured by EPR58 

(gx = 1.645, gy = 4.892, gz = 12.314). The bricks, are shown realistically oriented with 

respect to the (lOO) crystal axes except that the 2° tipping angle a  measured58 for this

state has been exaggerated to 20° (in reality +2° from EPR58) for illustration purposes. 

Specifically, the C2 axis of site 10 is parallel with [l00]; the site 10 ellipsoid is tipped 

+2° (for illustration +20°) from [001] toward [010].
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[0 0 1 ]

( O O l )

Figure 3.10. Graphical representation of g-tensor orientation with respect to crystal axes 
for the six C2 sites in Y2O3 for Er3"1" % 5/2:Z,. Tipping angle a  exaggerated for 
illustration. Viewed along [ill], orientational equivalence of sets comprised of sites 
labeled 5, 7, 9 and 6, 8, 10 for B Il [l 11] is evident.

It is useful to express the field dependent eigenvalues as ellipsoidal equations.77 

The projections of an applied magnetic field on the primary axes, dimensions of the 

bricks, of each orientationally inequivalent site are orientation dependent; the ellipsoidal 

equations are written directly as the summed squares of these projections. With the 

magnetic field applied in the (OOl) plane, the orientation dependent g-values for each 

site (g5,...,g]0) are expressed as:58

(3.4a)S 5/6 = g 7 Cos2(O) + a) + g 2 sin2(0> ± a)

8 7  = 8» = g 7 sin20) + (g 2 cos2 Of + g 2 sin2 a)  cos2 0> (3.4b)
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S 9 = î20 = ^z2Cos2O + (g^ cos2 a sin2 a) Sin2 O. (3.4c)

Equations 3.4 apply to both the ground and excited states, with different principal g- 

values gx, g y, g z and tipping angles a .  Here O is the angle between the applied

magnetic field and the [lOO] axis in the (OOl) plane. For the bricks labeled 9 and 10 the 

longest dimension gz is along the field when O = 0° and this orientation yields pure 

measurements of gz ; the projection of gz for the 9 and 10 bricks onto the field vanishes 

as O increases to 90° but the projection of gz along the field for bricks labeled 7 and 8 

maximizes again yielding a pure measurement of gz , but using ions labeled 7 and 8. It is 

instructive to note that the ions labeled 7 and 8, with their C2 axes along [OlO], and the 

ions labeled 9 and 10, with their C2 axes along [lOO], are orientationally equivalent with 

respect to the (OOl) plane. Also, with <$> = 0° and 90° the ions labeled 5 and 6 become 

orientationally equivalent.

Similarly, when the applied magnetic field is in the (l 10) plane, the g-values for the 

various sites can be expressed as:58

gs/6 = 8z cos2 © + { g2 COS2 ( f  ± «) + g2sin2( f  ± Of)}sin2 0  (3.5a)

f  I ^g7/8 = cos 0  cosa + sin© sin a  g2

(3.5b)
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2 I I<§9/io = cos© cosctr ± sin© sinctr
I V2

\2

_ I
+ +cos© sinctr+ —=■ sin© cos or

V2

S y

\ 2

s l  +-^g2z sin2 0

(3.5c)

Again, these equations apply to all crystal field levels. In this case 0  is the angle 

between B and the [OOl] axis in the (HO) plane. All six sets of ions are orientationally 

inequivalent with respect to this plane. Special orientations somewhat reduce the six

fold inequivalence.. The pairs 5 and 6, 7 and 8, and 9 and 10 collapse into three 

inequivalent sets at 0  = 0° and gz 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 0  = ± 90°. Finally, 

and most'interestingly, at 0  = ± 54.7°, whereB is along [ i l l ]  or [ i l l ] ,  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 and 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 

(Zu) to the excited state higher component (YiT), had the. highest energy of the four. 

The lowest energy transition, ZiT to Yu, was the “d” line. The “b” transition (Z1 j, to Yu) 

was typically higher energy than the “c” transition (Zu to Yu) 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 making the label site-specific and 

transition labels are grouped when sites are 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 

are:

C T ^  (0  or 0 ) = <70 ± (gAo-+ eAo-) = cr0 + ^ - (*g, + eg j B  (3.6a) 

and + corresponds to a and -  to d. The b and c transition energies are:

(j^'e)(0 or 0 ) = CF0 ± (sAcr- eAcrj= Cr0 ±  ^ - ( sSi ~ (3.6b)

and + corresponds to b and -  to c. The ground (excited) state g-values, s'g. (eg.), for 

sites z = 5,...,10, are substituted from Equations 3.4 (3.5), cr0 is the zero-field Z1 to Y1 

transition energy. Graphs of cr(M) (0 or ©) and er?,c) (0 or ©), using estimated gg and 

eg values, provided excellent guides for assigning and tracking transitions during data 

collection; initial values for (ggx, sgy,, sgz; sa) and (egx, egy, egz; ea)  were adjusted

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

relied on published EPR values58,59 and excited state principal g-values were previously 

unmeasured.

Determination of the ground and excited state g -tensor principal parameters, 

{sgx> 8gy, 8gz', g(x) and (egx, egy, egz; 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:

o r e ) = - O
flBB A ,#

(3.7a)

and

■ or e ) J a ‘ ' - O = L ^ - O .
Ht B H.B ■

(3.7b)

Methods and Apparatus

Two larger crystals from the same commercial growth as the crystal used in 

determining crystal field levels and.upper state lifetime were used for measurement of Zi 

and Yi g -tensors and were oriented by Laue X-ray diffraction. The “001-crystal”, and 

“ 110-crystal” were oriented for applying the magnetic field in the (OOl) and (HO) 

planes, respectively, and to provide optical access, propagation arid maximum 

absorption along [OOl] and [lio], respectively. The 001-crystal was cut and ground into 

a rectangular solid with dimensions of 8.84 mm along [OOl], 5.08 mm along [lio] and 

3.76 mm along [l I oj. The 110-crystal was cut and ground into a rectangular solid with 

dimensions of 8.25 mm along [lio], 4.65 mm along [llo j and 3.95 mm along [OOl], 

Faces normal to the optical propagation direction were polished to optical inspection 

quality with 1.0 Jim alumina paste to reduce scatter. The remaining four crystal faces 

were simply ground flat with 600 grit silicon carbide paper.
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The Zeeman spectroscopy apparatus is shown in Figure 3.11 and included many of 

the components used in absorption and fluorescence above. The crystals were mounted 

one at a time in an Oxford Instruments SpectroMag cryostat (CRYO). The SpectroMag 

provided stable temperatures from 1.5 K with superfluid helium immersion to 300 K 

using the built-in resistive electrical heater, helium gas flow controls, and the attached

vacuum pump. The SpectroMag’s superconducting solenoid had its B field oriented in 

the horizontal plane and provided fields up to 8 Tesla. Optical access to the crystal was 

through an opposing pair of windows (W) centered in the horizontal plane along an axis 

orthogonal to the magnet axis.

PieD2

ECDLl

RAMP

SCOPE CRYO

Laser

ECDL2

Coax

InGaAs
PD

GePD

XTAL

Figure 3.11. Apparatus for Er3+ 4Ii5/2 -  4Ii3/2 Zeeman spectroscopy including one laser 
for measurement of sample absorption and a second for calibration of optical frequency.
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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 I 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 strengthened transitions originating in the lower Zeeman component.

A custom-built sample 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 rotation 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. Taking care to avoid gear backlash, the internal 

shaft could be reproducibly positioned to the equivalent of ± 0.2° of crystal rotation; a

vernier scale was attached to the internal shaft and a scale was attached to the main rod,
' ■1

inscribed with divisions corresponding to 0.1° and 1° increments of crystal rotation, 

respectively.77 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 Kingdom. The 

remaining sample rod parts were brass and stainless steel joined by silver solder and 

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

laser66"71 (ECDLl) 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 pitch screw, providing better than 5 GHz 

resolution, or by a piezoelectric stack, giving mode-hop free scans of up to 46 GHz and 

scan repetition rates up to a few hundred Hertz.

A Stanford Research Systems DS345 (RAMP) synthesizer generated a ± 5 volt, 10 

Hz triangular wave that the Thor Labs Piezo Driver Model MDT 691 (PieDl) converted 

to a 0-150 volt triangular wave, and applied to the laser to scan it full-range. Beam

splitter (BSl) split a portion of the scan laser output power to mirror Ml. A half-wave 

plate (A72) rotated the polarization 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 scan rate and 

the 200 kHz photodiode bandwidth allowed collection of undistorted transmission 

spectra. The Tektronix TDS520D oscilloscope (SCOPE) displayed spectra in real-time 

with triggering from 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 procedure was developed for accurate calibration of the scan laser 

wavelength. The deflected portion of the scan laser at the first beam splitter (BSl) was 

combined at a second beam splitter (BS2) with the output of a second identical laser, the 

marker laser, and split into two beams; one beam was focused by lens L onto a 

NewFocus 1811 InGaAs photodiode (InGaAs PD) and the other was fiber coupled into a 

Burleigh WA-1500 wavemeter (X-meter). The oscilloscope displayed the two-laser 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 Labs Piezo Driver Model 

MDT 691 (PieD2) tuned the marker laser and tuned the beat in real-time allowing 

measurement of 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'1 which is nearly the 0.1 ppm accuracy 

of the wavemeter.

Results

The upper trace of Figure 3.12 is the zero field C2 site absorption spectrum showing 

the Zi to Yi transition at 6512.074 cm"1. The background periodic structure was caused 

by two etalons, one formed by the cryostat windows with a ~2 cm'1 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 etalon with a ~6 GHz free spectral 

range. The lower trace is the photodiode noise floor. A thick crystal was required to 

observe the individual weaker Zeeman transitions with good signal strength at high field
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where the degeneracies were lifted; the very strong zero field absorption shown in 

Figure 3.12 resulted from using the thick crystal but caused no problems when the field 

was applied.

Typical Zeeman spectra, centered on the zero field transition energy with B= 1.0 T 

in the (OOl) plane along [lOO] are given in Figure 3.13, and the top and bottom traces 

are with polarization perpendicular and parallel to [lOO], respectively. The b and c 

transitions for sites 5, 6, 7, and 8 exhibit strongly polarization dependent absorption, but 

transition energies were never observed to shift with polarization. Two higher energy 

(a7a8 and aga,o) and two lower energy (dydg and dgd,o) transitions were outside the 46 

GHz scan range and the laser was tuned individually to these outlying transitions to 

measure their energies.

25000-

20000-

15000-

5000-

6511.5 6512.0
o, Energy [cm1]

6512.5

Figure 3.12. Zero field absorption spectrum: C2 site Z1 to Yi transition at 6512.074 cm"1. 
Top trace is absorption spectrum and bottom trace is detection noise floor.
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35000
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25000-

20000- £±[ 100]

15000-

10000-

5000-

6511.5 6512.0 6512.5

o, Energy [cm 1]
6513.0

Figure 3.13. Typical Zeeman spectra of Er3+IY2O3 with 5 = 1.0 T along [l00]. Upper 
(lower) trace is with the laser polarized perpendicular (parallel) to the external magnetic 
field. Transitions are labeled according to site. The “a” and “d” transitions for ions in 
sites 9 and 10 lie at higher and lower energy, respectively.

To establish validity of the spin Hamiltonian assumed in Equation 3.1, Zeeman 

spectra were collected at several fields up to 2.0 Tesla with B in the (OOl) plane along 

[l00]. The upper, middle and lower subplots in Figure 3.14 present transition energy 

dependence on magnetic field for ions in sites labeled (5,6), (7,8), and (9,10), 

respectively; circles are measured transition energies, dotted lines are linear fits to the 

data, labeled as usual, and solid lines are the zero field transition energy, 6512.074 cm"1.
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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 a9aio and d9dio transitions, 

shift quite linearly with field; the Zif level began thermally depopulating beyond 2.0 

Tesla making observation of transitions originating in it difficult. Only the bsbg and c5c6 

transitions display any significant deviation from linearity at these fields. These 

deviations are not clearly 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.

y
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Figure 3.14. Zeeman spectra of Er3̂ Y2O3 vs. magnetic field strength for BllflOOj. Top 
graph shows absorption lines of ions in sites 5 and 6, middle graph is for ions in sites 7 
and 8, and bottom is for ions in sites 9 and 10. Note the energy scale difference in the 
different graphs.
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Complete orientation dependent Zeeman spectra with a 1.0 Tesla external magnetic 

field applied in the (OOl) plane are presented in Figure 3.15. Symbols (O) indicate 

transition energies assigned to observed absorption lines at a particular orientation. 

Using Equations 3.7 these data were used to calculate orientation dependent g-values, 

which are presented below. Substituting 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 c (* in Figure 3.15) expanded for 

clarity; a straight line illustrates zero-field transition energy, a 0 = 6512.074 cm’1. The b5 

and C5 (be and eg) curves cross each other at the zero-field transition energy indicating 

larger excited state splitting than ground state splitting between 0  -  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 linewidth, but the measurement uncertainty is much smaller, about ±100 

MHz (0.003 cm’1). The site 5, 6 transitions shift to higher energy at 0  = 90° and the 7, 8 

transitions behave similarly at 0  = 0° and 180°. With the magnetic field in the (HO) 

plane Zeeman spectra were collected more .sparsely as the principal g -tensor parameters 

were well determined by fitting the (OOl) data. Figure'3.17 presents the (HO) 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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6 5 1 6 -

6 5 1 4 -

EP 6 5 1 2 -

6 5 1 0 -

6 5 0 8 -

3 0  6 0  9 0  120  1 5 0  180

[deg]
Figure 3.15. Full orientation dependent Zeeman absorption spectra for B =1.0 T in 
(OOl). Measured transition energies are open circles (O) and solid curves are calculated 
from best fit to g-values. Site-specific transition labels are inset in each curve. Detail (*) 
of b and c transitions is expanded in Figure 3.16 for clarity.
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6 5 1 2 .1 -

6 5 1 1 .9 -

6 5 1 1 .7 -

3 0  6 0  9 0  1 20  1 5 0  180

O [deg]
Figure 3.16. Detail (* in Figure 3.15) of orientation dependent Zeeman spectra including 
b and c transitions with B = 1.0 T in (OOl) expanded for clarity. Measured transition 
energies are open circles (O) and solid curves are calculated from g-value best fit. Site- 
specific transition labels are inset in each curve. A straight line represents the zero field 
transition energy cr0. Bars attached to one data point illustrate the 1.3 GHz 
inhomogeneous linewidth. Transition and orientation that may optimize coherence 
lifetime are labeled by II.
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Figure 3.17. Full orientation dependent Zeeman absorption spectra for B =1.0 T in 
(l 10). Measured transition energies are open circles (O) and solid curves are calculated 
from g-value best fit. Site-specific transition labels are inset in each curve. Detail (*) of 
b and c transitions is expanded in Figure 3.18 for clarity.
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Figure 3.18. Detail (* in Figure 3.17) of orientation dependent Zeeman spectra including 
b and c transitions with B = 1.0 T in (HO) expanded for clarity. Measured transition 
energies are open circles (O) and solid curves are calculated from g-value best fit. Site- 
specific transition labels are inset in each curve. A straight line represents the zero field 
transition energy (T0 . Transition and orientation that may optimize coherence lifetime 
are labeled by I
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Figures 3.19 and 3.20 present the (OOl) plane orientation dependent ground and 

excited state g-value results, respectively; solid curves are Equations 3.4 using best-fit 

principal values, and the site-labels, sgt and egi, are inset. The gz principal value can 

be read directly from the maxima of the 9 and 10 (7 and 8) curves at <5 = 0° (<$> = 90°), 

and the different ground and excited state tipping angles, ga  and ea ,  allowed by the C2 

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 of the “bricks” represent the principal g-values and the tipping angles sa  

and eCtr are in the opposite sense for the two states and exaggerated (to 20° and -30°, 

respectively) for illustration purposes. Figures 3:23 and 3.24 present (HO) 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 (HO) is more 

easily observed in the excited state than in the ground state.
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O [deg]
Figure 3.19. g-values for 4Ii5̂ Z i with field in (OOl). Symbols (O) are data calculated 
from Zeeman spectra in Figure 3.15; solid curves are best fit. Site labels are inset.

O [deg]
Figure 3.20. g-values for 4Ii3̂ Y i with field in(00l). Symbols (O) are data calculated 
from Zeeman spectra in Figure 3.15; solid curves are best fit. Site labels are inset.
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Figure 3.21. Graphical representation of ground state 4Ii5̂ Z i g-tensors can be used to 
visualize g-value data in Figures 3.19 and 3.23. Zeeman splittings are proportional to the 
projection of the three dimensions of these “bricks” onto the applied magnetic field. 
Dimensions are to scale with principal g-values: 8gx = 1.603, 8gy = 4.711, sgz = 11.93; 
tipping angle is exaggerated to +20° for illustration: g C C =  +2.06°.

[001]

Figure 3.22. Graphical representation of excited state 4Ii3z2:Yi g-tensors can be used to 
visualize g-value data in Figures 3.20 and 3.24. Zeeman splittings are proportional to the 
projection of the three dimensions of these “bricks” onto the applied magnetic field. 
Dimensions are to scale with principal g-values: 8gx = 1.08, 8gy = 4.361, 8gz = 10.07; 
tipping angle in opposite sense compared to ground state and is exaggerated to -30° for 
illustration: 8O C = - M . I .
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0 [deg]
Figure 3.23. g-values for 4Ii5̂ Z i with field in (HO). Symbols (O) are data calculated 
from Zeeman spectra in Figure 3.15; solid curves are best fit. Site labels are inset.

0 [deg]
Figure 3.24. g-values for 4Ii3z2IYi with field in(llO). Symbols (O) are data calculated 
from Zeeman spectra in Figure 3.15; solid curves are best fit. Site labels are inset.
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Equations 3.4 were fit78"80 to the (OOl) plane g-values using (8gx, sgy, 8gz; 8a) and 

{egX’ eSy- e8z> ea) as fitting parameters. Table 3.2 presents best-fit g -tensor parameters

.and a collection of previously measured and calculated values.81 The average ratio 

between this work’s ground state principal g-values and those of the previous EPR work 

is 0.969 ± 0.006, a quite uniform discrepancy, 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 excited state principal g-values have not 

been previously measured. The tipping angle ea  is larger in magnitude and of the 

opposite sense with respect to the crystal axes Compared with that for the ground state.

Table 3.2 also presents the g-values along ( i l l ) ,  the interesting case alluded to 

previously. Two sets of ions, sites 5, 7, 9 and 6, 8, 10, each consisting of half of the C2 

ions are each orientationally equivalent with respect to ( i ll)  with eight transitions

possible.
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Table 3.2. Measured and calculated g-values for Er3+ in Ca sites of YaOg

4Il 5/2-Zi *2: sSy *2: s8 8CC
Technique Reference [100] [010] [001] (HD

Optical Zeeman 
0.005% Er3+=YaOg

This
Work

1.603 ± 
0.003

4.711 ± 
0.006

11.93 ± 
0.08

7.495 
. & 

7.433
2.06 ± 
0.06

EPR
0.01% Er3+=Y2O3 58 1.645 ± 

0.002
4.892 ± 
0.005

12.314
±0.009

7.755 
. & 

7.677
2.0 + 
0.2

FIR Spectroscopy 
Er2O3 81 (0) 4:9 12.3

Crystal Field 
Analysis 63 0.4 4.4 12.0 7.4

Superposition 
Model Calculation 82 3.7 5.5 10.5 7.2

Optical Zeeman 
Er3+=Y2O3 61 7.5

>

4Iisz2=Yi *2, % e8z ea
Technique Reference [100] [010] [001] ( I l l )

Optical Zeeman 
0.005% Er3+=Y2O3

This
Work

1.08 ± 
0.02

4.361 ± 
0.003

10.07 ± 
0.08

6.180
&

6.551
-11.7 +

o.i

Discussion

The primary purpose of this work was to gain the necessary spectroscopic 

information to guide the choice of external magnetic field strength and orientation to 

optimize Er3+IYaOg for OCT devices by maximizing coherence lifetime. For this 

purpose it is useful to conceptually divide the Er3+ ions into two 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 generate; device ions can. dephase one another and in this context 

should be thought of as environment ions as well. Again, in the terminology of Mims the 

former are “A” ions and the latter are “B” ions.21,22 The two primary mechanisms55 that 

reduce coherence lifetime of device ions at low temperatures and low magnetic fields in 

this host are direct process phonon scattering26"30 and electronic spin “flip-flop” 

transitions;21,22 these mechanisms depend on temperature and external magnetic field 

strength and orientation.

The relevant energy levels and transitions for direct phonon process dephasing of 

device ions in Er3+IY2O3 are presented in Figure 3.25. The optical transition for OCT 

devices is between the lower Zeeman components of the 4Ii5z2IZi ground and 4Ii3z2: Yi 

excited states; the ground and excited doublet Zeeman splitting AEg and AEe are 

determined by the magnetic field strength and orientation. The direct process randomly 

drives device ions between two adjacent electronic states by resonant single phonon 

absorption and spontaneous phonon emission; in this case the two adjacent levels can be

either the level of interest, the ground or excited state of the OCT device, and a nearby
!

crystal field level, or the two Zeeman levels of the ground state or excited state. 

Lowering the temperature reduces the significance of direct phonon absorption process; 

by decreasing the available phonon energy and accessible density of states; at 

temperatures such that kgT << AEg (AEe) the population 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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optical
absorption

I -.Z phonon
absorptions

Figure 3.25. Relevant energy levels and transitions for direct phonon process dephasing. 
Phonon absorption from lower Zeeman components of ground and excited states to 
either upper Zeeman components or other nearby crystal field level causes dephasing at 
low temperatures.

The relevant energy levels and transitions for mutual “flip-flop” transition dephasing 

of device ions in Er^YiO] are presented in Figure 3.26. Environment ion a  is initially 

thermally promoted to the ground doublet upper Zeeman component as represented by 

the thick arrow at I and a nearby environment ion |3 is initially in the ground doublet 

lower Zeeman component represented by the thick arrow at 2; under these conditions a 

nearby device ion has energy levels given by the heavy lines. Environment ion a  

spontaneously undergoes a spin “flip” to its lower Zeeman component given by the thin



72

arrow at 3 and resonantly drives environment ion (3 to spin “flop” to its upper Zeeman 

component given by the thin arrow at 4; the mutual “flip-flop” conserves energy in the 

two-environment-ion system but changes the local magnetic field at the device ion and 

its new energy levels are given, for example, by the thin lines. Making the environment 

ion ground Zeeman splitting large compared to kBT freezes out mutual Er-Er flip-flop 

transitions by freezing out initial population of the upper level for environment ions.

Device Ion

4I
13/2

:Y

Ic
M

4I
15/2

:Z,

optical
absorption

Environm ent Ions

P

I

v z ,

3

Figure 3.26. Relevant energy levels and transitions for spin flip-flop dephasing. Two 
environment ions undergo resonant energy conserving mutual flip-flop transition; 
resulting change of local magnetic field dephases device ion.
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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 doping necessary to achieve the desired overall absorption 

assuming the same oscillator strength, which maximizes average distance between ions, 

reducing mutual interaction. These optimization mechanisms, in a complicated system 

such as Er3+IY2O3, are often mutually incompatible. The orientation dependent Zeeman 

spectra and g-tensor data, along with published EPR data58 for ions in C3i sites, guide the 

tradeoffs surrounding choice of external magnetic field direction and magnitude needed 

to maximize coherence lifetime. Two external magnetic field directions 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 ( i ll)  axis in a

{110} plane with a “b” transition energy of cr = 6512.22cm"1 at I SI = 1.0 T. This is 

indicated in Figure 3.20 by I. Half of the ions in C2 sites constitute the device ions and 

the other half contribute to the environment as a consequence of the two-fold 

inequivalence of C2 sites for this orientation. The device ions have relatively large 

ground and excited g-values, 7.433 and 6.180, respectively and the C2 site environment 

ions have a relatively large ground g-value, 7.495. The C3i 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, 1,2.176 (5.124),58 As the C2 sites form two 

inequivalent groups in this 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; a relatively low magnetic field is needed to depopulate the ground doublet 

upper component of the low g-value subset of ions in C3i sites.

The second most favorable configuration orients the magnetic field near a (l 10} axis

in a {001} plane with a “b” transition energy of <7 = 6512.38 cm"1 at 5  = 1.0 T 

indicated in Figure 3.16 by II. While ions in sites labeled (7,8) are equivalent with 

respect to this plane and (9,10) are as well, they form two inequivalent sets at this 

orientation. Ground (excited) doublet g-values for ions in all four sites are 8.817 (7.494) 

at O = 42.84° (42.43°), as shown in Figure 3.19 (3.20), and the b transitions are

incidentally resonant, but are not magnetically equivalent at O = 44.5° as shown in
>

Figure 3.16. Two-thirds of the ions in C2 sites constitute the device ions with very high 

ground and excited g-values; only one-third of the ions in C2 sites contribute to the 

environment, but have low ground g-values (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-value (10.1); however, the remaining half of these environment ions have a 

low ground g-value (3.3).58 This orientation requires the lowest overall doping due to the 

large fraction of ions in C2 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 C2 and C3i
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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 [l 11 in (HO) B near [llO] in (OOl)
<7 at-1B I = LOT 6512.22 cm"1 ' 6512.38 cm 1

Pros: Y2 of C2 ions used for device 
allowing lower overall doping 
for greater Er-Er average 
distance.

% of C2 ions 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).

Y2 of C2 ions contribute to 
environment.

Only Y, of C2 ions contribute 
to environment.

C2 environment ions have high 
ground state g-value (7.495).

Y2 of Cgi environment, ions 
have high ground state g -. 
value (10.1).

Ya of Cgi environment ions have 
high ground state g-value 
(12.176). i

Cons: Ya of Cs; environment ions have 
low ground state g-value (5.124).

Two-fold inequivalent C2 
environment ions have low 
ground state g-values (3.42 
and 3.62).
Y2 of Cgi environment ions 
have low ground state g-value 
(3.32).

The two orientations discussed above need further characterization to optimize 

Er3+:Y203 for OCT correlators, memories and other devices. So far in this discussion 

other crystal field levels have been ignored, however, the Z2 level of ions in Cs; sites 

may be significant as it lies only 10 cm'1 above Zi [Reference 64] and less than 2 Tesla
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is necessary to split the Zi C3i doublet by 10 cm"1 with the field along [ill] . If.the Z2 

level has comparable g-values the Zit and Z2J. levels may repel significantly, preventing 

the expected ground doublet splitting. Orientation dependent Zeeman investigations on 

the ions in C3, sites are needed resolve this and are presently being conducted by G.
j

Reinemer.

The knowledge gained in this study and the higher quality specimens of Er3+: Y2O3 

now available make possible further material characterization and device testing with 

crystals of known orientation and controlled absorption. Magnetic field and temperature 

dependence of the coherence lifetime and homogeneous linewidth should be 

characterized. Stimulated photon echo decays will establish storage lifetime of correlator 

patterns, operating conditions for other OCT devices, and provide further insight into 

dephasing mechanisms. Orientation dependent echo 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 proposed83 and experimentally demonstrated.84,85 Those 

demonstrations were performed at the wavelengths of 580 and 793 nm employing Eu3+ 

and Tm3"1" doped insulating crystals respectively. More recently, we have shown15,55 that 

erbium-doped insulating crystals, in particular Er3+IY2SiO5, have the required frequency- 

selective and coherence properties to provide operating wavelengths in the important 

1550-nm telecommunication window. We report here our use of Er3+:Y2SiO5 in a 

demonstration of address header decoding, one of several important components of high 

speed data routing by optical packet switching.3,83"85 The advantages of optical packet 

switching3 include fast data routing in the wavelength and space domains and 

transparency to packet bit rate and format. Specifically, we programmed a crystal to 

recognize binary-phase-shift key coded address headers and to decode an arbitrary 

sequence of these headers, resulting in spatially-discriminated 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.
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Application: Optical Packet. S w i t c h i n g

A prototype optical packet switch is presented in Figure 4.1 to illustrate the context 

of the address header decoding function demonstrated here. Optical address headers “A” 

and “B” are shown propagating from left to right in the same spatial channel, an optical 

fiber perhaps, and preceding their respective data packets. Headers and packets enter an 

optical packet switch made of four distinct components each of which could be based on 

SSH. The first of these components is the header/data separator which separates the 

address headers from their data packets; this functionality could be based on SSH and 

has been demonstrated at 793 nm.86 The header/data separator forwards the data packets, 

stripped of their headers, to the second component which stores and delays the packets 

during header processing; this delay could be a compact fixed duration fiber delay or an 

SSH buffer memory or variable duration true-time delay.54,87 Simultaneously, the 

header/data separator forwards the address headers to the address header decoder 

component demonstrated here; prior to address header arrival, local modulated lasers 

program the decoder to recognize each address and associate a unique output direction 

for the stimulated photon echo signal produced in decoding each header. Decoded 

address header output signals program the fourth component, the spatial demultiplexer 

(DEMUX), with a distinct spatial output direction for each delayed data packet. The data 

packets would then be demultiplexed to spatially distinct optical channels, again perhaps 

optical fibers, and proceed on to their separate destinations. Although a loss of intensity 

will be incurred at each SSH functional block in Figure 4.1, the 1.5-|im region offers .
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opportunities to regenerate signals with commercially available erbium-doped fiber 

amplifiers (EDFA) and semiconductor optical amplifiers (SOA).

A ddress
H eaders

Z  X
H e a d e r /

S e p a ra to r

_______I A ddress
H eader I

^ D e c o d e ^ l e ^ ^ *  Wj

D ata P ack e ts

Figure 4.1. Optical packet switch with SSH address header decoder. Address headers 
“A” and “B” and their respective data packets enter the packet switch from the left. The 
first component, the header/data separator, strips the address headers and sends them to 
the address header decoder, the functionality demonstrated here; the data packets are 
sent to a compact fiber delay. Decoded address headers program the spatial 
demultiplexer (DEMUX); data packets are demultiplexed onto separate spatial channels 
by the DEMUX.

Many extensions of this basic building block optical packet switch are possible. 

Switching “fabrics” could be built from several such packet switches; hierarchical levels 

of switches and addresses are possible. Individual switches could be dynamically 

reprogrammed on a time scale of the material upper state lifetime making the switch 

transparent to different address header formats, modulation schemes, durations, bit-rates, 

and symbol-rates.
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Programming the Header Decoder

Address header decoding was performed in two stages.83"85 First, the processing 

crystal was programmed with a distinct SSH grating for each address header by the 

application of a pair of optical programming pulses as shown in Figure 4.2. This grating 

was stored by resonant Er3"1" ions associated with the inhomogeneously broadened 

absorption of the Er3̂ YzSiOg spectral hole burning material. The grating provides a 

simple way to visualize the stimulated photon echo processing function. In this 

demonstration, we programmed the crystal for two distinct binary-phase-shift key coded 

address headers labeled A and B and two corresponding output directions kA and kg. 

The binary-phase-shift key coded address programming pulse for channel A propagated 

in the kadd direction and was applied to the crystal just prior to the brief direction 

programming pulse that propagated along kA- The direction programming pulse was 

used to associate the kA direction with address header A through the standard stimulated 

photon echo phase matching conditions of Figure 4.3 and Equation 2.8. The address 

pulse and its brief direction pulse interfered to form a spatial-spectral grating that the 

crystal stored for a time given by the stimulated photon echo lifetime of the material 

which is about a millisecond in this case but could be many orders of magnitude longer 

in materials with a different hole burning mechanism. The second grating, containing 

address B and its associated echo output direction kB was programmed in the same 

manner as shown in Figure 4.2. In the context of wavelength-division multiplexing, one
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may also store independent gratings at other adjacent wavelengths in the absorption 

profile.

Direction B 
Pulse

Figure 4.2. Temporal snapshot of the programming stage. For each header address, one 
spatial-spectral grating is stored in the crystal by a pair of programming pulses: a binary- 
phase-shift key coded header address and a brief direction pulse.

Figure 4.3. Phase matching diagrams representing use of Equation 2.8 to determine the 
wave vectors of the output stimulated photon echoes.

Decoding the Headers

The header processing stage is shown schematically in Figure 4.4. Headers 

propagated along the kn = kadd direction, and each header generated stimulated photon 

echo output signals following interaction with each stored grating. The phase matching 

conditions k ^ 61 = k H + k A(B) -  k add of Equation 2.8 shown in Figure 4.3 predict the
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emission directions k* and ku of the individual echoes. To the extent that the medium 

responds linearly to the pulses, in the context of the Fourier Transform Approximation 

of Equation 2.9, the amplitude of the stimulated echo is determined by the cross

correlation of the header pulse with the convolution of the address and direction 

programming pulse pair stored in each grating.

Header Encoded Header Encoded
with Address B

njuum-
with Address A

uinnruL-

Stimulated
Echo

Stimulated
Echo

Crystal

EnYSO

Crystal

EnYSO

Figure 4.4. Temporal snapshots of the processing stage. Top diagram is just prior to 
header decoding; address headers propagate from left to right toward crystal already 
programmed with spatial-spectral gratings. Headers coded with the addresses produce 
stimulated photon echoes in the spatial output channels corresponding to the directions 
programmed by the brief direction pulses.
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Experimental Apparatus and Technique.

The optical apparatus used is shown in Figure 4.5. This work used many of the same 

components used in Chapter 3; manufacturer and model are the same unless stated 

otherwise. The decoder consisted of an oriented 0.001% Er3+IY2SiO5 crystal grown by 

Scientific Materials Corporation (growth #10-117) using the Czochralski method; crystal 

dimensions were 3.97 mm, 4.47 mm, and 5.22 mm along the b, D1, and Z>2-axes,88 

respectively. The crystal was mounted in the SpectroMag cryostat and address header 

decoding was performed at a temperature of 1.5 K with a magnetic field of Tf0 = 8 kG 

parallel to the Dz-axis.88 Under these conditions, coherence lifetime was -150 Jis and the 

stimulated echo lifetime was - I  ms.15 The laser (ECDL) was tuned to the Er3+ 4I15z2(I) 

—> 4Iiszi(I) transition at 1536.12 nm (site I) in the ErYSO crystal, polarized along Dit 

and propagated along the &-axis;15 these conditions provided a 500 MHz wide 

inhomogeneous line and OtL = 0.56.

The laser was amplified to +17 dBm (50 mW) by a Litton Model OA-2016-WT 

erbium doped fiber amplifier (EDFA) which was controlled by an DLX Lightwave 

Model FOA-8100. The amplified beam was gated by three 165 MHz acousto-optic 

modulators (AOM 1, 2, and 3) to produce three spatially separated beams with nominal 

peak pulsed powers of 9 mW; tight focusing in the modulators produced 35 nsec rise and 

fall times. Output beams from the three AOM’s were crossed' at angles of -70 mrad 

between adjacent pairs and focused to beam waists of radius W0 = 100 Jim in the crystal
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by lens L. Stimulated photon echoes were detected on the two InGaAs photodiodes 

(InGaAs PD I and 2). The wavemeter monitored the laser wavelength.

,EnYSO
Crystal

Wave-
Meter

InGaAs 
PD 2

ECDL

InGaAs

EDFA

Figure 4.5. Schematic of the experimental apparatus used for address header decoding. 
The external cavity diode laser (ECDL) operating at 1536 nm is amplified by an erbium 
doped fiber amplifier (EDFA) and gated by three acousto-optic modulators (AOM) to 
produce spatially separated beams that are crossed and focused in the crystal by lens L. 
Independent adjustment of three lenses “f* on precision translation stages and two 
prisms “p” on mirror mounts allowed beams to be focused and overlapped in the 
EnYSO crystal. Stimulated photon echoes are detected on the two InGaAs photodiodes 
(InGaAs PD).

For this demonstration, the following techniques were developed to cross and focus 

the three beams with maximal overlap in the crystal. To simplify far field beam waist 

adjustment, beam waist longitudinal translation was largely decoupled from beam waist 

transverse translation. Three lenses f on precision translation stages collimated the three 

modulated beams; translation stage motion along the beam propagation direction
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provided longitudinal far field beam waist adjustment. Transverse degrees of freedom 

were decoupled from the longitudinal adjustment by careful alignment of the lenses on 

center, both horizontally and vertically, with their respective beams. Two of the three 

collimated beams were aligned, by prisms p placed beyond the collimating lenses, to 

propagate parallel with the optical table, the center beam, and one another to a precision 

of ~0.5 mm over a distance of a few meters and were simultaneously crossed and 

focused in the crystal by lens L. Adjusting the prisms p to angle the two outer beams 

slightly outward from the center beam compensated spherical aberration of lens L. 

Although this careful alignment did not obtain beam overlap sufficient to generate 

measurable echo signals, the fine alignment procedure described below did.

The center beam was chosen to remain fixed and alignment was fine-tuned by 

individually adjusting the outer two beams to overlap with the center beam. As a 

diagnostic of outer beam overlap with the center beam, a third InGaAs photodiode, not 

shown, was aligned to detect three laser pulses, gated by AOM2, and a stimulated 

photon echo generated by these pulses along the center beam. The small area of this 

photodiode required that the beam remain fixed in place. The outer beams, with their t 

modulators running cw, were adjusted to overlap the center beam focus; the center beam 

echo signal was disrupted when either of the outer beams impinged on the volume of 

crystal generating the echo and the degree of disruption was used as an measure of 

overlap. The effect was so dramatic and sensitive that initial adjustment extinguished the 

echo; final stages of fine-tuning required applying progressively weaker and shorter 

pulses in the outer beams during the time between pulses one and two on the center
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beam. Finally, nutation provided a diagnostic of collocation of the beam waists and their 

overlap with the crystal; the oscillation frequency of the nutation was maximized 

independently on all three beams by translating lenses f.

The electrical apparatus used for this demonstration is shown in Figure 4.6. A 

Tektronix/Sony Model 2041 arbitrary waveform generator (AWG), with a I GHz clock 

rate, synthesized and controlled the phase and amplitude of all electrical drive pulses 

applied to the acousto-optic modulators; the waveform generator was programmed to 

produce two distinct twenty-symbol binary-phase-shift key coded pulses representing 

address headers: A (00100111000110110100) and B (01101101001000100011). These 

address header waveforms are represented by the following general expression for 

phase-shift-key modulated signals .N symbols in length:

where 3le is the real part, is the symbol emitted at time n T , s { t -  n l )  is a square 

envelope of amplitude one and duration T emitted starting at time (n -  \ )T , and / 0 is 

the carrier frequency.89 The n‘h symbol %n = e*  takes values from the set:

where <$> is an arbitrary phase, Af = 2 for binary-phase-shift keying (BPSK), Af - 4  for 

the quadriphase-shift keying (QPSK) which is used in Chapter 5, and the extension to 

general M-ary PSK is evident.89 Each address header was. a square pulse of 

monochromatic carrier with phase flips of n between symbols of different type; such

(4-1)

.(4.2)
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phase flips occurred between adjacent 0 and I symbols but not between adjacent 0’s or 

adjacent l ’s. The arbitrary waveform generator drove the acousto-optic modulators with 

165 MHz carrier with phase flips as described above; phase flips were impressed on the 

1536 nm optical carrier by phase flips in the modulator ultrasonic wave.

Delay
Generator

A-B C-D Ch2 Auxl

InGaAs

Personal
Computer

Outl
Splitter

Power
0ut3

OutS InGaAs 
PD 2

SwitchSwitch
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Rf

Out

Rf
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Amplifier
Rf

Out

Rf
in

Amplifier
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Out_____

AOM 2

Switch

AOM 3AOM I

Direction A Pulse Address A and B Pulses Direction B Pulse

Figure 4.6. Block diagram of electrical apparatus used for address header decoding 
demonstration. The arbitrary waveform generator (AWG) produced the rf pulse 
sequence that the power splitter applied to the switches. The switches were selectively 
closed to gate the pulses to the proper acousto-optic modulators (AOM). Stimulated 
photon echoes generated were detected on the two InGaAs photodiodes (InGaAs PD).
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Address header pulses were generated by AOM2, and the direction programming 

pulses by AOM’s I and 3 using the triggers and switches described below. A Stanford 

Research Systems Model DG535 (Delay Generator) triggered the arbitrary waveform 

generator to produce the entire rf pulse sequence; a Minicircuits Model .ZFSC-3-1 rf 

power splitter (POWER SPLITTER) divided this signal equally among its three output 

ports. Each of these three identical rf signals was applied to the input port of one of three 

rf switches (SWITCH) and each switch gated the appropriate pulses to one modulator. 

One channel of the delay generator was programmed to gate a brief rf pulse, used to 

generate the direction A programming pulse, through one of these switches; the delay 

generator closed another of the three switches to produce the direction B programming 

pulse. The arbitrary waveform generator marker channel was timed to gate address 

header pulses in the programming and processing stages through the third switch. The 

electrical pulses thus gated were amplified by three 40 dB rf amplifiers (two were 

Minicircuits Model ZHL-5W-1, one was ENI Model 411 LA) to peak pulsed powers of 5 

W (reduced to I W in cw operation) and applied to the three modulators.

The delay generator outputs and arbitrary waveform generator main and marker 

outputs were programmed to insure that no more than one switch would be closed at a 

given instant and that the pulse delays discussed below were achieved. The 0.001% 

Er3+IYaSiOs material inhomogeneous Iinewicfth provides the capability to decode 

address headers at bandwidths up to 100’s of MHz and other Er3Moped materials, have 

been shown5 to provide bandwidths up to 100’s of GHz. In this demonstration, the 35 ns 

modulator rise time dictated the choice of 100 ns/symbol. Address header pulses of 2 |0,s
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total duration were thus produced. Direction programming pulses of 100 ns duration, 

with no phase coding, followed the respective address header programming pulses by 3 

M-S in this demonstration but could follow them immediately in an practical device 

implementation; unwanted scatter of the address headers from the crystal surfaces and 

cryostat windows onto the photodiodes tended to overlap echoes in the processing stage 

when this delay was adjusted to < 2 ps. The programming pulse pairs were separated by 

80 M-s. The programming and processing stages were separated by 100 ps. Headers in the 

processing stage were incident at 9 M-S intervals.

The delay generator also triggered the digitizing oscilloscope at the beginning of the 

programming stage; any portion of the programming or processing stages could be 

captured using oscilloscope internal delays. Stimulated photon echoes produced in the 

processing stage were detected on two 125 MHz bandwidth InGaAs photodiodes 

(InGaAs PD I and 2), one for each output channel, with the outputs fed to the 

oscilloscope for single-shot signal capture. A personal computer was interfaced with the 

oscilloscope and recorded data traces.

Many components were used in this demonstration for their flexibility and diagnostic 

capabilities and would not be needed in a practical device implementation. Inexpensive 

permanent magnets and a simple cryostat could replace the SpectroMag, and are used in 

a similar demonstration14 in the next chapter. Dedicated fixed frequency lasers 

manufactured to the Er3+̂ S iO s  resonance would make the tunable laser and the 

wavemeter unnecessary. Compact application specific integrated circuits (ASIC) to 

generate the pulse sequences and addresses would be more appropriate in an
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implementation than the arbitrary waveform generator and delay generator; likewise if 

optical signals are converted to electrical signals as they are in this demonstration by the 

photodiodes, ASICs for detection replace the oscilloscope and computer.

Cross-correlation Calculations

The stimulated photon echo intensities were modeled, within the Fourier Transform 

Approximation and assuming delta function direction pulses and ideal transform limited 

address header pulses. The cross-correlation between addresses A and B were calculated 

from the discrete cross-correlation function:

Cc{S) = ^CDv̂ û ',-s), (4.3)
n=l

and the autocorrelations of address A and address B were calculated from the discrete 

autocorrelation function:

Ca(S) = , (4.4)
n=l

where v (£ j and u(^n) are the n‘h symbol in address A or B as above, N  is the number

of symbols in the address, <u is the complex primitive M th root of unity (for BPSK 

M = 2 and £0 = - I , for QPSK M = A and (0 = —i ,), and S is the delay in symbols, as 

two addresses’ abscissae are swept across one another;90 functionally Cc(S) and Ca(S) 

give the inner product of two vectors of length1 equal to the overlap. At a delay of -19, 

the addresses overlap by one symbol and the sums above have one term; the delay
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increases stepwise to complete overlap at S = O, each sum above has 20 terms, and 

finally the delay increases to +19. By definition Ca(O)=N = 20 and the addresses have 

been chosen so that Cc(O) = O. Ideally, Ca(S *0) = Cc(VS) = O, in other words, the 

autocorrelation side-lobes and cross-correlations are zero with ideal, unrealizable, 

families of addresses.

Cross-correlation of Address A with Address B

Address B Autocorrelation

Address A Autocorrelation

-15 -10 - 5 0  5

Delay [symbols]
Figure 4.7. Predicted echo intensity profiles assuming linear medium response and ideal 
excitation pulses. Top graph is the address A-B cross-correlation function squared. 
Middle and bottom graphs are the address B and address A autocorrelation functions 
squared, respectively.
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Photodiodes detect echo, intensity; squaring the result of these cross-correlation and 

autocorrelation calculations simulates photodiode output. Figure 4.7 presents the results 

of these calculations. The squared autocorrelation of address A, the bottom graph, 

predicts that the echo produced along kA by interaction of an A header with the A 

grating is dominated by a relatively strong narrow, one symbol wide, central pulse and 

side lobes more than an order of magnitude weaker. The squared autocorrelation of 

address B, the middle graph, suggests similar conclusions for the echo produced along 

kB by the interaction of address B with grating B. The squared cross-correlation of 

address A with address B predicts that the unwanted crosstalk echo produced along kB 

(kA), when header A (B) interacts with grating B (A) has no strong central peak but just 

weak side lobes. With optimized codes, the cross-correlation between headers can be 

minimized, thus minimizing the inevitable crosstalk echo.

Results and Discussion

A representation of the temporal ordering (ABBABABA) of the 2 ps headers at 9 

M-sec intervals is shown in the top trace of Figure 4.8; the bipolar representation indicates 

binary-phase-shift key coding of the header pulses. Single shot data demonstrating 

header decoding are given in two lower traces of Figure 4.8 which shows the output of 

the A and B photodiodes, respectively. Stimulated photon echo autocorrelation echoes 

with central peaks of 100 ns duration (the symbol duration, as mentioned earlier) occur 

on each channel 3 ps after a correspondingly coded header passes through the crystal; 

this delay is determined during the programming stage by the separation of the header
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programming pulse and the header direction programming pulse as in Equation 2.7. The 

autocorrelation echo following the first A header exhibits' weak sidelobes above the 

noise to ± 2 p,s around the autocorrelation central peak as expected; echoes with strong 

central peaks, consistently appear on channel A (B) following the processing of header 

A (B), as expected for autocorrelations. The first weak cross-correlation, or crosstalk, 

echo is the expected 4 |is total duration as well; crosstalk echo signals are rapidly lost in 

the noise, but strong autocorrelation echoes are never observed on channel A (B) as a 

result of processing header B (A). The crosstalk echo is inevitable but may be minimized 

by using optimized address header codes. As all three excitation beams were used at full 

pulsed power the pulse areas were likely unoptimized leading to nonlinear medium 

response, in this sense the Fourier Transform Approximation is not adhered to in this 

demonstration. This demonstrates the need to find application specific tradeoffs between 

signal fidelity and signal intensity. We address this issue in Chapter 5.

We noted that the intensities of the decoded header pulses decay in amplitude 

over the period of the processing. Increasing the time separation between the 

programming and processing stages, by reprogramming the arbitrary waveform 

generator and delay generator, resulted in the same accelerated decay of the pulse 

amplitudes during processing, but the overall signal levels showed the expected 

reduction due to the material’s intrinsic stimulated photon echo decay. This implies that 

the coded header pulses themselves are responsible for depleting the population 

difference that controls the echo intensity. Either reduction of the header pulse areas or
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use of a photon-gated91 processing material could reduce the decay of the output pulses 

due to this ‘destructive’ readout.
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Figure 4.8. Results of real-time address-header decoding. Top trace is a representation of 
the header sequence in the processing stage. Bottom two traces are single shot 
stimulated photon echoes detected during the header processing stage. Echoes were 
detected on channel A or B at a 3 (is delay after the application of the corresponding 
header; this delay was determined during the programming stage by the separation of the 
header programming pulse and the header direction programming pulse. Weak cross-talk 
echoes are also resolvable from the noise.

In this signal processing application there are several relevant time scales. During the 

programming step, coherence lifetime, T2, is only required during one header/direction
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pulse pair, and ideally the pulse pairs should be separated by more than T2.83"85 Typical 

values of T2 for rare earth doped crystals are in the range of I -  100 microseconds at 

liquid helium temperatures. In the processing stage, the stimulated photon echo decay 

places an upper limit on the length of the header pulse train that can be processed before 

reprogramming is required. Different applications require different time scales; for 

example in some cases one may want continuous routing with a fixed program and in 

others one may wish to reprogram rapidly. In the demonstration described here, the 

stimulated echo lifetime is ~1 ms and T2 is -150 gs at the field of 8 kG. The stimulated 

photon echo decay time depends on the mechanism for spectral hole burning and can be 

as long as hours or days in materials with a persistent hole burning mechanism. In 

addition photon-gated materials provide non-destructive readout and are known for other 

wavelength regions.

Conclusions

We have demonstrated optical coherent transient based real time address header 

decoding for optical data packet routing and switching in the particularly important 

telecommunications window near 1550 nm. The observation of crosstalk due to 

unoptimized pulse areas and unoptimized header codes demonstrates the need to 

establish a tradeoff between signal fidelity and intensity and to develop codes that 

minimize cross-correlations and autocorrelation sidelobes.
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CHAPTER 5

CORRELATOR USING QPSK AND BPSK CODES

Introduction

Correlators are important in many signal-processing and memory applications such 

as pattern recognition, database searching, associative memories, data packet address 

header decoding, and spread spectrum communications. Spatial-spectral holographic 

(SSH) devices combine spectral hole burning (SHB) with conventional holography to 

perform real-time memory and signal-processing functions including correlations of 

signals with arbitrary phase, frequency, and amplitude modulation; moreover, SSH 

devices can operate at bandwidths greater than 10 GHz (possibly terahertz), can have 

time-bandwidth products in excess of IO5, and can potentially enhance optical 

communications capabilities.36,49"53,92 SSH devices are ideally suited to perform 

correlations with multiphase-encoded information, such as quadriphase and binary- 

phase-shift keyed (QPSld and BPSK) modulation, and eight different erbium-doped 

insulating crystals have recently been shown to have the frequency-selective and 

coherence properties that are required for providing SSH devices operating within the 

important 1.5-pm communication window.15,55

There have been numerous demonstrations of SSH correlators, including early 

header-decoder demonstrations at 580 and 793 nm.84,85 The SSH header-decoder at 1.5 

M-rn reported by the present author and others13 was to our knowledge the first time-
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domain SSH correlator in that important wavelength region. The present Chapter reports 

the processing of QPSK and BPSK codes, 30 symbols in length, using the Er3+--Y2SiO5 

(Er:YSO) SHB material at 1.5 (im. Excellent signal fidelity is demonstrated. These are 

the only SSH-based correlations to.date that use QPSK codes and this is the maximum 

number of symbols yet achieved for SSH correlations.

The phase-shift keyed codes93 used as model systems in these SSH correlator fidelity 

studies had previously been selected by very fast simulated reannealing93 by minimizing 

the aperiodic autocorrelation94 and cross-correlation sidelobes.94 They were developed 

for direct sequence-spread spectrum communication,4"7’94’95 which is desirable for 

noncentralized, multiple access,, coherent optical communication with added security. 

Direct sequence-spread spectrum communication implementations rely on the 

correlation properties of coded spread spectrum signals, and in rf links they typically 

take the form of BPSK modulation.

QPSK codes are more desirable than BPSK in broader contexts, because increasing 

the number of symbols in the phase alphabet increases the effective information bit rate 

for a fixed symbol rate and improves security. Increasing the phase alphabet also allows 

one to trade off sidelobe levels for a larger family of orthogonal codes. At multigigahertz 

rates, real-time correlation of codes with a phase alphabet of greater than two characters 

is not possible with current electronic techniques. SSH-based correlators, however, are 

ideally suited to this task because of their inherent phase sensitivity and bandwidth.
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Correlator Operation

The SSH correlations are performed in two stages. First, the SHB medium is 

programmed with an SSH grating by application of an optical programming pulse pair. 

The first of these pulses, the pattern pulse, contains the code that the correlator is being 

programmed to recognize. The second pulse, the brief reference pulse, is spectrally flat 

over the bandwidth of the pattern pulse. The pattern and reference pulses, with a 

combined duration of less than the SHB material’s phase memory lifetime, interfere to 

form a spatial-spectral population grating in the inhomogeneously broadened absorption 

line in Er3̂ Y2SiO5. This grating contains the product of the Fourier transforms of the 

two programming pulses, to the extent that their pulse areas are consistent with the 

Fourier Transform Approximation, as discussed in Chapter 2, and it can persist up to the 

duration of the upper-state lifetime for the materials used here.

In the second stage, the stored grating processes an optical data stream that contains 

an arbitrary sequence of codes. The stimulated photon echo output is given by the cross

correlation of the pattern pulse with the data stream convolved with the reference pulse 

as given in Equation 2.9.37,49"52 Because the correlation process takes place entirely 

within the SHB medium, an SSH correlator can be quite simple, requiring only the SHB 

crystal, optics, cryogenics, and, for Er3+ materials, a small magnet.

In eight separate experiments we used four distinct codes, two QPSK and two BPSK, 

to generate correlation echoes. We programmed the SHB medium to recognize one such 

code and used the resultant stored grating to process another code. This produced
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correlation echoes that were either autocorrelations or cross-correlations, depending on 

whether a replica of the programmed code or an orthogonal code from the same phase- 

shift keyed family was processed.

Experimental Apparatus and Technique

The apparatus is presented in Figure 5.1 and employed many of the components 

described previously; manufacturer and model are the same as before unless specifically 

stated otherwise. The correlator consisted of a 0.001% Er3+̂ S iO s  crystal which was 

oriented in the magnetic field with the laser propagation and polarization directions as 

described in Chapter 4. Two pairs of button-sized NdFeB permanent magnets, Edmund 

Scientific Catalog Number K35-105, provided the magnetic field. One magnet pair was 

attached to either end of a hollow cylindrical steel spacer, 12.5 mm in diameter and 6 

mm thick, not shown in Figure 5.1; the crystal was contained in a hole bored along the 

cylinder axis, and was optically accessed through opposing holes bored orthogonal to the 

cylinder axis. This assembly provided a magnetic field along the cylinder axis estimated 

by Zeeman splitting to be H0 ~ 2.5 kG in the crystal; the resulting Er3+ coherence 

lifetime corresponded to previous measurements15 of T2 at a similar field using a 

calibrated superconducting magnet. The magnetic field was sufficiently uniform over the 

optically accessible volume of the crystal that no additional broadening of the 500 MHz
X

inhomogeneous line was observed. The Optistat Bath cryostat held the crystal, magnet, 

and spacer assembly at 1.5 K; these conditions provided a coherence lifetime T2 of -70 

(is and the excited state lifetime Ti ~10 ms. An external cavity diode laser (ECDL) was

)
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amplified by an erbium-doped fiber amplifier (EDFA) and modulated by an acousto

optic modulator to produce the programming pulses and data stream. The modulated 

laser beam was focused to a beam waist radius Wo = 100 Jim in the crystal and had 

nominal peak power of 8 mW. An arbitrary waveform generator (AWG) triggered by a 

delay generator (Delay) synthesized the electrical drive for the acousto-optic modulator 

and controlled both the phase and the amplitude of the optical beam; an rf switch 

(Switch) and amplifier (rf Amp) were driven by the arbitrary waveform generator just as 

in Chapter 4. Correlation echoes were detected on an InGaAs photodiode (InGaAs PD) 

whose output was fed into a digitizing oscilloscope (Scope) for single-shot signal 

capture.

EnYSO

Figure 5.1. Apparatus used for correlator fidelity study. The correlator, the Er3+:Y2SiO5 
crystal was programmed by pulses from the modulator and processed the data stream 
from the modulator. The arbitrary waveform generator (AWG) synthesized the rf pulses 
that were applied to the modulator by the rf amplifier (rf Amp). An erbium doped fiber 
amplifier (EDFA) amplified the external cavity diode laser (ECDL) and the modulator 
produced pulses from this amplified beam. Cross-correlation echoes were detected by 
the photodiode (InGaAs PD) and the oscilloscope (Scope) collected data traces. A digital 
delay generator synchronized the apparatus.



101

The arbitrary waveform generator was programmed to produce the 100-ns/symbol, 

3-p.s-duration codes. The . QPSK code family93 was 

A(00001200I023132111031301303230) and 6(223223012103332010020021233023). 

The BPSK code family93 was A(011000110100011101001001001111) and 

B(010001000000011100101011110000). Phase-shift key codes were discussed in 

general terms in Chapter 4 and the rigorous mathematical representation given in 

Equations 4.1 and 4.2 applies here. The pulse sequence and timing used to generate 

correlations with these codes is shown in Figure 5.2. The correlator was programmed to 

recognize one of the codes above by applying a pair of pulses; the code to be recognized 

was applied to the crystal as pattern pulse and was followed by a 100 ns duration brief 

reference pulse 6 |is later. In the processing stage the arbitrary waveform generator 

produced another 3-(is-duration pattern pulse with either the same code or another from 

the same family. The programming and processing stages in this demonstration were 

separated by up to 100 (is, a limit established by material spectral diffusion.

Faithful correlation of the codes by SSH techniques requires that over the interval, 

between the programming and processing stages the laser frequency jitter be much less 

than the reciprocal of the pattern pulse duration. The low bandwidth modulator that we 

used mandated 3-|is pattern pulses, for which laser stability of the order of 30 kHz is 

required. The frequency jitter of the laser used was of the order of hundreds of kilohertz 

on this time scale and caused severe distortion on most of the single-shot correlations.

Thus, criteria were established for selecting correlation single shots that were not 

significantly influenced by laser frequency jitter. For autocorrelations we selected single
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shots on the basis of central-lobe intensity. For cross-correlation echo experiments, for 

which the weak sidelobes did not provide suitable selection criteria, a separate, 

simultaneous, stimulated echo experiment was performed in a different part of the 

crystal.
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Figure 5.2. Pulse sequences for correlator demonstration and laser jitter diagnosis; 
relative pulse timing used for this demonstration is indicated. Top trace is pulse 
sequence for autocorrelation of QPSK code A; a four level gray scale in the pattern pulse 
envelopes represents the four relative phases. Middle trace is pulse sequence for cross- 
correlation of QPSK code A with QPSK code B. Bottom trace is pulse sequence for 
jitter diagnosis echo; notch in jitter diagnosis echo is due to use modulators in series and 
extraction of the brief pulse in the correlator sequence.

A second modulator not shown in Figure 5.1 created the three laser pulses that 

generated this jitter diagnosis echo. Similarly, Figure 28 in Chapter 4 showed three
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modulators in series used for header decoding, here two modulators were used in series, 

the first generated the pulse sequence for the correlator and the second generated the 

pulse sequence for the diagnostic echo from the remainder of the cw laser beam passed 

by the first modulator. A PTS 500 synthesizer, Hewlett Packard Pulse Generator, rf 

switch, and rf amplifier, not shown in Figure 5.1 but configured as shown in Figure 3.7 

of Chapter 3, provided separate rf drive pulses for this second modulator. The delay 

generator that triggered the arbitrary waveform generator also triggered this pulse 

generator; the pulse generator was programmed to produce optical pulses simultaneously 

with the correlator pulse sequence as shown in Figure 5.2. As, the excitation pulses that 

produced the diagnostic stimulated echo in this simultaneous test sampled the same 

portions of the cw laser beam as those used in the correlator pulse sequence they 

measured the laser stability during generation of the correlation echoes. The intensity of 

the stimulated echo was thus used to select single-shot cross-correlation echoes whose 

fidelity was not influenced significantly by laser jitter.

Faithful correlation of the codes by SSH techniques also requires that the pulse areas 

be sufficiently low to insure linear response within the limits of the Fourier Transform 

Approximation of Equation 2.9. For this purpose, pulse areas were estimated by 

observing the nutation of a many-TT pulse with no phase encoding; the first intensity 

maximum in the damped oscillating nutation signal was taken as 1.65Jt as described in 

Chapter 2 and Equation 2.4. Reference pulses in these tests were power-limited to 0.16% 

and pattern pulses were 0.04jt/symbol.
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Simulations

We performed numerical simulations of the optical Bloch equations using the BLOCH 

numerical simulator54 coded in C by W. R. Babbitt and K. Merkel. The simulator 

numerically integrated the optical Bloch equations for optically thin media excited by 

arbitrary sequences of transform limited pulses and using uniform spatial intensity 

optical beam profiles; the simulations were achieved by calculating the exact Bloch 

equations for discrete detuning values, (Q-CD0) in Equations 2.2, and performing the 

inverse discrete Fourier transform on the resulting polarization. Minor modifications to 

accommodate the QPSK codes used in this work were made to BLOCH by W. R. Babbitt 

and the author.

The simulator required several important approximations beyond those of the 

standard optical Bloch equations. The material decay processes described by I/Ti and 

.I/T2 were not modeled in the customary way. Upper state population lifetime Ti was 

assumed infinite. Coherence decay was modeled as a sudden instantaneous coherence 

loss by setting the optical Bloch vector u and v components to zero at every detuning at 

an arbitrary time. Homogeneous and inhomogeneous linewidths were modeled by a 

uniform frequency interval between adjacent detunings and by the total frequency span 

of detunings, respectively. These approximations are reasonable, as Ti» T 2 in 

Er3+IY2SiO5 for the experimental conditions, and model the experiment well if the 

programming stage duration is much less than the coherence lifetime and if the 

correlations are preformed well within the grating lifetime.
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We simulated autocorrelations and cross-correlations for both the QPSK and BPSK 

code families, using the same approximate pulse areas as used in the experiments. Each 

simulation required sequence of four events. The first event was a pulse modulated with 

one of the codes described earlier and the second was a brief reference pulse one symbol 

in duration. The third event was the coherence loss described above; this modeled the 

wait time between programming and processing stages which was ideally large 

compared to the coherence lifetime. The fourth event was pulse modulated with another 

code as above.

Fractional sidelobes (FSL’s)93,94 are a useful metric to evaluate the relative 

performance of a family of codes and can be thought of as a measure of the contribution 

to the systematic noise from the codes used. The FSL for the discrete cross-correlation 

and autocorrelation functions (CCF’s and ACF’s) is defined as:

Calculations

(5.1)

and

(5.2)

respectively, where Cc(S) and Ca(S) are given in Equations 4.3 and 4.4; the fractional 

sidelobe value is usually given in decibels as 20 x logio(FSL). For the QPSK codes the
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ACF FSL is -16.5 dB and the CCF FSL is -13.9 dB. For the BPSK codes the FSL for 

both the ACF and the CCF is -14.0 dB. The FSL’s for the experimental and simulated 

(E-FSL and S-FSL) correlations are calculated by taking the ratio of the integrated 

intensities of the maximum correlation sidelobe and the autocorrelation central lobe. The 

E-FSL and S-FSL values for each autocorrelation and cross-correlation accompany the 

data in Figs. 37 and 38.
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Results and Discussion

Figure 5.3 shows a selected single-shot QPSK autocorrelation echo and demonstrates 

the sharp contrast between the central lobe and sidelobes. Complete experiment and 

simulation results are presented in Figures 5.4 and 5.5. The experimental traces are the 

average of 100 selected single shots with the photodetector background subtracted. This 

signal averaging resolved the correlation echo sidelobes from the photodetector noise 

floor and permitted examination of signal fidelity. All correlations, experimental and 

simulated, have been normalized to the autocorrelation central lobe of that phase-shift 

keyed family. It can be seen that the experimentally obtained correlation echoes are in 

excellent quantitative agreement with the simulated signals. The cross correlations 

exhibit low intensity at the expected autocorrelation-central-lobe arrival time, making 

them well suited for a system that uses threshold detection.

Relative Time [jis]
Figure 5.3. Single-shot autocorrelation echo for QPSK code A. There is spectacular 
contrast between the sharp central lobe and the low sidelobes, which are at the level of 
the photodiode noise floor.
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E-FSL= -14.6 dB 
S-FSL=-16.2 dB

E-FSL= -13.6 dB 
S-FSL=-15.5 dB

0 . 1-

-0.1----- ------ ------- J

0 . 1-

0.0-»4/W ^y4u#^*^
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Relative Time [|xs]
E-FSL=-IO-BdB 
S-FSL=-10.5 dB

Relative Time [gs]
E-FSL=-10.2 dB 
S-FSL=-10.5 dB

Relative Time [|xs] Relative Time [|is]

Figure 5.4. QPSK correlation results. Top and bottom traces in each graph are 
experiment and simulation, respectively. Simulation has negative offset in all cases to 
allow for distinction between traces, and identical scales have been chosen for sidelobe 
comparison, (a), (b) Autocorrelations for QPSK codes A and B, respectively; (c), (d) 
cross correlations between QPSK codes.
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E-FSL=-13.1 dB 
S-FSL=-12.6 dB

E-FSL=-13.2 dB 
S-FSL=-12.5 dB
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Relative Time [jas]

E-FSL=-12.0 dB 
S-FSL= -10.5 dB

Relative Time [|lis]

E-FSL=-11.6 dB 
S-FSL= -10.5 dB
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0.0-W ’r*A/V*\V'AjV V V V V ^^
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Relative Time [gs] Relative Time [|is]

Figure 5.5. BPSK correlation results: (a), (b) for autocorrelations; (c), (d) for cross 
correlations, as in Figure 5.4.
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The slight mismatches between the mathematical correlation function FSL values 

and those obtained through simulation and experiment are expected, not only because 

these quantities are defined differently, but also because an experimentally unrealizable, 

delta function reference pulse was used in calculating the mathematically ideal FSL’s as 

described in Chapter 4. The sidelobe mismatch between experimental and simulated 

correlations can be explained by the distortion of the excitation pulses caused by limited 

modulator bandwidth, which also contributed to minor distortion of the correlation 

echoes. Pulse propagation and beam profile effects complicate estimation of 

experimental pulse areas, and the medium behaves nonlinearly when large area pulses 

are used. Simulations with various pulse areas suggest that even the relatively small 

pulse areas used can produce some saturation. In spite of several mechanisms that 

degrade signal fidelity in a SSH correlator, we have observed excellent fidelity. To more 

fully exploit the bandwidth capabilities of our SHB materials, we are investigating 

methods and apparatus for demonstration of multigigahertz correlators whose 

performance will not be laser- or modulator-limited.

Conclusions

In summary, we have demonstrated optical correlations of 30-symbol QPSK and 

BPSK codes optimized for direct sequence spread spectrum communications in an SSH 

correlator, using the EnYSO SHB medium. The operating wavelength is in the 

important 1.5-pm communications band, and the correlations demonstrate excellent 

signal fidelity. We believe that this is the first SSH-based correlation with QPSK codes
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and the first demonstration of correlations by this time-domain technique with such 

codes that are greater than 20 symbols in length.

;
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CHAPTER 6 

SUMMARY

The primary purpose of this dissertation was demonstration of time-domain 

optical correlators based on optical coherent transients (OCT) in Er3+-doped crystalline 

materials and operating in the important 1.5-pm communication bands. Correlator 

device performance and relevant properties of the hole-burning materials have been 

presented.

Chapter 4 presented the first experimental demonstration of OCT based real-time 

address-header decoding for optical packet routing and switching in the 1.5-pm 

communication bands. A random sequence of the two patterns was faithfully 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. The observation of crosstalk due to unoptimized pulse areas and unoptimized 

header codes demonstrates the need to establish a tradeoff between signal fidelity and 

intensity and to develop codes that minimize cross-correlation and autocorrelation 

sidelobes. This was addressed in Chapter 5 where the fidelity was examined for OCT 

correlations of 30-symbol QPSK and BPSK codes optimized for direct sequence spread 

spectrum communications. These correlations exhibited excellent signal fidelity and 

demonstrated the ability of OCT to process QPSK and BPSK encoded information with 

the same apparatus. This was the first SSH-based correlation with QPSK codes and the 

first demonstration of correlations by this time-domain technique with phase-shift-key
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codes that are greater than 20 symbols in length. For these two demonstrations the 

Er3+IY2SiO5 spectral hole burning material provided a 1536 nm operating wavelength in 

the important 1.5-pm communication bands.

The first of these demonstrations focused on showing that the basic address-header 

decoding functionality could be performed with OCT techniques and that Er3+-doped 

materials to provide a 1.5-|Lim communication band device. The latter demonstration 

focused on producing high signal fidelity by operating the hole-burning material in its 

linear regime and using signal modulation designed for the specific important 

application of CDMA.

Real address-header decoding functionality may only require that a decoded header 

produce a strong autocorrelation central lobe in its corresponding channel without regard
I

to the details of autocorrelation sidelobes, beyond a low intensity requirement, and may 

only require that the cross-correlations inevitably produced in the wrong channel by a 

decoded header be of sufficiently low intensity without regard to sidelobe details. This 

relaxation of signal fidelity requirements, combined with the nonlinearities inherent in 

the hole burning material and families of address header codes designed Specifically to 

exploit such nonlinearities for the application at hand may provide a set of tradeoffs that 

yield practical devices.

The 0.005% Er3+=Y2O5 spectral hole burning material is of interest for correlators, 

memories and other information processing devices based on Optical Coherent 

Transients and operating in the 1.5-|iim communication bands. We gathered 

spectroscopic and dynamical information required to maximize coherence lifetime in
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this material and optimize it for use in these OCT devices. We extended the existing 

spectroscopic knowledge of this material by identifying 4I25y2 <=> 4I13y2 transitions OfEr3+ 

ions in sites Of1C32 symmetry. Site-selective fluorescence spectroscopy in the 1.5-jjm 

region, enabled by newly available diode lasers, was combined with lamp absorption to 

precisely locate and distinguish crystal field levels of Er3"1" ions in sites of C2 and C32 

symmetry; crystal field levels of Er3"1" in C2 sites were in good agreement with published 

values obtained from experiment and crystal field calculations. Only a subset of the total 

crystal field levels for ions in C32 sites were observed; higher dopant concentration 

crystals are currently being grown for study by Scientific Materials Corporation and 

studied by G. Reinemer in an effort to locate the remaining levels and thus to provide a 

complete picture of potential dephasing mechanisms.

Paramagnetic g -tensors of Er3"1" ions in C2 sites were measured by orientation 

dependent Zeeman spectroscopy and used as a guide to maximizing coherence lifetime. 

We extended the existing spectroscopic knowledge of this material by measuring the 

principal g-values of the lowest 4I23y2 crystal field level which are: gz = 10.07, gx = 1.08, 

and gy = 4.361; the g-tensor x-axis in the (lOO) plane was found at -11.7° with the [OOl] 

axis. Principal g-values of the lowest 4I15y2 crystal field level agree well with published 

EPR measurements and are: gz = 11.93, gx = 1.603, and gy = 4.711; the g-tensor x-axis in 

the (lOO) plane was found at +2.06° with the [OOl] axis.

These results, along with EPR measurements of the principal g-values of the lowest 

4Ii5/2 crystal field level of Er3+ in C32 sites, suggest two magnetic field orientations that
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should maximize coherence lifetime: field in a {l10}-plane along a (ill)-direction with 

laser propagation along an orthogonal (l IO)-direction and field in a {fOO}-plane near a

(HO)-direction with propagation along an orthogonal (lOO)-direction. Further study is

required to definitively determine the applied magnetic field orientation and strength that 

will maximize coherence lifetime for ions in C2 sites. For example to freeze out the 

contribution to homogeneous broadening of ions in C2 sites from mutual flip-flop 

transitions among ions in C3i sites it is necessary to thermally depopulate the ground 

state upper Zeeman component of ions in the latter sites. The close proximity of the 

4Ii5/2:Z2 level at 10 cm'1 may prevent achieving the required large Zeeman splitting of Z1 

as a result of level repulsion between the Z1T and Z2T levels. As yet unobserved crystal 

field levels of ions in C31 sites may impose similar but more dramatic complication in the 

unlikely event that one or more of these levels lie between the levels currently identified 

as the two lowest.

Ions in C2 sites were observed to obey the linear Zeeman effect up to 2 Tesla; if 

fields beyond this are used care must be taken to account for nonlinear effects. 

Ultimately, coherence lifetime should be measured by two-pulse photon echo decays as 

a function of applied magnetic field direction and strength using the two orientations - 

above as starting points and g-value results as a guide.

An upper bound on coherence lifetime of ions in C2 sites was established by 

measuring fluorescence lifetime of the lowest 4I13z2 crystal field level; T1 = (8.51 ± 0.02) 

ms is in good agreement with published experimental 77 K values and values from
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crystal field calculations. We extended the existing knowledge of the dynamics of this 

material by measuring the fluorescence lifetime, Ti = (14.62 ± 0.03) ms, of ions in C3i

sites.
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We have measured the optical dephasing time OfEr3+ transitions near 1.5 ^m  in the two crystallographically 
inequivalent sites of YaSiOe, using an  external-cavity diode laser amplified ,by an erbium-doped fiber amplifier. 
Two-pulse photon echoes were observed a t zero field and in magnetic fields up to 55 kG, with dephasing times 
as long as 580 ps (corresponding to a  linewidth of 550 Hz). Stimulated echoes were also measured and showed 
evidence of spectral diffusion during the 13-ms lifetime of the 4I1312 level. © 1997 Optical Society of America

Optical coherent tran s ien t phenomena, in  particu lar 
the  stim ulated  or three-pulse echo, have been proposed1 
and used2 to dem onstrate tim e-dom ain optical storage 
and signal processing such as high-bandw idth opti
cal rou ters .3 Particu larly  in  th e  all-optical signal pro
cessing applications there  is a  need for m ateria ls th a t 
operate a t  the  preferred communications wavelengths 
near 1.5 yum. We p resen t here  two-pulse and three- 
pulse photon echo m easurem ents of E r3+W2SiO5 near 
1.54 f im .  To th e  b est of our knowledge these include 
th e  f ir s t  two-pulse photon echoes reported  in  th is wave
length  range. Accum ulated photon echoes in  an  Er- 
doped silica fiber were reported  by Silberberg et al.,4 
who estim ated  the  optical dephasing tim e to be = 1  ns 
a t  1.5 K.

The dephasing  tim e is a  param eter of crucial im 
portance for th e  applications of photon echoes because 
th is  tim e largely determ ines the  length  of th e  da ta  
tra in  th a t  can be processed or stored a t  a  fixed fre
quency and  also affects th e  capacity in  a  swept car
r ie r2 configuration. A two-pulse echo m easurem ent 
m ust be used to m easure the  dephasing tim e, because 
spectral diffusion du ring  th e  storage or accumulation 
tim e of three-pulse or accum ulated echoes can con
tr ib u te  to the  echo decay. In  rare-earth-doped crys
ta ls  th e  optical dephasing tim e can be several orders 
of m agnitude longer th a n  in  glasses a t  low tem pera
tu res  and, particu larly  for nonparam agnetic ions, i t  is 
determ ined m ainly by nuclear-spin fluctuations in  the 
host.6 I t  h a s  been shown th a t  h o st m ateria ls such as 
Y2O5 and  Y2SiO5 consisting of elem ents w ith  sm all or 
zero nuclear moments, can substan tia lly  increase the  
dephasing tim e of even-electron ions.6-8 Sim ilar ef
fects can be expected for odd-electron system s,9,10 for 
which the  requirem ents for a  low-nuclear-spin host a re 
even more severe. In  addition, to achieve long dephas
ing tim es i t  is necessary  to work a t  low concentra
tions of param agnetic  ions or a t  h igh  m agnetic fields

0146-9592/97/120871-03$10.00/0

to quench the  electron-spin contributions to dephas
ing.9 A t an  E r concentration of 32 p a rts  in  IO6 (ppm) 
and in  th e  low-nuclear-spin h o st Y2SiO5, where Y ( /  =  
1/2) h a s  a  m oment of only -0 .1 3 7  p,N  and  Si h a s  one 
m agnetic isotope of abundance 4.6%, I  =  1 /2  and a  
m om ent of —0.554 //,#, we f in d  th e  longest optical de
phasing  tim es yet reported for E r3+. A ll bu t one of the  
E r isotopes lack nuclear sp in  and  thereby the  complica
tions th a t  hyperfine s tru c tu re  can cause a t  h igh band- 
widths. Together these are  im portan t resu lts for the  
dem onstration of applications of coherent transien ts in  
th e  1.5-/zm region.

Y2SiO5 h as  th e  space group C2/, w ith  eight formula 
u n its  in  the  monoclinic cell w ith  a  — 1.041 nm, c =  
1.249nm , and two crystallographically inequivalent 
sites of C i sym m etry for th e  Y (or Er) ions.11 We m ea
sured  th e  4Iisza(I) —* 4Iisyz(I) transitions a t  1536.14 nm  
(site I) and 1538.57 nm  (site 2). The narrow  inho
mogeneous linewidths of 0.5 GHz provide appreciable 
peak  absorption and perm it th e  use of low E r concen
tra tio n s a t  which dephasing by E r - E r  interactions is 
substan tia lly  reduced. A 3-m m-thick sam ple contain
ing 5.7 X IO17 E r3+ ions/cm 3 as determ ined by glow 
discharge m ass spectrom etry w as oriented w ith the  
twofold b axis perpendicular to the  propagation direc
tion  of th e  light. An external m agnetic field was ap
plied in  th e  plane perpendicular to the  b axis along the 
D l  direction,12 i.e., a t  angles of 79° to th e  a  axis and 
24° to th e  c. axis. The peak  absorption coefficient for 
ligh t polarized along th e  b axis w as 11 cm-1 for site I  
and  7.5 cm-1 for site 2.

Photon echo m easurem ents w ere m ade as follows. 
The ligh t source was a  hom e-built external-cavity diode 
laser using grazing incidence on an  intracavity g ra t
ing.13,14 The diode laser h ad  one facet coated for h igh 
reflectivity  and an  ou tpu t facet reflectivity  of less 
th an  IO-4 . In  the  external cavity, th is  configuration 
provided as much as 7 mW  of single-frequency light,

© 1997 Optical Society of America
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which was am plified by an  E r fiber am plifier. Typical 
ou tp u t power from th e  oscillator in  these  experim ents 
w as 2 mW, which sa tu ra ted  th e  ou tp u t of th e  fiber 
am plifier a t  40 mW. We used an  acousto-optic m odu
la to r to gate  collinear echo excitation pulses of peak 
power 13 mW  and  length  600 ns focused to  ~100  /tm , 
which produced pulse a reas of —ir/4 . The wavelength 
w as chosen to give an  absorption of less th an  50%. 
The resu ltin g  echo was sw itched from th e  tran sm it
ted  beam  by a second acousto-optic m odulator, de
tected  by an  InGaAs photodiode, and averaged on a 
d ig ita l oscilloscope. Two-pulse echo decay curves for 
site  I  a re  show n in  Fig. I for several values of the 
ex ternal field H 0- S im ilar curves w ere obtained for 
ions in  site  2. The v ariab le  field w as applied w ith 
a  sm all superconducting  solenoid, and m easurem ents 
w ere also m ade w ith  a p a ir of N d - F e - B  perm anen t 
m agnets, g iving a field of 2.5 kG. A t zero field, an  
exponential f i t  to  th e  d a ta  gave dephasing  tim es of 
3.7 /us (=86 kHz) for site  I and 3.3 /iS (=96 kHz) for 
site  2. T hese a re  more th an  100 tim es longer th an  the  
zero-field dephasing  tim es m easured  on visible t ra n s i
tions o fE r3*,9 and th ey  reflect th e  low E r  concentration 
and th e  low nuclear spin of th e  Y2SiO6 host. In a  m ag
netic field th e  stro n g est tran s itio n s a re  g ~  —> e~ and 
g *  —»e +, w here g  and  e label ground and excited sta tes  
and + and  — th e  upper and lower Zeem an compo
nents, respectively. M easurem ents a re  reported  here 
for th e  g~  —* e~ transitions. The decay tim es increase 
su b stan tia lly  as a function of field, and th e  decays 
become nonexponential, indicating  th e  existence of 
spectra l diffusion on a  tim e scale of ten s  of microsec
onds and  longer. The decays were fitted  to an  expres
sion of th e  form  I ( t )  =  Z0 e x ^ - i t / T u Y  proposed by 
M im s15 in th e  context of electron-spin echoes and  la te r  
used  in  th e  analysis of photon echoes.10 W hen x  = I, 
th e  phase  m em ory tim e T m  is equal to th e  norm al 
tran sv erse  dephasing  tim e T2. The fittin g  param e
ters  for both s ites a re  given in Table I  for a num ber of 
values of th e  ex ternal field. The phase  m em ory tim es 
increase w ith  m agnetic field, reach ing  580 ,us (F* =  
550 Hz) a t  th e  h ighest field of 55 kG. The m agnetic- 
field dependence of T m  is show n in  Fig. 2, w here the  
linew idth is defined as X I i tT m .

For th e  tran s itio n  studied  here, th e  population de
cay tim e 13 m s (Ref. 12) con tribu tes a  negligible 12 Hz 
to th e  hom ogeneous w idth, leaving E r - E r  spin flip s610 
and Y nuclear-spin flu ctu atio n s7’8 as th e  m ost likely 
sources of optical dephasing  and spectra l diffusion. As 
noted above, th e  Y spin  fluctuations a re  strongly pe r
tu rbed  by th e  E r moment, leading to a  frozen core15 
around th e  E r ions. Coupling of E r to near-neighbor 
frozen Y spins w as evidenced in our experim ents by 
echo m odulation a t  some fields owing to coherent 
p repara tion  of E r - Y  superhyperfine  levels. We esti
m ate  th e  d iam eter of th e  frozen core to  be —10 nm, 
which is approxim ately  equal to th e  E r - E r  separation , 
so th e  Y spins in  th e  sam ple a re  largely frozen and 
ineffective in causing  dephasing. We found th a t  th e  
d e p artu re  from exponential decay, expressed by th e  p a 
ram e te r x, depended on th e  field s tren g th  bu t did not 
show a sa tu ra tio n  n ear th e  value of 2.4 as found for 
visible tran s itio n s of E r3* in YLiF4, w here th e  high-
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field dephasing  w as a ttr ib u te d  to nuclear spin flip s of 
th e  host.10 This suggests th a t  a  different m echanism  
operates here. In th e  direction of th e  applied field, 
E r ions w ith in  each of th e  two sites a re  m agnetically  
equivalent, and th e  g  v alues in  th e  ground s ta te  for th e  
two crystallographically  inequivalent sites a re  2.0 and 
13.1. A t 55 kG and 1.5 K th e  depopulation factors for

0 200 400 600 800 1000

• H0 = 55 kG-— Top Axis 
o Zero Field^^
.  H0-Z K G p ; Bonomtil.

• H0-IO KG

Fig. I. Two-pulse photon echo decays for Er in site I of 
Y2SiO6 for several values of the magnetic field in the D l  
direction. Nonexponential decays show the presence of 
spectral diffusion. (See Table I  for fitting parameters.)

T able  I. P ho ton-E cho  D ecay P a ra m e te rs  for 
____________ E r3* [32 ppm ]: Y2SiO5__________

H 0 [kG] || D l

T m ( m s ) yC

Site I Site 2 Site I Site 2

0 3.7 3.3 1.0 1.0
2 65 67 1.3 1.3
8 145 HO 1.6 1.6

16 125 HO 1.9 1.9
32 245 200 1.2 1.1
55 580 545 1.0 1.0
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Magnetic Field (kG)
Fig. 2. Magnetic-field dependence of the homogeneous 
linewidth I / TrT4f for Er3* in the two sites for Y2SiO6.
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o Site I
□ Site 2

Time ( jis )

Fig. 3. Stimulated photon echo measurement of the de
pendence of the linewidth on the waiting time T a t 8 kG, 
showing the presence of spectral diffusion.

the Zeeman components in the two sites are 7 X IO-3 
and I X IO"14, respectively. The lengthening of the 
phase memory times as a function of magnetic field 
(Fig. 2) is attributed to a slowing of the Er spin-flip 
rate as the upper spin levels are depopulated in the 
field.9,10 The dominant role of Er spin flips in caus
ing dephasing and spectral diffusion was confirmed 
by measurements of a sample containing 6-ppm Er in 
which the two-pulse echo decay in both sites was sig
nificantly longer at low field than in the 32-ppm Er 
sample.

Another measure of spectral diffusion, and one that 
is sensitive to longer-time-scale events, is provided 
by three-pulse or stimulated echoes. In this case a 
population grating in the frequency domain is set up 
by the first two pulses, with a grating spacing given 
by l/<i2 . This grating and the stimulated echo decay 
because of frequency shifting interactions (i.e., spectral 
diffusion) that act in the time interval T  between 
pulses 2 and 3.16 When the spectral diffusion is faster 
than the population decay rate, which here is 78 s"1, 
it determines the stimulated echo decay. Stimulated 
echoes measured as a function of the waiting time 
T  showed a decay time of ~ I ms. These echoes had 
significant amplitude fluctuations at large values of T ,  
showing that laser frequency fluctuations were greater 
than the Fourier components of the exciting pulses for 
long delays. Thus the stimulated echo T  decay” will 
be somewhat longer than quoted above. This will also 
be true of the longest two-pulse echo decays. A series 
of measurements was made of stimulated echo decays 
as a function of < 12 (t decays) for a number of fixed 
values of T. Making an exponential fit to the decays 
yields the plot shown in Fig. 3 in which the linewidth 
as a function of the waiting time T  shows clear evidence 
of spectral diffusion. These data were fitted to an 
expression of the form F(T) = F0 + Fi[l -  exp(-fiT)], 
which describes spectral diffusion in the simple model 
proposed by Yano et a l . , '6 where fl is the rate of 
spin flips that cause the spectral diffusion—in this 
case attributed predominantly to mutual Er spin flips. 
The fitting parameters were F0 = 2 kHz, F1 = 80 kHz,

and H  =  700 Hz. We note th a t  w hen an  E r spin flip s  
i t  causes some m elting of th e  frozen core of Y spins.

In conclusion, we have m ade two- and th ree-pu lse  
photon echo m easurem ents in  th e  1.5-yttm region, using  
an  am plified single-frequency diode laser and E r3+ ions 
in  Y2SiO5. Long dephasing  tim es of as much as 580 /us 
w ere m easured as a  consequence of th e  low E r3+ con
cen tration  and th e  sm all m om ent of th e  Y nuclei. This 
m ate ria l is su itable for dem onstra tions of the  applica
tion  of coherent tran s ie n t phenom ena in th e  1.5 /u.m 
telecom m unications window, as usefully long phase  
m em ory tim es of —100 /as a re  obtained a t a  few kilo- 
gauss. We showed th a t  such a  field could conveniently 
be applied by compact N d - F e - B  p erm anen t m agnets. 
The m easurem ent of s tim u la ted  echoes and th e  ob
se rv atio n  of nonexponential decay of two-pulse echoes 
provided evidence of spec tra l diffusion du ring  th e  long 
lifetim e of the  upper s ta te . In  contrast, for th e  non
m agnetic  E u3+ ion, spec tra l diffusion was not observed 
in  Y2SiO5.6
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