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Abstract:

Narrow spectral holes in the absorption lines of Er*3+ doped crystals have been explored as references
for frequency stabilizing external cavity diode lasers at the important 1.5 um optical communication
wavelength. Allan deviations of the beat signal between two independent stabilized lasers as low as
200 Hz over 10 ms integration time have been achieved using regenerative spectral holes in
Er"3+Y2SiO5 and Er*3+:KTP, while drift was reduced to ~ 7 kHz/min by incorporating the
inhomogeneous absorption line as a fixed reference. During active stabilization, the transient spectral
hole was continuously regenerated as hole burning balanced relaxation. In contrast, persistent spectral
holes in Er*3+:D"-:CaF2, with lifetimes of several weeks, provided programmable and transportable
secondary frequency references that maintained sub-kilohertz stability over several seconds and
enabled 6 kHz stability over 1.6x10"3s. The error signal was derived from the spectral hole
transmission using frequency modulation spectroscopy. A servo amplifier applied fast frequency
corrections to the injection current of the laser diode and slower adjustments to the piezo-driven
feedback prism plate.

These stabilized lasers provide ideal sources for spectral hole burning applications based on optical
coherent transients, where laser stability is required over the storage time of the material. Since the
lifetime of the frequency reference is exactly the material storage time, this requirement is
automatically met by using our technique. This was demonstrated in Er*3+:Y2Si05 and successfully
transferred to high-bandwidth signal processing applications.

The material Er*3+Y2SiO5 was optimized for these applications. The 4115/2 and 4113/2 crystal field
levels were site-selectively determined by absorption and fluorescence spectroscopy. The excited state
lifetime was measured to be 11.4 ms for site 1 and 9.2 ms for site 2. Zeeman experiments and
two-pulse photon echo spectroscopy as a function of magnetic field orientation were used to determine
the anisotropic electronic g-values for both Er*3+ sites and established a preferred magnetic field
orientation for minimizing homogeneous line broadening by spectral diffusion. The spectral diffusion
was characterized by stimulated photon echo spectroscopy and successfully described with established
theories. In a 0.02 atomic percent Er*3+:Y2Si05 crystal at B=0.8 T and T = 1.6 K, line broadening
became significant after 10 ps, increasing the homogeneous linewidth from 7.5 kHz to 75 kHz after
120 ps. Spectral diffusion, primarily caused by direct phonon driven Er*3+ spin-flips in the ground
state, can be controlled to negligible levels with proper magnetic field strength and orientation,
temperature, and erbium concentration. In optimizing Er*3+:Y2Si105, the narrowest optical resonance
in any solid-state material of 73 Hz was measured.
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ABSTRACT

Narrow spectral holes in the absorption lines of Er’* doped crystals have been
explored as references for frequency stabilizing external cavity diode lasers at the
important 1.5 im optical communication wavelength. Allan deviations of the beat
signal between two independent stabilized lasers as low as 200 Hz over 10 ms
integration time have been achieved using regenerative spectral holes in Er**:Y,Si0s
and Er’":KTP, while drift was reduced to ~ 7 kHz/min by incorporating the
inhomogeneous absorption line as a fixed reference. During active stabilization, the
transient spectral hole was continuously regenerated as hole burning balanced
relaxation. In contrast, persistent spectral holes in Er’*:D":CaF,, with lifetimes of
several weeks, provided programmable and transportable secondary frequency
references that maintained sub-kilohertz stability over several seconds and enabled

6 kHz stability over 1.6x10%s. The error signal was derived from the spectral hole
transmission using frequency modulation spectroscopy. A servo amplifier applied
fast frequency corrections to the injection current of the laser diode and slower
adjustments to the piezo-driven feedback prism plate.

These stabilized lasers provide ideal sources for spectral hole bumlng
applications based ‘on -optical coherent transients, where laser stability is required.
over the storage time of the material. Since the lifetime of the frequency reference is-
exactly the material storage time, this requlrement is automatically met by using our
technique. This was demonstrated in Er’*:Y,SiOs and successfully transferred to -
high-bandwidth s1gna1 processing applications.

The material Er’* :Y2Si05 was optimized for these applications. The 115/2 and

Mian crystal field levels were site-selectively determined by absorptlon and
fluorescence spectroscopy. The excited state lifetime was measured to be 11.4 ms for
site.1 and 9.2ms for site 2. Zeeman experiments and two-pulse photon echo
spectroscopy as a function of magnetic field orientation were used to determine the
anisotropic electronic g-values for both Er’* sites and established a preferred
magnetic field orientation for minimizing homogeneous line broadening by spectral
diffusion. The spectral diffusion was characterized by stimulated photon echo
spectroscopy and successfully described with established theories. In a 0.02 atomic
percent Ertt :Y5Si0s crystal at B=0.8 T and T =1.6 K, line broadening became
significant after 10 us, increasing the homogeneous linewidth from 7.5 kHz to
75 kHz after 120 us. Spectral diffusion, primarily caused by direct phonon driven
- Er’* spin- flips in the ground state, can be controlled to negligible levels with proper
magnetic fleld strength and orientation, temperature, and erbium concentration. In
optimizing Er’*:Y,SiOs, the narrowest optical resonance in any solid-state material .
of 73 Hz was measured. '
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CHAPTER 1
INTRODUCTION

Many classes of solids have inhomogeneously brpadened optical absorption
lines. When a narrow spectral region in such a material is saturated by a laser,
notches, .called spectral holes, are “burned” into the line shape; either transienﬂy or
persistently modifying the optical pfopeﬁies of the medium. Af low temperatures,
these holes have usefiil life;cimes ranging from fractions of a second té weeks or
longer, and these narrow features have been widely used for spectroscopy at
Montana State University, IBM, and elsewhere. The transient or _persistent
modification of optical properties that arises from spectral hole burniné (SHB) also
offers opportﬁnities to build powerful and intefes’tling devices for signal processing or
data storage. Many of thése devices rely on a combination of spectral hole burning
and!extensions of the concepts of holography tb the time domain, leading to
holography in “four dimensions”.

In this research, the ultra-narrow resonances provided by spectr‘ai holes have
been exploited as references for frequenéy’- stabilization of external cavity diode
lasers (ECDL).. In particular, Er** doped materials that exhibit SHB in the importan.t
opticél communication band at 1.5 'Mm were investigéted. Relatively short-lived
(transient) spectral holes with lifetimes 'of Tq ~ 10 ms and kilohertz hole linewidths

supplied frequency references that provided stabilities over timescales that are
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especially appropriate -for _coherent nonlinear spectroscopy and SHB device
applications. [1, 2] Continuously regenerated, lifetime-limited (regenerative) spectral
hole frequency references in Er’*:Y,SiOs produced laser frequency stabilities (Allan
Déviation) of 500Hz over 2ms. [3] Further sysfem development allowed
improvement to 200 Hz over 5 ms uéing regenerative spectral hole frequency
references in Er*":KTP. [4, 5] Persiste_nt spectral holes in Er3+:CaF2, with lifetimes of
several weeks, permitted extension of laser freqﬁency stability to lon;ger integration
~ times, achieving stabilities of 6 kHz over 1600 s while maintaining sub-kilohértz
stabilities over integration times of several seconds. [6]

For SHB vappl‘ica‘tions using materials optimized for correlators or‘m'emon'es,
stable laser sources are required at wavelengfhs and timescales specific to each
individual material: We have demonstrated that usiﬁg a spectral hole in a separate -
spatial region or a separate piece of the SHB correlator or memory matéﬁal

automatically provides frequency references meeting these requirements. Together

with previously developed 793nm laser systems [7, 8], these 1.5 um lasers stabilized

to specfral’ holes have been successfﬁlly transferred to SHB correiator’ devices at the
Montana State University Spectrum Lab, Conellab, and Babbitt 1ab. [9, 10]

The material Er’*:Y;SiOs plays an important role in the arena of SHB devices
covering the telecommunication band at 1.5 pm. [11] It has been used for SHB
prOof—of—principle demonstrations at Montana Stéte University such as real-time
address header decoding for optical data routing [12] and spatial'—spectrai

holographic correlation. [13] Very recently, the improved material and laser




frequency stabilization that is reported in this thesis allowed demonétration of much
higher bandwidth (500 MHz) analog signal processing at temperatures’ of 42K .
[10] cher reseérch groups around the wbr’ld, including the Unijve‘rsity of Colorado,
the Laboratoire Aimé Cotton, Orsay, France, and the Australi_an National Universi'ty,
-are already using this méteﬂal to“ de%/elo_p "SHB appﬁcatiéns that will include
massively parallel chputing, radio frequency spectrum analysis [14j, electro-
“magnetically induced transparency, and quantum information demoﬁStrations [15]
- based on our development.
The importance of Er**:Y,SiOs for SHB applicatioh_s proﬁded the motivation for
fundamental research to ‘furvther‘explore the pafameters‘ that inﬂuenée materials

~critical to these applications. Spectroscopic investigations using conventional and

coherent nonlinear methods allowed the characterization and optimization of the

spectral hole burhin‘g in the Er‘3+:VYZSiO‘5' material [16] and 'ha;wé led to the
measurement of a 73 Hz linewidth, the narrowest optical resonance, to. the best of
our k’nowledge,‘ in any solid—stéte material. Furthermore, the methods developed
during the fnaterial optimization are directly applicable to other Er’* doped
compounds. These studies have advanced our fundamental un’derstanding of these

materials.
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Frequency Stabilized Lasers and Their Applications

Many applications require laser frequency stability that is impossible to achieve
with a free-runhing laser, Fortunately, dramatic stabilization is possible with an
external frequency reference and feedback control of the laser cavity. Such lasers

find widespread and important uses. Laser frequency stabilization is important in

long-baseline interferometry for ‘gravitational wave detection [17], u1trahigh-‘

resoIUtion_.spectroseopy of solids, molecules,‘ and atoms [18], optieal communication
“ systems [19]1,, for solid state optoelectronic devi_ces based on spectral hole burning
(SHB) [20] such as GHz-scale time—domain optical sighal processing [21, 22, 13, 9]
and -network packet switching [23, 12], for preciston lasér ranging, for spatiai

coordination of satellite arrays, and for optical communication using coherent light

detection. These stabilized lasers are also suitable for sensitive vibration monitoring

devices and a variety of other optical and fiber optical Sensors.

One of the most prOminent applications for which stable laser sources are being
developed is optlcal frequency standards based on trapped ions [24 25,.26, 217, 28]
and neutral atoms [29, 30] partrcles Wthh are nearly at rest in the laboratory frame
ehnnnat1ng Doppler effects wh11e producmg VETy narrow, several—Hz-Wide

resonance lines. Recent developments suggest that an optical frequency clock can

offer significant improvement over the resolution of the current Cesium microwave.

atomic clock. In the tera-hertz domain, optical frequencies provide four orders of

magnitude higher operating frequencies than microwave references, Whﬂe the higher
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quality factors of optical reference transiti'ohs" allow detemﬁnation of center
frequencies to greater precision. The recent advént of air—sﬂi‘ca ‘naic;rostrﬁcture optical
fiber, thCh broadens the frgquency comb of a femtosecond laser to span the optical
octave from 532 nm to 1064 nm, furthers the trend toward an all-optical frequency
standard. For the first time, optical frequencies in the 10" Hz range can be directly
measured and compared to.microwave standards [31, 32, 33, 34] without the use of
elabofate frequency chains. These new techniques will likely lead to new, super-
accurate clocks based on optical freqﬁencies; V\-/it‘h‘ projectéd’ performance
approaching 1078 accuracy. In addition, a ‘sta‘ble‘ frequency in tﬁe radio frequency
(RF) domain can now be derived with iﬁiprove‘d accuracy using an optical sfandﬁrd.
Recent reviews of the field can be found in Ref. [35, 36]. The basic ideas how to
build an optical frequency standard apply to any laser source to be stabilized.

In order to achieve an optical frequency ‘stan‘dard, the laser system must include
the optical frequency reference, must maintain a single.spatial and frequency mode,
_ and have an actuator that allows frequency»‘t.uning with sufficient bandwidth to
suppress the intrinsic laser noise so that the laser’s short-term linewidth can be
narrowed to allow interrogation of the optical referénce- transition. The lasers’ long- -
term stability derives from the optical frequency reference.

Pre-stabilizing a laser to a reﬂection mode of a Fabfy-Perot cavity often E;Chieves
this goal. These laser clocks, frequently called ﬂywhéel Qscillators, provide a cavity-
derived reference with sufficient short-term stability to interrogate the atomic or ion

optical frequency standard of intefest. While our research goal did not encompass the
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development o_f absolute frequency standards, our lasers stabilized to spectral hole
frequency references have already been considered to become ﬂywheei oscillatofs of
an optical frequ'ency standard [37]. I

During the 1980’s, a number of technical developments made Fabry-Perot |
cavities an attractive choice to achieve an ultra-stable laser. The Pound-Drever-Hall ’
technique [38], a detection scheme capable of explditing the narrow linewidth of a
high finesse cavity, proved-to be the most effective method of locking a la,’ser‘to- a
cavity. The lowest relatiye instability for a laser that is frequency locked to a c‘e‘wit"y
reached 8 ><‘1‘0‘"17, ﬁleésured by lbcking two lasers to adjacent m(;des\ of a ‘sing;le
Fabry-Perot. [3‘9] The main problem associated with Eabry-Perot cavities ié
Vibrationaiﬁduced and thermally-induced length changes. Thé thermél instability was
reduced with introduction of Ultra Low Expansion (ULE) glass [40] of Zerodur [41]
~ as cavity spacer materials, providing nearly zero ‘ther-mal expansion, with expansion
coefficient of ar=4x10"/K at room temperature. Even more extreme measures
have been undertaken in the work of Mlynek and Schiller‘et al. [42] by operating
optical reference cavities at cryogenic te'm‘peratures to minimize thermal expansion,
which is described by a o T? for T—0, giving a value of a=6x10"°T°/K in
sapphire. Next, the development of very high finesse dielectric mirrors led to
extremely narrow cavity linewidths, providing a very steep discriminator slope for a
tight laser servo.lock.

It was also appreciated that achieving a tight servo lock is necessary but not

sufficient for an ultra-stable laser. The stability of the laser frequency can never
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exceed that of the frequency reference. To assess real stability requires a second,
independént reference cavity stabilized laser. The best absolute stability for cavity-
stabilized lasers has been 3x107* [43], which is half an order of magnit‘ud‘e less than
- the 8x10™"" value mentioned previously.

Reduction of perturbations to the reference cavity, mainly due to temperature
fluctuations and vibrations exciting mechanical modes or causing deformations of
the cavity, has been the focus of mpch of the wérk in the p?St 15 years. Applyihg
these considerations to practical systems .should take into .accéunt cost, size,

portability, and degree of coniplexityL

Spectral Hole Burning and Optical Coherent Transients

Spectral holes provide alternative references that ‘are. complimcntary to precision
atomic resonances -or reﬂect‘iorl‘ modés of Fabry-Perot cavities. Thé relative
immuni_ty of the spectral hole reference to vibrational disturbances greatly simplifies
the experimental setup. The entire system developed here fits on a 3 by
4’bfeadboard including optics, two sets of lasers, and feedback electronics, cryostat,
and beat measurement _for charz;ctedzatioﬁ. Further system development could lead
td compact, transportable, stable Jaser sourcés based on SHB.. ‘technology,
miniaturized external cavity di‘odé lasers, and mechanical closed-cycle éryo-coolers.
Other state-of-the-art stable laser systems based on Fabry-Perot ca\-/it;ies‘ _and atomic

resonances occupy several optical tables and require extreme isolation from the




environment to stabilize the local oscillator. [43] Note also that the best performance
with traditional Fabry-Perot cavities, atomic ‘or ion resonances requires cryogenic
temperatures. [24, 42]

Spectral hole burning is é property found in certain materials, such as inorganic
and" organic solids, and Doppler broadened atomic vapors. Of particular interest for
this - research are ‘rare earth doped solids, which exhibit an inhomogeneously
broadened absorption at low temperatures. In partlcular an individual homogeneous
packet of rare earth ions in a crystalhne or glassy sohd manifests an absorption
linewidth, known as the homogeneous linewidth, I',. At optical frequencies and
cryogenic temperatures, this width can be as narrow as 73 Hz, as reported ip this
work. These rare earth ion subgroups comprise ‘part of the broader distribution of the
strain-broadened absorption line described :by‘ the inhomogeneous Iinewidth, T‘inh.’
Inhomogeneous linewidths in rare eaﬁh doped crystals range from su-"b-GHz'values
up to hur;dreds of GHz.

When ions are temporarily or permanently removed from 'the inhomogeneously
broadened absorption, a spectral hole is produced. This selective bleaching of a
particular subgrorup‘ of ions may occur when the ions are exposed to a narrow band
laser. The process of producing a narrow spectral hole in the absorpt’ion'line is called
- spectral hole burning. Spectral holes may be as narrow as 2 I‘h,“Which can approach
100 Hz, so they provide .resoﬁances whose widths are competitive with those of

super-cavities and isolated single atoms or ions.




The large difference between the magnitudes of inhomogeneous and
homogeneous linewidths can be exploited in optical memories. In the frequency
domain, the inhomogeneous lli'ne is subdividéd into “frequency bins”, :with each bin
having a potential minimum frequency width equal to the homogeneous linewidth.
Binary information can be speé&all-y addressed while stbr‘ed in the COmbinatiOn of
either 'the presence (binary 1) or absence (binary‘ 0) c;f a spectrai hole. The
approximate number of spectral I‘lole‘s burned in a single spatiai location depends on - -
the ratio of inhomdgenéous to homogeneous linewidths, which has Been‘ measured to
be as high as 10® in some materials. [44] | |

Spectral hole burning in the time d(.)mai-n leads tO'COherent phenomena, called
optical coherent transients. ‘The same rare earth ma.teﬁal‘s‘ can be used! to stofe |
temporally structured, o,ptic‘:al‘r pulse patté.ms‘,‘ W1th d‘urat\‘i‘o,n‘ Iirflitéd. by “‘the‘mate‘rial
coherence time, T,. Stored pulse patterns can be fecall’éd“ tempofally, leading to
optical memory [45] with a storage duration determiﬁed by the material’s hole
burning mechaﬁisms. Storage times can vary between milliseconds, in ‘case‘.s of two-
level saturation or population bottlenecks formed by a metéstable.intermediate state,
to several weeks, for optical pumping‘ of hyperfine-split sublevél’s -of the ground state
or optically indﬁCed local ioﬁ site distoﬂién. Stored pul‘sé p‘at‘t‘erns‘ can also be used
for correlation with an “incident opﬁcai | data :stream, which leads fo | optical
processing. [46] Most applicatidns of coherent ﬂtraﬂ.sients use photon écho.es, treated
in detail in chapter 2. A review of memory, processing, ahd routing applications can

be found in Ref. 47.
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Stable iaser technology accommodates frequency and time domain spectral holé
burniné applications as well as spectroscopy. Frequency domain applicatibns reach
their limit at the laser linewidth, often significantly I&ger than the associated
homogeneous linewidth of the ﬁarticular material. In memory éppl'ications, this

causes considerable reduction of the possible number of holes burned into the

inhomogeneous line, thus limiting the achievable storage capacity. For optimal = -

exploitation of the photon echo and stimuiated_‘ photon echo, which are the basis for
time-domain spectroscopy and the associated range of proposed optical devices [47],
laser frequency stability musf exceed the spectral résolhtion needed fo store the
spectrum of the excitation pulse sequehcesi The entire pulse sequence length is
limited by the storage duration for the material.

Lasers stabilized to spectral hole frequency references offer distinct advantages
: | in frequeﬁcy as well as time-domain spectral hole buming applications and
spectroscopy. In stabilizing the las;er‘ to a spectral hole in a sec_ond,‘pi'ece of the same
signal processing material, automatic frequency compatibility between the signal
processing materi.al and the stabilized laser source is provided. There is 2 natural
correspondeﬁce between the timescales governing. optical processing and 1aser

frequency stabilization. The relative vibrational immunity of the speetral holes

provides an important simplification in system design and performance, especially

when both the frequency reference and siﬁectroscopic sample or SHB device are

mounted on the same platform.
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- Overview of the Dissertation

After this‘ chapter 6f introduction, 'Chapter 2-‘ discusses‘general‘ fare eéﬁh maferial
properties, specfral hole burning, aﬁd optical coherent trahsiént phenoména. |

Chapter 3 introduces the basic concepts of laser frequency stabﬂization; Special
‘emphasis is placed on frequency modulation spectroscopy as well as methods of
measurement and characterization of laser frequency stability. Th¢ external cavity -
diode laser sys‘fem, built for all the ‘fesearch _'condﬁc‘ted, 1s deSCﬁb'ed‘ and
characterized in this chapter. |

Chapter 4 reports our results on lasef frequency gtabilization to regenerative
spéc'tral holes in Er3+:Y2$‘i05 and Er3+.:KTP, és well as persistent speéfral holes in‘
Er**:CaF,; The reliability of stimuléted photon echoes pr(‘)du.ced.‘b‘y a las“e’r" stabilized -
' to a spectral hole, spatially separated in the same crystal, is demon’strated-.
‘Regenerative spectral floles, Because of their lirrlitéd lifetime, differ. fundé.fnen"éally
from traditional frequency references. They are dynairlic references. The interplay of
the laser field with the dynamic hole reference Wés\ éx'perimentallyinvestigated.

Chapter 5 presents a study‘ of the spectroséopic and dynarrﬁc pr‘ope*rties‘ of
Er3+:Y2Sids and explores optimization s‘tr‘ategié‘s for better peffOrmance in SHB.
applications. Use of broadband ' absorption and site-selective flﬁorescence
spectroscopy allowed mappiﬁg ‘the relevant energy 1¢vels for Qperaﬁon ‘at‘ 1.5pum as .

well as measuring the fluorescence lifetime of the excited state. Paramagnetic g
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values of the ground and excited states-were characterized as a function of magnetic
field orienfation with Zeeman spectroscopy. The g value. is one of ‘the key va.riables
in controlling the Er"3+ spin dynamics of the material, Which’ leeds to' a ’linewidth-
broadening referred to as specfral diffusion. S_timulqted photon eehe "slpectro‘scopy
was used to characterize spectral diffusion as a function of magneﬁc field,“
temperature, and erbium ion conce_ntratioﬁ. Experimental results were successfully
described by established theories and advanced our fundérhehtdi{ur‘lderstanding of .
these 'mz‘;terials.‘ 48] Conventional and nonlinear spectrosc’op'ic. “‘,met.hod‘s., when“ -
utilized together, énabled mateﬂal opﬁfniiafion for- SHB - ‘appl‘ications and the
measurement of the harroWest optical resonance in any soiid—state material.
Additionﬂihformation is summarized in the appendices. A complete description
of the electronic feedbaek system is included in appendix A A;;pendix B describes
the reference cavity. Appendix C presents a detailed deﬂ?ati'on. ef Bai-Fayer theory

relevant to describe spectral diffusion in Er3f:YzSiO_5.
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CHAPTER 2
MATERIALS-BACKGROUND AND THEORY

The rare earth ions, or lanthanides, form a special grdup qf elements in the
periodic table. Triply-ionized rare earth ions have'a partially filled 4f shell, shielded
from the environmeént by the outér lying filled 5s* and 5p6‘elgétron shells. These
partially filled shells give rise to -narr?ow spectral lines due to inner shell 4f-4f
fransitions that spaﬁ the spectrum from the far infrared to the vacuum ultraviolet. [
Even when doped into a crystal host material, the ;shielding bf the 4f levels is so
efficient, fhat the “crystal field” acts only as a weak perturbatioh to the free ion
.levels. The ‘levels obtained from observed spectra closely resemble those of free
ions. |

Here the discussion is restricted to the Er’* doped materials that were
investigated in this research. The Er’" energy levels arise from the odd-numbered
4f'! electron confi gura'tion. For the free ion, the angular momenta J a1_1d Mj are good
- quantum numbers, and 'the energy levels are 2]-{-1 fol-d degenerate and give rise to
multiplets that are labeled by J. When the ion is incofporatéd into the crystal, “the
reduced crystal field symmetry causes partial lifting of the 2]+1 fold M; degeneracy.
For ions with an odd number of electrons, Kramers theorem [2] dictates that all
levels have electronic degeneracy that can only be lifted by a magnetic‘ field.

Because of Kramers degeneracy, the crystal field can lift the degeneracy only to a
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maximum of J+V5 crystal field levels depending on the"ions’ site syminetry. As a
result, the 4115/2 ground multiplet can be split into 8 Kramers doublets, the _4113/2

multiplet into 7. For the laser spectroscopy ‘experiments, a simple two level system

‘model is used, where the lowest crystal field-split levels of the 411 s and 4113/2 serve

respectively as the ground and ex‘éited state. Applying an external magnetic' field lifts

the remaining Kramers degeneracy. This electronic degeneracy and the associated

electronic magnetic moments lead to strong Zeerman interactions.

Trarisiﬁons‘ between the 4115/2 — 4113/2 multiplets in Er’* dope’d‘ compounds are’in |
the 1.5 um spectral region, where optical fiber transmission ‘losses; ére a minimum.
This situation _ma‘kes‘ Er’* materials attractiyc ’for‘ technological applications and
exblains wﬁy sc:)? much effort in réce;nt }}eéfs went into devéloping‘Erbium r‘néteﬁals
for all-optical signal processing applications based on spectral hole burning. [3,4, 5].
Conversely, the well developed infrastructure for 1.5 um telecommunicati‘on'devices
including diode lasers, with Er-doped fiber amplifiers, high bandwidth detectors a‘nd
modulators, fiber beamsplitters etc., can 'be exploited fc;r ,‘ sp_@ctroscopy and
demonstrétibns,of SHB devices. Tﬁis interéét édntinuéd in :thié WOﬁ( by expl'oi-tin'g,
optimizing and demonstrating the ‘pote‘ntial of Er*Y,SiOs for a‘ppl‘ic.ati.onjs in laser

frequency stabilization and high bandwidth all-optical correlation. ‘
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Homogeneous and Inhomogeneous Broadening

In rare earth dopea materials, two major broadening mechanisms influence the
observed optical spectra - hom‘ogeneous‘ broadening and inhomogeneous
broadening. Homogeneous broadening is experiehced équally by individual ions in
the crystal and is governed by dynamical processes acting as pertﬁrbations‘ on the
ion’s transition frequency or phase. For Er3+ ;ioped ;:ompo‘unds, the homogeneous
linewidth can be expressed as the sum of ‘s'eve‘ral contributions

I

hom = Fpop +FEr'—Er + F + FEr—Host +TISD ‘ ‘ (21)

Phonon
The contribution I, corresponds to the fundamental linewidth associated with the
excited state population lifetime, 77; T'p,, relates to-the population lifetime, 77, as

1
pop 27[71

(2.2)
The T; lifetimes can be extreinely long for these rare earth jon levels an& have been
measured in excess of 10 ms for the lowest 4I13/2 level. Other erbium ions undergo _
phonon-induced elec.tronic‘ spin flip transitions in their ground state and thcref.ore. '
modulate the energy levels of the éptical transition (‘causing the contribution, I'z,.g;.
The I'g.gr contributions have been measured, modeled, and ‘opﬁm‘ized in this work
by ;:hoosing a proper Er’*-ion concentration, operating temperature, and magnetic
fiéld strength and direction. The I'pponon contribution includes dephasing from
temperature-dei)endent phonon scattering. Wdrking at cryogenic' tempefatures

minimizes higher order phonon contributions. Only direct phonon processes are
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important. Nuclear and electronic spins of the host lattice contribute I'grgpss. Using
a host such as YZSiQs that exhibits low or zero nuclear magnetic moment or low
isotopic abundance of magnetic nuclei, can control these contributions. Changes in
the local environment due to the optical excitation of neighboring ions; an effect
termed instantaneous spectral diffusion (ISD), contributes I'jsp and can be
minimized by using low optical excitation densities or low ion concentrations.
Under optimal experimental conditions, the homogeneous IineWidth. can be ultra-
narrow (<1 kHz)'. The values measured in this work approach the ‘fundar-nental
lifetime limit. In fact, this thesis reports the ﬁarfowest optical transition, 73 Hz,
observed in any solid-state material.

Due to local strains in the crystal caused by crystal growth, impurities, or lattice
imperfections ano dislocations, each individual ootical center experiences a very
slightly different local environment in the host crystal. These strains and
imperfections cause the center of the homogeneous linewidth of individual optical
centers to subtly shift in frequency space, leading to a oistﬁbution of transition
frequencies. The 'combination of many.homogenéOusly: broadened lines, veaoh' with a
Lorentzian absorption profile centered at its own resonant frequency, results in a
much broader, often Gaﬁssian, froquéncy diotribution with a width called the
inhomogeneous linewidth, Iy

Depending on rare earth dopant ooncentration and crystal composition, the
inhomogeneous linewidth can be as much as ibg_tifnes broader than the individual

homogeneous linewidth in some material systems [3-8,11], and may be even
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- broader in rare earth doped glasses. As the crystal composition is changed, the
absorption frequ‘eﬁcy may be “tuned” over a ponsiderable range. Figure 2.1 shows
‘ inhomogénedus and homogenéous 1tv)roadening; each h-omogén"eous‘ line‘or‘ “p-acket,, |
repfesents a subgroup of ions eXpeﬁencing .the same .local' cnvir'onment in the
crystal. The erbium materials inveétigated in this work have inhorﬁogeneoﬁs

linewidths between 150 MHz and 10 GHz.

A

fLaser

‘Spectra‘l‘
“hole

absorption

frequency

Figure 2.1 Line broadening and spectral hole burning. Each homogeneous line
corresponds to a subgroup of ijons experiencing the same local strain
environment in the. crystal. The envelope over all homogeneous linewidths
defines the inhomogeneous line. A narrowband laser is used to selectively excite
a subgroup of ions underneath the inhomogeneous profile from the ground to the
excited state at the laser frequency fi.er. A spectral hole is credted at the laser
frequency fr..r and can be seen as a reduction in absorption.
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Spectral Hole Burning |

‘ Homogén60us and inhomogeneous bfbadening leads to a phenoﬁlenon ‘Calle‘d'
spectral hole burning (SHB). In order to burn a spectral hole into the
inhomogeneously broadened transition, a‘r'larrowjband laser Ts‘;ele‘ctively excites a
" subset of packet of _ioﬁs underneath the,‘inhomogeneou‘s 'profil‘é,‘ as. ‘shoWn in
Fig. 2.1. Ions resonant with the laser are pumped ‘from thé ground state to the
excited ‘State, thereby bleaching the absorption and leaving behind a spectral hole,
which can be seen as a reduction of optical material aBSOrpt'i‘on at the laser
| frequency. This process of saturating a particular homogengoﬁs packet in a maferiél
is one mechanism for spectral hole Buming‘.“ The hole lifetime is determined‘ by the
lifetimé of the population reservoir when SHB ‘proceedS‘Iby this mechanism. In the
case of Er’* materials such as 'Er3+:YZSiAO5’, E*KTP or Er’*:Y,0s, hole burnmg
does take place by population storage in the excited state of the. two-level sysjtem,
with the hole lifetime detenni-n¢d by the lifetime of the eXcited‘ state, the l‘owes’g :
‘level‘r ;)f“"the s mﬁltiplet. Since “Ij3, lifetimes for ‘the“abové materials are“
nominally 10 ms, ions relax back into the; ground state .where thé laser may excite
them again. Under continuous laser ﬂ‘lutnin‘ation, this process takes place until a
balance between spontaneous hole relaxation and ‘ﬁole' ' buming occurs. Hole . -
buming; where the hole lifetime is lirm'teci by T; of the_ excited state or an

intermediate bottleneck state [6], is called transient spectral hole burning.
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When the hole lifetime surpasses T; and extends over much larger timescales,
such SHB is called persistent. Longer spectral hole lifetimes have been measured at
1.5 ym in Er3+:D’:CaF2, where a different photo-physical hole burhing mechaﬁism
changes the local environment of the optical ce_nter‘;l This spectral hole burning

~mechanism involves photo-induced D™ ion ﬁﬁgration into neaﬂay interstitial sites.
Spectral h(t)les in Er3+:D':CaF2 with a full width at half maximum (FWHM) of
~40 MHz have been measured to be persistent without change for at least forty-
eight hours. [7] Based on temperature-dependent studiéé of this materiaﬂ, it is
reasonable to expect the persistence to be much greater;

In SHB rﬁaterials covering the 1.5 um wavelength. region exPlc')redto date,
transient holes, such as thos¢ found in Er3+:YZSi05 and Er3+:KTP, have proven to be
orders of magnitude narrower in frequency than_ persistent holes, such as those in
Er3+:D':CaF2, which is the only material known to date exhibiting persistent spectral
hole burning at 1.'5 pm.

As mentioned p'reviously; the ratio of inhdr_nogeneous linewidth to
homogeneous linewidth can be extremely large. This becomes jmpor_tant, for
example, in the context of frequency domain optical memory. Binary informaﬁOn
can be stored using spectral holes, such as fhose found in Eu3+:‘YZSiO5 [8] that are
being used in the development of massive optical memories at Montana State

University.
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Photon Echoes

In 1981 T. Mossberg diséuéSed the possibility of :ston'ng data as a temporal
stream in the time domain. [9] This method of data storége is eciuivalent to buming
the Fourier transform of the data stream into the inhomogeneous linc. Coherent
phenomena in the time domain,'«callled optical cqherent trénsienfs, include photon
echoes of various types, optical nutation, and free induction decay. OptiCal coherent
transients can overcome the resolution limit imposed by iﬂhpmo geneous broadening ,
[11]. A large Body of literature on coherent tranéién’ts exists ‘aﬁd the reader i_s“
referred to Ref. [10, 11, 12] 'and to references théreih for. a detailed “.tlheoré:ti‘cél
treatment. A brief summary relevant to the work presented in this thesis will be
given. |

Photon echoes are the optical analogue of spin eqho:e_s, long known in “Ilu_clear -
magnetic resonance (NMR) ‘[13],‘and were first observed by_Kufriif et al. [14]:‘ an‘d>
Abella er al. [15] in ruby. The photon écho technique. uses a sequence df short
- pulses to indirectly measure the homogeneous linewidth _wiithout significant spectral
selection by the laser. The spectral .width‘ of ‘th-e'pulsesv may be large compared to ;
the homogeﬂeous linewidth, thus _reiaxing the need for an ultra-stable laser ‘s"0urce‘.

The effect of inhomogeneous broadening is removed by the pulse sequence itself.
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Two Pulse Photon Echo

In a two-pulse i)hoton echo experiment, two laser pulses, separafe.d ‘by a time
delay, 7, excite the sample, as shown in Fig. 2.2; The first pulse éreates a coherent
superposition of the ground and excited states. After tﬂe fi_rst pulse‘,‘ this coherent
superposition state has a macroscopic oscillating dipole momént, whose re—radiafion -
is the free i:nduction decay. [16] As time elapses, this.dipéle monje_nt qui_c,kly "
dephaées as the ions accumulate phase accorcﬁn-g to their .'frequenCy offset frorm the
laser frequency within the inhomogenebus distribution. The second pulse, at time, 7
acts to exchange the amplitudes of grouhd and excitéd state in the cohérent -
superposition, whiqh leads to a phase reversal for each 'indif/idual ion; the\ﬁOns '
begin to re_phasé. Af-tef a waiting period, 7 féllowing the second pulse, the net
phase shift cancels for each ion, leading tq a rephasing pf‘the, coherence in the form
of a macroscopic oscillating dipole, ‘dete‘cted: as the phc;toh echo. To optimize the
strength of the phéton echo signal, the first pulsé should be a ©/2 pﬁ“lse to vexcité the
sample to a coherent superposition state with equal amplitude’s, meaning it should

be of area
0= [WEQImd=2 e
with the transition dipole moment, t4> and the electric efield strength, E, of the

pulse. The second pulse should be a m-pulse to exactly interchange amplitudes and -

phase factors for the ground and excited states..
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- pulse -

7i/2 - pulse ﬂ .

. photon echo

T T

time
—
Figure 2.2 A typical two-pulse photon echo sequence. The first excitation pulse is
chosen to be of area 7/2 and the second pulse of aréa 7 follows pulse 1 after a time
delay of 7; note the optical absorption of the pulses. The two pulse photon echo occurs
after a time delay 7 after the n-pulse. This figure shows an experimental trace; the

shape -and heights of the transmitted ex01tat10n pulses are mod1f1ed by coherent
absorption by the sample..

“stimulated
photon
echo .

.
& 3y * oL 3
< LN >

Figure 23 A typical stlmulated photon echo-pulse sequence The first two excitation -
pulses are separated by a time delay ti; and pulse 2 and 3 are separated by the wa1t1ng
- time T. The stimulated photon echo occurs after a time delay t;, after pulse 3, atwo
pulse echo can be observed after a time delay ty, after pulse 2; note that the excitation
pulse area is ~ 70/2 for all 3 pulses causing the stimulated photon echo to be stronger
than the two pulse photon echo.
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As’ 7 is increased; d reduction in intensity of the e;cho reflects. the decay of
‘cohere‘nce during the time, 27, as the resﬁlt of stoéhéstic processes 1n ‘the‘c'rystal.
Measuring the photon echo intensity, as a function of thé time‘del'ay, 7, between the
two pulses,. yields ‘for‘ ideal two-level systems a.singlc exponential decay‘ as
exp(—4z/T, )‘whose time constant allows determining the de.p‘hlasing time, T,. The

homogeneous linewidth can be determined from the dephasing time 75 by

» D S o 2.4)

anci provides a method to measure very narrow, sub-kilohertz linewidths with a
laser, whose linewidth can be several 100 kHz. In some material systems [8] the
observed decays depend on the power of the pulsés used due to ins_tantaneous
‘ spectr‘e‘il‘ diffusion (ISD). The measured values of the iinev?idth _must- then be- lpl'ot-fed ‘
as a function of pulse power and extrapolated to zero power to obtain thé true value |
for T; for such cases, 7/2 and T-pulses are not opt_imum.f‘ The optical Bloch .
eqﬁ’ations and the épticai Bloch vector: model 1provide a Visﬁéi pictﬁre of the.
population dynamics“ and the coherence of an ensemble of ions in the interaction
with an excitation pulse sequence of the laser field. [10]

In the presence of "spe“ctra‘l‘ diffusion, where the homogendusvl_@r‘lewidth ‘eV(')l‘v'es‘ N ‘
on a timescale of the pulse seq’liéhc_e? observed echo d‘ec‘:a‘ys are nbnfexponential and

can be described by the Mims ‘[171 expression

M

I(t)vzl'o CXP:('—%} ‘ ‘ | o ‘ o : (25) o
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first introduced in the context of electron spin echoes and later used in the analysis
of photon echoes. [18] The parameter, x, describes the deviation from a pure
exponential, while Ty corresponds to 7>, in the specific case of x = 1. An effective

homogeneous linewidth can be extracted from the phase memory time, Ty, as

1
r =——, . (2.6
hOfn 727'M ( )
Stimulated Photon Echo

Stimulated phdtc_m echoes conveniently allow studying spéctral diffusion. The
 stimulated photon echo requires a three 7/2-pulse sequence and can be thought of as
a modified two-pulse echo, where the second m-pulse is broken up into two n)2—
pulses, separated by the._waiting time, 7. The pulse separation between pulses one
and two is #2. Figure 2.3 shows a typical stimulated photon echo pulse sequence.
As in the two-pulse echo case, the first pulse creates a caﬁefent superposiﬁon state.
After a period, t;3, the phases of the superposition states evolve, accordiﬂg to the
frequency offset from the laser frequency within the excited packets. Rather than
completely reversing the phases with pulse two, the ‘seco‘n.di pulse has an area of W/2 |
and thus stores ions that have accumulated less than 7 in phase 1n the excited state
and ions that have accumulated more than = in phase in the ground state. As a
result, the total phase infofmatidn is stored as ‘a populati‘on‘gr..ating between ground

and excited state with a frequency period given by 1/#;.. This grating decays due to
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population decay with the iifetir-ne of thé éxcited state, T, and .get“s srﬁéare‘d out due
to frequency‘shiftin‘g interactions (i.e. spectral diffusion) during the waiting time T.
" The grating can be probed with a short 7/2-pulse after the waiting -tirﬂe, ‘T,‘ which -
causes a reﬁhasivng of the stored coherence affer a time délay, tjg; and ‘th‘e .stimulategi
photon echo is emitted. The stimulated photon echo amplitude cén‘,tains infonnatipn ‘
about dephasing during the two #;,-delays éﬁd spectral diffusion ‘;c,l‘nd‘ popu’lati,c‘),n
decay during the Waiting tirﬁe, -T. Systematic measurements .of the stimulated écho
decay as a function o‘f the waiting time allow mapping out the tﬁhe evolution of the -
homogenedus linewidth as ,éx'cited ions .uh-derg;)_ spectral diffusion.. Results for

Er**:Y,SiOs are presented in chapter 5.
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- CHAPTER 3

LASER FREQUENCY STABILIZATION-BACKGROUND AND THEORY

Frequency Modulation Spectroscopy

“'The laser frequency stabilization technique reported us‘.es- ultra-narrow spectyalj :
holes as a laser frequency reference. To detect thé éenter of the spectrél hole,
frequency modulgtibn (FM) Spectroscopy provided a‘very sensitive method. FM-
spéctroscopy was described and refined about 20 years ago by Bjorklun‘d (1,2} asa
means to sensi'ti\}ely detect weak '_.,abSOrption features, such as specfral‘ holes, and
independently by Hall [3, 4] in the context of servo iocking a tunable laser to a high
finesse cavity [5]. Both technidues. ére closely related optical analogs of methods:
déveIOped in tﬁe microwave region by Pound in the 1940’s.. [6] The following |
section presents the basics of general optical FM-specttoscopy theory folloWing
references [7, 8, 9]. The FM-lineshapes were calculated, and the e1r0r.signal Slépe
was determined as a funcﬁon 6f modlﬂat'ion frequency and modulation index.

Figure 3.1 shows the basic setup for FM-spe_ctrQscopy. [1]. The dutput of é ‘
single-mode laser of carrier frequency, w., paé‘ses thbugh an electfo-opﬁc phase
modulator (EOM) driven sinusoidally by an applied electric field at the RF-

modulation frequency, @,,, with a modulation index, M. The modulation index, M, in
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radian units is related to the modulation amplitude, 27V, and modulation frequency,

Om =27 [y, bY

G

_2mév _ v
2t
The optlcal fleld after passing through the EOM is glven by
E@t)= E expz(a)t+Ms1na) 1), : 3 ' ) o (3.2‘) -
which can be written using a Bessel series expansion as
E(f) = E, exp(io, t)ZJ (M)exp(ma) DR . . 33)
Single Frequency | ; Phase | ‘; e S " Fast
- Laser - 7] Modulator | - Samp:)lei . > 'Photodetector
‘ RF | RF |, Phase
| Oscillator [ Deeemessbene <( Shifter < -----------------
A4
Low Pass
Filter
A
- DC-Signal

Figure 3.1 Block dlagram of the experimental setup for frequency modulatlon (FM) |
spectroscopy based on phase sensitive detection. Solid 11nes denote’ opt1cal s1gnals
and dashed hnes denote electrlcal signals. '
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The phase modulation generates frequency sidebands, spaced above and beipw the
laser carrier frequency, w,, at @nteéer multiples of the modulation fre‘q‘uenc‘y,,‘ a)m,.as
shown in Fig. 3.2. Becaﬁsé J_(M)=(-1)"J (M) , the_ .Iower f‘r'équency' corhponents -
with odd n a‘re‘ 1 800 6ut of phase with the upper sideban,ds,‘ with. thp- e\}en;'OIder
sidebarllds‘ exactly in phasé.. Upper and lower sidebands of the samp'.prder are

matched in amplitude.

Amplitude
'3> .
—>
_a>

S
0
S
s
S
S
3
S

.+ w, wc+‘2’a)‘m‘ l

Frequency

F1gure 3.2 Spectrum of the electric field after passing the phase ‘modulator.
Frequency sidebarids appear spaced above and below the laser carrier frequency w.
at integer multiples of the modulation frequency @,,. Lower frequency componeénts
with odd n are exactly 180° out of phase with the upper sidebands; and the even
order sidebands must be exactly in phase. Upper and lower sidebands of the same
order are matched in amplitude.
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The choices of modulation index, M, and modulation frequency, D, define two
major regions ‘of operation,. FM-spectroscopy and wavelength modulation (WM)
spectroséopy. InIFM—spectroscopy, the I;nodulat.ion index is chosen so that the iight
spectrum consists of a strong carrier and only one significant pair of sidebands. The

' 'intensity,. I;, of the sideband relative to that ‘of the cérrier, : I_o,,‘ for ‘M <1 is
approximately given by

1, _’I_W_‘z : ‘
n-(4]. ‘ e

The modulation frequency is best chosen large compared to the lli.newidt‘h, I, of the
spectral feature. This servés to put the fesonance information at aﬁ RF fr_equency
" where laser nbise is minimal and the detection becomes shot rioise iimited.

.In the region of WM sp;:ctroscopy, a 'Strong modulation index, M, is chosen, so l
that many sidebands appear, even larger in amplitude than the carrier at Wc itself.
The number of side bands contributing significantly to the sum for M 1 is roughiy
approximated by

~M<n<M. | .' . BCE)

Going back to ‘Fig. 3.1, the beam emerging from the EOM then passes through
the sample of length, L, spectral half width half nigximum (HWHM), T, intensity
absorption coefficient, ¢, and index of refracvtion,‘ n, with the la-ltter‘ two being
functioﬁs of the optical fréquency. Hence, eaéh fréque'ncy sidebénd, @y, of the‘-

optical field will experience a different attenuation and phase shift, which can be

accou-rited for by introducing a complex transmission function
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T(@,)=exp(~5,~if,), o . | (3.6)
with J,, be1ng the amphtude attenuatlon and On, belng the opt1cal phase shift for

frequency component Wp. The transmitted optical field is then _

E.(t)= E exp(za) t)ZT(a) W, (M)exp(ma) 1. ‘. - 'L — “(3.7‘); .
‘Without the presence of an absorptive featur,e, the FM—spectrum does not distort and
a nuH signal canbe detected an'sing from a pe'riect cancellation of the RF signal due
to the upper ; and lower 31debands beating aga.inst the carrier. Wlth an absorptive
feature present, the perfect balance is broken and the effect of attenuation and phase S
 shift expenenced. differently b‘y each sideband leads‘ to a disturbance of the phase -
modulated light, resulting in a time varying intensity. A signai at the m_odulation
frequency, @m, can be recorded with a fast photodetector as indicated in Fig.3.1.
Supplee et al. {7] have calculated the detector signal for arbitrary modulation index,
M, as
\ |Ew (z)|2‘ = Eg'exp('—250)[1+ 2c0s wmzij it (5 - 5n+1 +0._, ‘5 ) ,
= R X))
+2sinw rZ(; i 1@ =9, +¢,,+1 al
The signal consists of a DC part (constant)‘ and two time varying components,
mo’duiated‘ at Om due to. a‘beating of adjacent Afrequency‘ sidebands. ‘TerInS coming
from higher ofder sidebands inter-fen'ngl‘ with each other (;2a).;,;, B, eto) have
| been omitted because the‘ detection bandwidth is ‘Jat @, Use of an AC-coupled

photodiode allows exclusive detection of the time-varying part of the Signal; Phase
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sensitive detection with a mixer and phase shifter alllows isolation of both the
absorptive (~cos a),,?i) and dispersive(~sinw,,#) components, A mixer is a nonlinear
device whose output is the product of its inputé.‘Choosing the detected optical signal
as one input and the modulation signal of the local oscillator at @, as the other input,
the mixer output will contain a signal at the surh and difference fréquéncies of the ‘
input signals. The difference frequency signal, which will be at DC, can be further |
isolated with. a low pass filter. In practice, the phase shifter is important to
compensate for unequal del-ays ﬂbetwéen signals and to. detec‘:t‘ the pure absorptive or
dispersivé FM-signal. Intermediate settings of the phase shifter produce mixéd'
lineshapes and, as later described, allow implementing a hybrid locking .te_chnique to
improve the long-term iaser frequencsl stability (see ‘sectio‘ni: incdrpoféting the
inhomogeneous absqrption line as a fixed reference 1n Chapter 4).

In the case of FM-spectroscopy, the Bessel series éxpa_nsion can be terminated

aftef the first set of side bands so that expression (3‘;8') simplifies to [1,7,8]

[E@)[ = EZexp(~28,)[1+ M (65, - &,)cosw, t + M (¢, +9, —2¢0)sinav)m’t]_ (3.9)
In FM-spectroscopy, @, is chosen large _compar’edr to I' (a)m >T ), Sd that the .
spectral feature can be probed by an isolated sidebaﬁd where either the carrier -
frequency, w., of the laser or altei*naﬁvely .tl.le‘RF modulation frequency, @, is
scanned across the optical transiﬁion'. The cosw .t co‘mpbnent th_en. directly displ‘ays‘

the absorption profile when the upper or lower sideband resonates with the optical
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transition, whereas the sinva)‘,,,z‘compcnent diSplays three dt'spersi?on curves, cnefo‘ru
each frequency component resonant with the spectral‘ feature as ehown in Fig.3.3..

In the case of a Lorentzian line shape, a good tepresentation fcr tne
- homogeneous linewidth given by a spectral hele, attenuati'on and optical phase »vslllift _

can be written as -

p()=4 ((_(%7) - : @D

with A denoting the maximum abscrption, ‘Q, the ‘l}in‘e‘center frequency and. T, th‘e‘
 half nvidth at half maximum (HWI—HVI) of the Lotentzian. From these expressions, the o
theoretical FM 11neshapes for absorptlon and d1sper51on signals can be computed. '
All the hneshapes presented have been computed us1ng relation (3. 8) (3 10) and
(3.11) by taklng the first 100 s1debands in the Bessel series expansmn into account

The above expressions‘ (3.10) and (3.11) nave been n0rrna1ized using A=0.1,T=1
and Q =0. Ordinate axes were normalized in units wheére ce,/2E: =1, and the
abscissa ranges frcm =30 to + 30 in units where tne a‘b‘sorpticn peak HWHM,I‘, has -

been set equal to 1.
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Figure 3.3 Calculated FM-signals for I'=1, M =1, and a),,;= 10. (a) FM-
absorption signal (~cos@f). (b) FM-dispersion signal (~sinw,,t). The FM-
dispersion signal serves as an error signal for laser frequency stabilization. The
lock point is indicated at the line center zero crossing. The phase was adJusted
for p031t1ve error 51gnal slope.
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Figure 3.3(a) shows an FM‘—abs‘orpti(.)n and Fig. 3.3(b) an FM-dispersion signal
forM=1 énd W, = 10. Note the spectral featurés due to the second order sic'le_l.)ands
at a freciuency of £20. The amplitude of the FM-dispersion signal serves aS an
excellent error signal. The lock point, tﬁe resonance center of the épectral feature,
corresponds to the zero crossing of the ‘FM—dis'persion- ‘signal. Active fe‘:edb::icki is
provided whenever a hon:—zero error ngnal 1s produced. If the laser drifts fo the ﬁght
off the line center, a positive voltage is measured. When the laser drifts to the left off
the line center, a negative Voltagé is measured. Those voltages can be electronically
translated into a correction signal, which driv‘es“ the transducer element(s) of the
laser. The steep slopé of the errori signal ensures a tight lock, so that small dev-.i«ations
from the lpck point translate into large error signal Voltages.. A frequency window of
2@y, about the lock point provides the correct phase for the eﬁor signal and assures
reliable relocking, even in the presence of lafge enviromﬁental disturbances. ‘[5] As.
mentjoned earlier, the modulation fréquency is chosen.at RF to minimize intrinsic
~ laser and detection noise allowing a high degree of sensitivity. The AC response of -
the error signal derived from a regenérative spectral hole has been measured and

calculated in_Chapter 4.

Maximizing fhe.Slbpe of the Error Si‘gnal

The error signalj slope is a measure of its sensitivity to laser frequency

| fluctuations and should have maximum gain, K (V/Hz), for practical laser frequency
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stabilization applications.‘ Given a spectral feature like a narrow spectral hole qf
fixed width, I, serving &s a frequency reference, issues to be{resol‘ved inplude‘

determination of mc;dulation fréquency; @, and modulation index, M, to maXimjze

the slope of the error signal. Often experimental constraints restrict a free choice of

these parameters, but one would like to know which of the two parameters wou1d"
give room for further improvement. -

To develop an intuition for the FM—sigﬁaIS“as a funct.ion of modulation frequency.
and modulation index, a number of lineshapes have b_een comp,uted, éé shown in
Fig.3.4, usiﬁg the ndr‘malizing procedure described above, with each subplot having
the same absCiséa and ordinate .s.cales. Figure 3.4(a) shows calculated 'FM;absorpti.on _
signals, (~c0;va)mt), for a fixed modulation index M = 1 as a function of frequency for
- the modulation frequency, @, TANZE betwéen 0.1 and 10. For D = 2‘ and higher, the
sideband structure begins to emerge. The FM-absorption signal can be rl'JlSCd‘ as an
error signal for small modulation frequéncies: reiative to the absorption linewidth, I
For modulation frequencies up to @, ~ 0.67, the FM—absori)tion éi-gﬁal provides a
steeper slope .than the FM-dispersion si'gnal; a ﬁaximum slope is -;)'btained for

W~ 0.54.
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Figure 3.4(b) ‘shows the calculated FM-dispersion signal (‘~Sina)mt) for comparitson.
At larger modulation frequenc1es (to,,% =75), the expected error srgnal emerges. To
compare - the FM absorption and FM- d1spersron signals for therr su1tab111ty as an
error srgnal the FM srgnal slopes for fixed modulatron index M 1 have been
calculated at the lrnecenter Zero crossing, as a functlon of modulation frequency,‘
with results shown in Fig. 3. 4(c) The PM dlspers1on srgnal slope is- maxrrnized at
~‘1 69 a larger value than the FM- absorption slope and remains large for ,
~ increasing @y, ‘Wrth the additional advantage of an increased locking window-.
Figure 3.5 shows FM-signals computed for fixed modulation frequency @, =5,
‘_ as the modulation index, M, increases froni M =0.01 ‘to‘M_=' 10.[Figuret‘3.‘5’(a) shdws
the FM-absorpti'on signal. Increasing M to approxim‘ately l'ca,uses the poWer 1n the
first set of sidebands to increase. Further increase of M Canses the povs;er of the next
pair of sidebands to increase, leading to a transfer ‘of' power from the inner sidebands
to the outer Sidebands, \ivith the total nimmber of significant si'debands to appear given -
by relation (3.5) above. The slope at linecenter goes through a maximurn but doesf ‘
“not change its sign. Figure 3.5(b) contrasts the _FM—absorption signal with the FM-
dispersion signal.. As M increases, the sideband power transfers from the inner to-the
outer sideban'd"s. ‘The slope at linecenter steadily increases up to M =1, proce‘eds‘

through a maximum, and after reversal of sign reaches a second smaller peak.
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Figures 3.6 and 3.7 quantify the error signal slope as a function of modulation )
frequency, @,,, and modulation index, M, that have been varied befWCen 0 -and 10.
Lines representing dotted plofs show the envelope of maximum slope that can be
used as a guide in choosing the right combination of M and @, for a given linewidth,
T

Figure 3.6(a) shows the slope of the FM-dispersion signal as a function of
modulation frequency, while the modulation index, M, is varied for each subpiot‘. '
The overali achievable FM-dispersion signal slope increases with the modulation
index from M = 0.1 to M = 1.08. A further increase' in M leads to a decrease in slope.
The FM-dispersion signal slope i'sl optimized at M = 1‘.08. This number is consistent
with the analytical resul‘t by Day et al. [10] obtained fora Pound-Drever-Hall error

| signal in the small modulation index approximatibn. The observed maximum is very
‘broad and an increase of modulation freqUeﬁcy beyond the optimum value of
@ ~1.69 does not degrade the slope.

Figure 3.6(b) shows results obtained for the FM-absorption signal. High FM-
-absorption signal slopes can be z_tchieVed for small modulation frequencies and higH
values of the modulation index (the wavelength modulation spectroscopy‘ limit);
however, the maxima in this range are rather narrow and practical implementation
presents a ‘difficult technical challenge. A decreased locking ‘window and an
increased contribution of intrinsic laser noise to tﬁe detector sigﬁal,, due to the small

RF modulation frequency, give added disadvaﬁtages for those cases.
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The FM-dispersion signal is the preferred error si gnal to use. Figure 3.7(a)‘ shows
the FM-dispersion signal slope as a function of modulation index, as thé modulation
frequency varies between subplots. .Maximum slope. occurs for M ~1.08 and
@~ 1.69, as; aiready i-nferréd from Fig. 3.6(a). 'The FM-dispersion signal slope
actually undergoes sign changes as inferred from Fig..3.5 (b). Figure 3.7(b) shows the
corresponding FM-absorption signal slope as a fﬁnction of modulation index, with
the modulation frequency varying in ’the subplots. thimum FM-absorption signal
slope can be ‘ach.ieved“ by‘ using a high modul‘étion: index and small modulation
frequéncy, which has the distiﬁct limitationé described 'abo{fe. |

In conclusion, the general théory of FM-spectroscopy has been laid out. The FM-
signal lineshapes and the correspomiing computed error signal slopes have b¢en
presented as a functfon of modulation index and modulation .frequlehcy; allowing the . -

user to tailor and optimize the FM-signal to a specific application.

Measuring and Characterizing Laser Frequency Stability

“ Of course, the real test of the achieved performance can only be accomplished
with a second, independent detector system. Disappointment is the experimenters’

first reward for this measurement” J. L. Hall (1986)

‘This section discusses methods for measuring the frequency stability of a laser.

The aim is to provide some physical insight 'régarding different measurement
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techniques lrsed in eharact-eriz‘irrg"frequerlcy stendards,- differen_t'noise types‘eonrrrlon‘ -
in frequency standards, and existing relations betWeen‘frequenc_y dornain. and time
‘domain quarntities’ relevant to .thrs work. Since time and frequency domalnf
charactenzatlon of 0sc111ators 1s a very exterlsrve subJect only a brref overV1eW 1s
given and the reader is referred to references [11 12] that describe and cite key,

papers in this field.

Measurement Techniques

Two basic diegnostic techniques are commonly used to 'characteri.zethe
- frequency stabﬂity of a laser, efror signal analysis (Fig. 3.8) end beat note analysrs
(Fig. 3.9).- Error signal analysis requires only one .laser beam and a suitable
frequency reference such as a narrow specttal feature’ or a referenee cavity for |
deducing a calibrated error srgnal. Th_rs rllethorl is ‘ljimi'ted ‘in that rt obreins only

information about laser stability relative to the frequency reference and does not

reveal noise on the discriminator itself.
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"Figure 3.8 Experimental setup to charactenze the frequency stablhty of a laser
usmg error 31gna1 analysis. '
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Figure 3, 9 Expenmental setup to characterize the frequency stablhty of a laser
using beat note analysis.
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Error signal analysis is a useful tool to gather information about gain and bandv;/i‘dth
- of the servo loop or to measure‘ the spectral noise density of the free running laser. In
error signal analjrsis only the spectral noise density is readily available, other
quantities, -such as laser linewidth and Allan deviation, Acan be obtained by
mathematical manipulatién of fhe dafa [13], with séme limitations. .

The preferred method, beat note analysis (Fig. 3.9), requires two -ivndependent
lasers, where the second laser serves as a local oscillator, 'and“ allows one td obtain“
the linewidth, spectral noise density and Allan deviation. However, obtaining
information on the absolute frequency s’tability of the laser carries a ‘gignificant
economic cost incurred by the requirement of a seéOnd independentl‘y stabilized laser
system. To. ensure that no common mode signal is hidden, elaborate steps to
decouple the twb stabilized sources have to be taken [14]. In beat note analilsis,
unmodulated beams split off from each laser are overlapped on a fast photo defector.
The rﬁeasur‘ed photocurrent contains a signal that. éscillates at the difference of the
two optical frequencies (beat note).

Four‘iéf transform techniques éalculating the Fourier amplitude ‘spectrum"of the
beat signal, as indicated by the spectrum analyzer in Fig. 3.9, help to identify noise
sources, which often arise‘from electrical grounding (60 Hz) or shielding problems

(RF-pickup) in the servo loop.




53

Frequency Domain-The Spectral Noise Density

The spectral nois‘e‘ density Qf frequency fluctuations, S, (f)‘, ‘cheracterizes‘.
frequency stand‘arrds in the‘frequency domain. Sy (f) describes the mean squared
frequency ﬂuctuation_s, <V2> . eccurring at s’orne rate within a narrow bendwirlth, B, E
around the Fourier frequency, f, giving

sop=l 612
~ The spectral noise density, a measure of ‘the vayer preserit at different frequencies, f,
around the norrlinal carrier frequency value, is' quantrfieci with a spectrum-anelyzer
and has the dimensions of [HZZ/HZ].‘ A frequency discrrnljnartor' translatrng optical -or
beat frequency fluctuations [Hz] into amphtude ﬂuctuat1ons [V] has to be employed
to measure the spectral noise den31ty of the frequency ﬂuctuatlons of the laser. The
vertical scale [dBm] of the spectrum analyzer has to be calibrated using the slope,
D [Hz/V], of the ‘fr,equency discriminator, en‘d"the ‘rneasured spe‘ctrurri has to be
divided by the measurement bandwidth? B [Hz], of the ‘spect_rum analyzer. Applying

the relati'on‘

noise [Hz?] V*xD*

S, (f)= 3 \- 3 (3.13)

‘with the conversion from 'p'ower [dBm] to Volts [V], turné spectrum analyzer units -
" [dBm] into spectral noise density units [HzHz]. The DC spike of the power

spectrum on the ‘analyzer is an artifact of the spectrum analyzer. The root-mean- -
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square (rms) variation of the laser frequency may be calculated from the spectrall

noise density using
Vi = S,(NF - JREAT)
0 : . .

In situations with a bandwidth specific to the problem, the upper and lower bounds ‘.
on the integral have to be adjusted accordingly. The equation |
S(pH=ears,H a1y
relates the spectral noise.density of frequency f_Iuctuations, S to the. spectral noise
density of the phase fluctuations, S;,,. In the Iite,r"aturé, spedffal ﬁoisé density is often
quoted as the rms spectral noise density, m > measurgd in units Hz/~Hz.In
addition, the normalized spectral density, S,(f)/vZ, and phase ‘spéct'ralé density, |
S¢ (f), are occasionally used. A power lz;w model often can approximately des_cribe
" the spectrzﬂ noise den.s_ity“ of frequency standards “over a.‘band 0< f < f, of Fourier

frequencies rather than sharp values, where f;, is an upper cutoff frequency as

=2

S,(f)= Y h,f*= --2+f+h AR - (3.16)

a=2
Five noise types can be classified by the exponent, d, on the Fourier frequency, f; for -
the specfrél density Sv(f)‘with‘ o= —2 random walk frequency noise, = -1 flicker
frequéncy noise, oc='0‘ white frequency noise (random walk phase noise), o =1
ﬂicll<er phésé npise and"‘ o = 2 white phase noise. Thesé noise typés' are illustrated in

Fig. 3.10.
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Elliot ez al [13] have derived a relaﬁonship to éalculate the ‘la’ser. linewidth ffom;“
the spectraltnoise density, as_suming é laser with. white noise spectral density,‘ Sy,
only up to a‘bandwidth, B, aﬁd no noise above thjs frequenpy; If the rms frequenéy :
fluctuations é'vr.ms‘ << B , then thé laser line shapé is Lorentzian With linewidf_h |

Av,=7 S, . | | _ - - , - (3.17)
If ov,,, >>B,a Gaussién‘ line éhape is pruedicted. With linewidth

Av, =.2.355V;ms. Lo o - ‘ | o (3.18)
In practice, at low frequencies the spectral noise density of oscilla_t‘ofs tends to. show
random walk frequency noise aﬁd”‘ﬂicker frequency ﬁoise, invalidating the above"
relations, and a full numericél ‘in‘tégration of the rather complicated expressioﬁs 1n .

Elliot’s paper [13] has to be done.

Time Domain - The Allan Variance

Because it was found thaf the classical variance diverged for some types of noise -
commonly found in f’fequeh'cy standards, D. W. Allan- [15] infroduced what ha.sl“ '
Become known as the Allan Qariance, O'y2 (%') , to éha_ractcﬁze freq"ﬁency stability of
oscillators in the time-domain. The Allan Vaﬂanée is the meaéure for instability |
recommended by the Institute df Electrical and Electronics En.girieér‘.s“(IEEE) .and‘the:
International Telecomunication I'Jﬁion‘(IT U), refe_renceé [11, 15, 16] give d'etail‘ed

information.
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The Allan V'ciriance assesses the stability of a frequency standard over a time
interval, 7 commonly referred to as. the integration time. In an Allan variance
measurement; a frequency counter determin‘es the average .freq_uenc'y', fu, Over a
specific time interval, 7, (Fig. 3.9) which is recorded by a computer for subsequent
statistical analysis. For each time interval, T, a series of N rneasurements are made.
The Allan variance for a finite number of measurenients is then estimated using the

formula

7O =5 1)Z(f,,+1 £ e G19)
Division by N- 1 nor‘malizes ayz to the number of entries in the sum, and division by
2 facilitates comparison to the cl_assical Variaince in the case the f,,’s are random and
uncorrelated (white noise). Onliy for white frequency noise (o= 0) does the classical
variance equal the. Allan variance. The process is repeated for different values of 7.
Fewer samples are typically aivailable for large integration times, = To avoid large

variations, a minimum of 3 samples is required, rneaning that an Allan deviation for -

a 10 minute integration time requires at least 30 minutes of data recording. The

longer the data set duration, the better the confidence in the estimate.

‘The Allan deviation or root Allan variance is given by taking the square root of

o the Allan variance

o,(@) =0 (7). S G
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Plotting the Allan deviation Versus the i.ntegrgtion time, 7; yields the Allan deviation
curve, which allows inference al.aout‘ the type and level of noise present in the
system.

Almost exclusively, Allan Variance plots are actually Allan devi‘ation plots in the
literature. To compare laser systems operating at different ffequenc,ies, dividing the

~ Allan deviation by the laser frequency, , produces the fractional Allan deviation, |

o, (z;)/vo. |

Similar to the case of spectral noise density, the nomenclature of frequency noise

dlstrlbutlons can be assomated with a truncated power law model

o, (T)~ Za T” =—+-—+a0 +a,7T. ' (3.21)
p=—2 T ‘ ‘

The classification is shown for the Allan deviation in Figure 3.10(b).
From frequency domain measurements, time domain predictions. can be made

using the relation

sin“(?z f7) |

2(r)=2 (8 df, 3.22
o2 () j () 7 if (3.22)

where fj, is the high frequency‘ cutoff for the applic_able measurement system, i.e. the
measurement bandwidth. The cenversion i)rocess loses some information. Generally,
conversions from Allan variance to spectral noise density are 1mp0ss1b1e ThlS
relation is useful when only one laser system is avallable [17, 30 26 28]. Since we
had the luxury of two independently stabilized lasers and wanted to avoijd‘ potentially

inaccurate conversions, we only used original experimental data for publications.




Table 1 summiarizes the most common noise types found in frequency standards

and their relatiori to the spectral noise density, Sy (f), and Allan deviation, oy(2). [18]

Table 1 Common noise types found in frequency standards and their relat10n to the
spectral noise dens1ty, Sy (f), and Allan deviation, ¢,(?). [18]
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no Sv(f) ‘ . 0y(7)

Type of noise ‘ 7 o
Random walk frequency -2

Flicker frequency = -1.

White frequericy_ 0

- Flicker phase 1

—

2 |, 2n®
2 hof? s T

0 -1f‘_l

a2 Bf°

3 [1.77+In27 §, 7)) =™

-1 h1f1

3/
-1 hf% h, 2

White phase 2

The External Cavity Diode Laser

The sei’nlcenductc)r laser Was invented by Basov et al. [19] in the early 1960’s
and its ease of operat1on has made 1t one of the most Wldely used laser systems
covermg wavelength WlndOWS from ~635nm (AlGaInP) to 10 th (Pb- salt) Diode
laser wavelength cqverage is not continuous, and. performance charactenst1cs vary
widely depending on the Wavelength. Semiconductor lasers operating at the optical. . . .~ i

transmission frequencies of optical fibers, at 229 THz (1.3 um) and .193 THz
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(.55 um), have become particularly impdrtarit'in the optical telecommunication
industry, becéuse“ they can be mass-produced, have IQW power consumption, and are
reliéble. For the commercially most important wavelengths, in addition to tradi’;i,onal
Fabry—Perof—type lasers; more compléx resonator structures on the semiconductor
chip have been developed leading to distributed fcedback. (DFB) and distribﬁted‘
Bragg reflector (D,BR)‘. lasers. For thes‘é lasers, the sélccti‘ve. ‘reﬂectiyity of the
distributed grating determines the lasing oscillgtion wavelength. Recently, diodes
errﬁtting blue light (GaN) have become corﬁmércially évailable, of particular
i‘mportance_ in optiéal data storage systems; becauée the storagé density is inversely
proportional to the squaré of the wavelength of the light used, approximately four
times higher data storage can be achieved than with nearjinfrared laser diodes. [20]
High-power, wide-stripe laser diodes that run multimode have bec;)me iﬁportaﬁt as
. pump sources in solid-state lasers, fiber amplifiers, and tapered anip‘lifierrs’ystems.

Many séie”ntific applicgtion's, in particular high-re_solufion laser speciroscopy,
require the laser to operate narrqwbanci, ina siﬁgle spatial and frequency mode, over
the spectral raﬁge of inferest. Linewidth narrowihg; continuous tuning, and :stable‘
operation can be accomplished by using dispersive optical feedback to the laser
diode. |

The external cavity diode laser (ECDL) system used for all of 'ouf ,s‘t‘abilization
and spectroscopy. experimehts was developed at Montana State Uﬁiversi:ty. Gregg
W. Switzer and J. L Carlsten first develbped the locai de‘éign‘ for application in a

miniature water vapor lidar system suitable for measurement of water vapor in the
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Martian atmosphere at a wavelength of ~ 935 nm. [21] G. C. quge further refined
and modified £he mechanical design to éllow easy pivot pcﬁnt édjustment and
operation at 1550. nm.. Two-external cavity diode lasefs (named Max & Moritz) were
assembled, aligried, and characterized by the author. Performance characteristics of
the lase; system' will be discussed in sub‘sequen‘t secti‘ons,.‘ énd informa’;ion on

electronic drivers and feedback circuitry is presented in appendix A.

Principle of Operation

Free running solitary laser diodes have relatively large linewidths on the order of
10’s of MHZ; very large felati.ve to atomic transitions, due to a low optical cavity
quality factor, a result of the facet reflectivities of R ~.30 % and .cavity lengths of
~ 100 pum. Injqcting a current between the n and p clédding layers in the active
region of the diode generates laser light. Current injection produces elect_ronfhole
pairs that‘ recombine éﬁd émit photons ‘-Wi‘th ‘h‘i‘gh quantum efficiency. The |
semiconductor material band gap, a function of temperature and- canier‘den-sity,
determines ‘th‘e‘ ﬁominal erﬁitted Wavelength, and a Broad gain.'cur've typically leads
to multimode operation. Single wavelength operation requires careful selection of
operating temperatﬁre in conjunction with the dilode laser ‘inje‘ctioh‘ current.
Waveliength tuning with temperature'is often accompanied by sudden jumi)s in
amplitude and phase (mode-hops) as the laser oscillation jumps vfo the next cavity

mode.
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External cavity diode lasers, in contrasf, allow single mode operation and tuning
td any wavelength within the gain curve of the laser diode as long as tuning of
wavelength selective elementsj can b; synchronized. Ideally, the laser diode itself
becomes a pure gain element; an external resonator acts as a mode selector, allowiﬁg
gain for only one mode of the external cavity. Apart from excellent tuning
charaéteristics, external cévity diode lasers have Iinewidths on the order of 10’s of
kHz over a few milliseconds, sufficient for ‘many applications in spectroscopy and
important as a 'starting point for a_lctive ‘frequency- stabil_i‘jzationv, since servo
requirements needed to suppress the inherent frequency ‘noise become less
demanding.

The Littman-Metcalf optical feedback configuration, [22] first introciuced for dye
laser oscillators, was chosen for the lasers constructed and used 1n this work because
it has distinct advantages: a) thére is no output beam steering - important for the
alignment of subsequent optical elemenfs, b) double.paSsing the dispersion grating at
grazing incidencé gives better spectral resolutioh, and ¢) using a knife-edge prism
instead of a plane mirror és the retro reflector maikes; the cavity con_figuration
mechanically more stable by making thé tilt degree of freedom ﬁnimport_ant.

The Littrow ,configuratién, in contrast, operates on only a single pass of the
dispersing grating and prdvides higher optical output . porwer.‘ Beém .stéeﬁng,
however, needs compensation, which makes the beam: mechanically unstable and

causes difficulties in producing long continuous scans.
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ECDL Construction and Characterization

Since the lase% diode in an ECDL should act orily as a gain element, longitudiﬁal
facet modes caused by the miniature Fabry-Perot resonator are not desirable. Single
angled facet"(SAF) diodés offer an alternative, and ,th¢y Wefe psed instead of anti- ‘
reflection coated diodes. {23] In SAF-diodes, the wave-guide region was grown so
that it intersects the cleavage plane at normal ihcidenée on the back 'fac;et and at an
angle of ~7 degrees at the front facet. Photons reflecting off the front facet are
absorbed in the substrate -material; this together with the low reﬂectivity of the
angled facet of R ~ 2><10‘f‘5 removes the Fabry-Perot cavity for this diode étructure‘; :
The particular GalnAsP/InP diodes used were éustom grown by Quantum
Photonics, Inc. and packaged in a standafd 9 min can with the output facet open to
potential oﬁtside- contamination. Electrical pin. outs We_re only provided for laser
anode and laser cathode, without a photodiode that monitors the output of the lasers’
back facet. The ga;in peak occurred at ~ 1535 nm, very close to the opticai transitions
of interest, extending ~ 30 nm in either direction (measured @ iSO mA, T =20°C).
‘The diodes were dn'yen forward biased with a low noise laser‘ driver con‘structqd by
the author (see Appendix A).‘ | |

The optical configuration of the laser is shown in Fig 3.11 (figure‘courtésy of G.
W. ‘S‘witzer [21]). The highly divergent laser light emitted from the 'S‘-AF—diode is
collimated using an aspheric collimating lens with numerical apeﬂure NA =0.55 and

focal length 3.1 mm (Thorlabs). An 8 mm wide region of a gold-coated holographic




HE

$&IHOS 2(# G333 ,0%"<  #(% -& %&(N) , $&I+ (11 )4 ("+%&"%" # %
[ (% ($# 1 $&100$ /(%)% - FL '%$8%%"4 % $&H)S %--((%) 2"

%I"™&%' # % DO T (O# # % -(&"# '(--&I/#() &'%&4

%

$ 0
A#t)
"0
I, #$ 1 - 1S
4) A#$ 1

($*8% DAGG /% H(/ - #% %B#%&)!, NI# '('% 1"%& () #% (##))
Vol - | )-($*&IH( ) 5-($*&% | *&H%" - 4 JA4 2(HO%E&64 122



65

A knife-edge roof prism, custom made by Continental Optics, Inc and anti-
reflection coated by Optosigma, was used to retro-reflect a selected ngélength of
the .fi‘rst order back into tﬁe diodev for o‘sc‘illation. All bther w‘avelen-gths‘ exit the
_cavity below ' lasing thre'sho.ld. Using a  kﬂife-edge roof prism removes the
requirement of a critical tilt adj‘ustment needed with a plane mirror. The 0™ order of
the diffraction grating has about 50 % efficiency and serves as the optical output
coupler. |

The ECDL’s constructed using SAF-diodes exhibit unparalleled performance
relatjve to those with anti-;eﬂection coated diodes. The ,side—~rn6de su‘p:prers‘si‘on ratio,.
(SMSR), defined as the r‘atio of 'optical‘ power in the highest iﬂtcnéity‘ mode to the
next highest intensity mode, was measured by coupling part of the laser light into an
optical spectrum .analyzer Model I—IP7O9SOB~T Figure 3.12 shows the ECDL
spectrum near 1535 nm, the center W:avelengt'h of the diode"‘,s gain peak, while
operated at 100 mA injeétion current. As a result of ‘thke low r‘eﬂeétivity of the angled
facet, a side-mode suppression ratio of ~ 5:1 dB relative to the ccntr‘él @ode was.
achieyed, a significant improvemént over commercially available ECDL’s which
typically show SMSR of 40 - 45 dB.

The thical output power of the ECDL named “Max” measured as a function of
injection current (PI-curve) is shown in Figure 3.13 along W_ith the PI-.cu‘rve for the
plain diode without feedba‘ck.j Threshold curreﬁt 1s 43 mA with a slope effic-iénc‘y of |
0.12 mW / mA. The opti.cal output po;)ver reaches 4 mW at 75 mA. To extend the

lifetime and to avoid heating and damage resulting from high optical power densities
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on .the facets, both lasers wete operated with 60 mA injection current, giving
~1.9 mW optical output power for applications ‘This performance was lower than
expected when the diodes were purchased Amphfyrng the laser output w1th an

Erb1um doped fiber amp11f1er (EDFA) readlly produced higher output power.
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Figure 3.12 ECDL-spectrum near 1535 nm show1ng a s1de—mode suppress1on '
ratio of ~ 51 dB. The width of the peak was. hmlted by the 0.5 nm resolution of
- the optical spectrum analyzer. :
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Figure 3. 13 ‘Optical output power versus injection current .(PI curve) for the
ECDL “Max”. At a threshold current of 43 mA the ECDL “Max” beglns

lasing.
As mentioned earlier, diode laser output characteristics are strongly temperature

dependent. Hence, flawless diode laser operation requires strict temperature control.

This was achieved by placing the aluminum base plate of the laser cavity onto two .

Melcor ;15 X 30 mm thermo;electric coolers with feedback for--a control circuit

provrded by a cahbrated 10 kQ. thermlstor placed close to the coolers. A Wavelength

Electronlcs model LFI-3 526 T- controller exhlbltrng excellent stablhty (<2mK over
1h, <5mK over 5 h)- controlled the temperature and was tuned to stabilize the

coolers at just below ambient room temperature of * ~ 19°C.. Maintaining near
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ambient room temperature of the laser cavity avoids condensation on the diode laser
facets. Due to the lethargic response (minutes) of the Iasers" large thermal mass
aluminum components, temperature tuning was not used fo’r active laser frequency
stabilization.

Frequency tuning the 'laéer in single ‘jmode is important for spe‘ctroséopic

applications, and tuning transducers provide the levérage for frequency stabilizing:

the ECDL. The output laser wavelength of the ECDL was tuned by changing the

angle of the feedback prism plate. The prism plate contains a fine pitch screw that
rests on the top of a 20 mm piezo-electric tuning (PZT) stack (Thorlabs) held in the
base’ plate. The screw provides coarse wavelength tuning, whereas applying a

voltage to the PZT stack provides continuous tuning. Mode-hop-free tuning of the

laser requires the physical length of the cavity and the wavelength selected by the

cavity to change simultaneously. The grating pass band must éxactly synchronize

with the accompanying change in cavity length. This requires very careful

positioning of the prism plate pivot point using orthOgoh'al dovetail slides to adjust -

the pivot point’s vertical and horizontal position. [24] When adjusted correctly, all
mode hops were eliminated over the full range of the diode’s gain bandwidth. The
reliability of this fechnique elimi_nated retuning of the external cavity during

1.5 years of operation.

At an injection current of 70 mA, coarse tuning (Max) covered a range of 66 fim, |

between 1493 nm and 1559 nm. Continuous tuning over ~ 47 GHz was possible by

applying a 150 V DC-voltage ramp to the PZT stack and is shown in Fig. 3.14."




69

‘M‘easuArilvlg the las‘:erOutput frequen(;y with a Burleigh WA 15(_)0 \;v_.;lvemeter, gave a |
PZT transducet fransfer function of K = 0.3 GHz / V The prisni pIate éssembiywaS
~ made as light as possible to red_ﬁce_: errors from 'ilnertia.-. Repetitive scans at up to
1 kHz have been demonstrated, limited by meéhanical resonances fo bé‘iﬂnvestiga;t.ed
~in the following se;:tioné. Since changing‘ the fegdbackgpﬂsm plate angle ‘i‘s a

mechanical process, the response on tuning is rather slow. In contrast, tuning the

laser by- modulating the injection current to the laser diode is very fast, and a '

transducer transfer function of K =30 MHz/mA has been achieved. Knowledge of

the tuning limitations is ctucial in the context of laser frequency stabilization.
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Figure 3.14 Continuous tuning curve for ECDL “Max”. Continuous tuning is
demonstrated over ~ 47 GHz, center wavelength ~ 1535 nm, I = 60_mA.
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ECDL Transducer Response

Assessing the ECDL transducér response and the actual frequency noise present
on the free-running ECDL are important steps in designing a proper servo loop
necessary to suppress laser frequency noise. Figure 3.15 shows the expeﬁmental
setup used to measure the traﬁstcer frequency response. This sefup was similar to
that for measuring the spectral noise density of the free‘running laser descr‘ibed
below. A low finesse Fabry-Perot cavity (Burleigh) was used as a discriminator to
convert frequenc,y modulation (FM) .into ,amplitﬁd’e modﬁlation (AM). This cavity
had a length-of 15cm, gi\(ing a free spectral fange (FSR) of ~1 GHZ. The cavity
finesse, F, of ~ 2.1 was determined by scanning the‘cavity across the laser ﬁné Width
.and calculating the ratib of the free spectral range to the cavity transmission band. In
order to measure the‘transducer respénse of tﬁe ECDL, the laser was manually t’uﬁed
to operate at th¢ side of the transmission fringe, so that laser frequency fluctuations
coﬁld be translated irito amplitude fluctuations, detected by a New Focus 1811
InGaAs photodiode. An HP network analyzer, Model HP 3589A, with its source
Ou;tput connected to the current modulation input port of the laéer diode driver (see
appendix A) measured the injection current frequency response of the ECDL. The
HP network apalyZef also measured the frequenéy response of the PZT driven
feedback prism plate through the Thorlabs MDT 691 ‘PZT—amplifier. The dete;:tor
output was connected to the input port of the network analyzer. Logarithmic scans of

the network analyzer were performed, covering 10 Hz to 100 kHz for measuring the
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PZT frequency response and 10-Hz to 100 MHz for measuring the injection current

~frequency response Results of these measurements are shown in Fig.3.16 (a) and

(b) for the PZT amphtude and phase and Fig. 3. 16 (c) and (d) for the 1nJect1on-“

current amplitude and phase, respectively. -

Network
-analyzer

- Source

°. @

Current | pPzr
modulation |- amplifier

Low finesse cavity '

F1gure 3. 15 Expenmental setup used to measure the transducer response of the
ECDL with a low finesse cavity as a frequency dlscrlnnnator
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Detector -
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The PZT displayed a féirly flat response up to about 1 kHz. Beyond 1kHz, a

significant resonance occurs, which leads to a phase shift of 180 degrees. This

resonance was attributed to a mechanical resonance in the feedback prism plate

assembly of the ECDL, and similar resbnances have been ‘o-bserved 1n other
laboratories. Independent spectral noise densi;y measurements, reported in the
. following section, further supported this conclusion. To properly desi gh thé feedback
servo circuit, the .transducer tﬁning elenﬁents’ resonant frequencies must be known
and avoided. PositiVe feedback to the laser, “caused by a phase shift of more than
180°, could lead to severe laser oscillations. The low b‘andwidth‘ PZT loop was
designed to keep the high bandwidth loop 6f the laser diode’s injection current
frequency control in the center of its dynamic ryan‘ge. ‘Therefore, the uni_t.,y‘ gain point
was confined fo a value below 1 kHz (see appendix A). '

| The frequency and phase response to changes in the injection cu_rrent.showed a
fairly flat response up to about 1 MHz. At 1 MHz the amplitude of the response had

decreased by ~ 20 dB. Hence, with high bandwidth feedback electronics availébIe,

intrinsic noise suppression up to these 1 MHz frequencies can be accomplished

without inordinate technical difficulty. Indeed, the injection current servo, detailed in

appendix A, provided bandwidths in the order of ~ 1 MHz."
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Spectral Noise Density of the free running ECDL

Error signal analysis allowed a direct measurement of the spectral noise density
Sy( f ) of the free ru_nning lﬁser using a Statiq discriminator slbpe D [V/Hz], which. '.
converted the frequency modulation [Hz] on the laser, caﬁsed by frequency
fluctuations, into amplitude modﬁlation [V], a conveniently measurable quantity. To
obtaﬁn a large discriminator slope, D, a narrow optical-'transition in isotopicall‘y pure
(99.9 % "Liy "Er**:YLiF, was chosen as the frequency reference. [25] Roger M.
Macfarlane of IBM and Richard S. Meitzer from the University of Georgia, 'Athens,
kindly provided this crystal, which Was grown by Arlette Casanho.. During the
measurement, the laser frequéncy was compélred to the center frequency of the
.tran'sition, using an error signal proportional to the frequency differeﬂce between the
two fr_eqliencies. The experimental setup, shown in Fig. 3.17, was based on FM-
spectroscopy of a narrow inhomogeneously broadened ~ 150 MHz -(FWHM)
Er:3+:YLiF4 transition. This heterodyne technique OVeréame the -problem of low
frequency AM of the laser, which could have been wrongly interpreted as FM noise,
by d@tecting at the high RF modulation frequency, Where intrinsic laser intensity
ﬁoise was very small. The ECDL, optically isolated by a Faraday rotator (OFR
Model 10-4- I‘SSQ—VLP), was externally phase modulated by a broadband New Focus ‘
electro-optic phase modulétor Model 4002 driven at 109.5 MHz by a PTS 500
frequency syntfllesiZer‘ through a custom-made resonant tank built by the author (see

appendix A).
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Figure 3.17 Experimental setup for measuring the spectral noise density of the free i’unnirig laser.
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The sideband frequency was chosen to optimize the error si'gnal slope within the
125 MHz bandwidth of the New Focus 1811 InGaAs "‘photo detector. The -laser -
f’requency was monitored with a Blirleigh WA 1500 wavemetef, which allowed
calibration of the error ‘signal to within the 0.1 pbm accuracy of thewavemeter. For‘
this purpose linear scans of the laser frequency were provided by applying a saw-
"~ tooth voltage ramp tb the PZT driving the feedback prism plate of the laser. A
Stanford Research Systems~ SR 345 function generator ampliﬁed by a Thorlabs
model MDT 691 PZT amplifier generated the ramp. In order to optimize the signal, a
Al2-waveplate in front of the_‘cryosbat allowed for adjusting the polarization of the
beam. The detected- transmitted light was heterodyned : with tbe 109.5 MHZ local
oscillator, and the pbase shifter .was adjusted to obtain the dispersive error signal.
Spectral analysis of the error signal above 1kHz was performed with aﬁ HP-
spectrum analyzer Model HP E4411B while a Wavetek ‘spectrum analyzer Model
5820 was used for freddencies below 1 kHz The optical power of the laser beam
was adjusted using the M2-waveplate/polarizing beam Splifter (PBS) 'combdnation to
140 uW. The Er:3+:ﬁiF4 crystal was placed in an Oxford SpectroMag cryostat .at
T=10 K to avoid any spectral hole burning. The cryst,al“was on'er_lted with its c-axis
parallel to the laser’s k-vector and perpendieular to the‘e).(ternal B-field. To separate
the narrow optical transitions contained in the multiplet located at 6534 cm"l, a small
magnetic field of B =0.2 T was applied. The errdr' si‘gnal“yielded a linear slope at

line center of D =3.746x107 V /Hz, which was used to convert the spectrum
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analyz‘er output [dBm] into spectral noise density, S,f), of the laser‘frequ'enc':y
fluctuations [ Hz/ \/_I_{; ]. To measure thé spectral noise density 6f the frée mnning
ECDL, the laser was manlially tuned to the center of the Er:*":LiYF; transition using
the PZT. No active servo feedback was engaged for this measurement. The error
signal was spectrally analyzed using specific anélyZCr rgsdlution bandwidths
appropriate to the diffefent frequeﬁcy measurement intérvals; suvfficienpfrequency
overlap between individual measurements was assured.

Fi_-gure 3.18 shows the result of this measurement on a‘l‘og—'log plot of the rms
spectral noise density versus frequency. Three noise types comfnon to frequency
standards, .indicated by asymptotes of distinct slopes, can be ‘-distinguished according
to the power law model relation (3.16)‘f0r the spectral noise dénsity. For frequenéies
up to tens -of Hz, random:walk frequency noise (= -2, slope = ‘—1) was i)revalent,‘
followed by flicker freqﬁency noise (¢r=-1, slope =-1/2) for frequencies up to tens
of kHz The white noise frequency floor (=0, slope =0) was reached at
frequencies at approximately 100 kHz S‘tru‘ctural resonances in the ‘l’asér c‘avity
caused narrow-band frequency noise. A distinct bump was obseryed at ~ ‘1 kHz and
can be assigned to a meéhanicallresonance in the feédback prism‘ plate assembly of
the external cavity excited by acoustical laboratory noise, brevalent in the kHz range, .
coupling into the laser cavity. This issue was alfeady évidenced jn the PZT
transducer frequency response (see previous section). To alleviate this proBlem,

passive acoustical isolation of the laser was required. An acoustical isolation box




8

was constructed to cover the optical setup for locking experiments in Er**: KTP (see -
sectionf Laser frequency stabilization to regene'rative spectral holes in Er**: KTP in
Chapfer 4). The sharp features at 60 Hz and 120 Hz are due to pickup from the

power supply.
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Figure 3.18 Spectral noise density of the free running ECDL as a function of
noise frequency; note double logarithmic scales. ' ‘
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The substantial amount of noise present at low frequencies exhibiting a ~ 1/f and
~1/f*  frequency dependence, typical for external cavity ‘diode lasers

'[26,27,28,29,30]‘, indicated the need for a servo loop of high gain at these

frequencies. However, a relatively low bandwidth (~1 MHz) electronic feedbabfk

loop should be sufficient to suppress this laser noise coinpared to the feedback
bandwidths of tens of MHz needed. to suppress the ﬁoiSe found in éolitafy dioj‘des‘“[31,

32]. The injection current servo is documented in Appendix A.
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CHAPTER 4
LASER FREQUENCY STABILIZATION TO SPECTRAL HOLES

The availability of ultra-narrow SHB resonances down to 15 Hz in rare earth
doped crystals, the relative irﬁmunity of spectral holes to environmental disturbances
such as vibrations, and the portability and éompactness of a stable laser system using
SHB references with a closed cycle ‘cryo-cooler “‘are important featﬁr_eS‘ that should
enable application in a va.ﬁety of fields beyond thése normally associ"ated w_ith
spectral hole burning. Stabilization of mode lockéd lase’r‘s [1] to s;péctrél holes also
‘should be practical and will have applications in signal processing situations and in
other contexts that require short pulses, frequency combs, or optica-l‘ clocks. The .
SHB frequency references are well suited to applications where multiple freqﬁéncies
are required and wheré the.programrﬁability of SHB materials allows programmable
frequency differences up to the multi-GHz range or, if disordered solids are ﬁseci, to
the THz range. With the development of suitable photon-gated (or'fwo-phot.on) SHB
materials, the production of long term secondary fréquency standards based on SHB
may become practical. [31] |

The importénce of stabilization in reai time optical signal processing in SHB
materials is underscored‘ by the | observation that early ‘m‘c‘)‘defate-spéed
démonstrations have been _‘linﬁted By Iéser frequency jitter that led to a loss in signal

fidelity. [2,3,4,5,6,7] These problems can occur at several levels: a) unconfrol’led
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phase variations between programming pulses when repéated pulse ‘sequences are
used for writing or refreshing s;iectral interference gratings, b) the more extreme
case where the jitter éxceeds the Fourier width of the exciting pﬁlses so that the
processed pulses fail to overlap spectrally with the pri)gramming pulses, and c) the
cai%e where the jitter exceeds the Fourier width of the exciting pulses so that the
exciting pulses fail to overlap. These problems can be oi/ercome by the use of a
second piece of the same signal processing material as an SHB frequency reference
providing automatic frequency and phase compatibility between. the signal
processing material and the stabilized laser source over the time écalé of interest..
[12] The limits ‘oln device performance are set then by material pararhet’ers rather
than by instability of the laser. [12,14] The relative vibrational immunity of the
spéctral' holes provides an important simplification in system design and
performance for either spectroscopy or SHB devices [8,9]. This advantage is even
greatenr‘ when both the frequency reference and spectroscopic sample or SHB device
are mounted on the same sample liolder. This has been demon_stratéd here ior
Er’*:Y,Si0s. Lasers stabilized to spectral h(".)les are already playing an important role
in_proof-of-principle demonstrations of a variety of SHB devices [5]; the latest of
which, a high—bandwidt}i correlator, demonstrated in Er3+:YZSiO5 at4.2 K. [10]
Laser frequency stabilization to‘ persistent spectral holes [1_1] and regenerative
spectral holes [12] burned in the absorption lines of Tm3+—doped insulating crystals
at 798 nm and 793 nm provided excellent stability. In spectral hole burning materials

covering the 1.5 um wavelength region explored to date, regenerative (transient)
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holes, such as thos,e found in Er3+:YZSi05 and Er3+:KTP, have proven to be orders of
magnitude narrower in freéuency than persistent holes, such as in Er’*:D":CaF,, the
only material known to date exhibiting persistent Spectral hole burning at 1.5 pm.
Er’*-doped SHB crystals ex'hibiting regenerative SHB (Br**:Y,Si0s, EP*KTP) and
persiétent SHB (Er3+:D':CaF2) have been used here'to extend laser stabilization to
the important 1.5 um telecommunicétions band where Er3+—dqped cry'stals [13,14,29]
have the frequency selectivity reqﬁ_ired for optical storage, real-time address header
decoding for all-optical packet routing, [6;7 ] and all-optical correlation. [3,4,5]

Our demonstrations were carried out witﬁ crystals cooled to liquid helium
temperatures, but higher temperature operation with lkHz fréquency stability at
4.2 K has been demonstrated using Er’*:Y,Si0s and projection of .operation up to
20K can be made for the deuterated CaF; [11,32]. Alternatively, using a narrow
inhomogeneous absorption line as a frequency reference, such as the ~ 150 MHz

wide line found in isotopically pure Er’*:LiYE; or a part per million diluted

Er’*:Y,SiOs already allowed operation at 15 K.

Laser frequency stabilization to regenerative spectral holes in Er3+:YQSi05

The stabilized diode laser - Er3+:stiO'5 system desciibed here exploits the
regenerative SHB technique. [12] A transient spectral ﬁolc is continuously
regenerated by the stabilized laser and provides a frequency reference at an

arbitrarily chosen location in the inhomogeneous Er’*:Y,SiOs absorption profile.
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The stability of the laser will then be determined by the dynamical properties of the
SHB material together with the design of the locking system.

To substantially improve the long-term frequency stability, we have extended the

locking technique by using a combination of the error signal contributions from the

spectral hole and the inhomogeneous line. The reduction of longer-term drift to
7 kHz / min over several minutes obtained with the extended technique represents a
substantial improvement over the 600 kHz / min reported for Tm:YAG.[12] In the
old and new cases, anticipated refinements to the feedback system and frequency

modulators may be expected to provide further substantial improvement over both

- the.long and short.term stability reported here, which is already 10° times better over

important integration time scales than that for commercial lasers. As shown in

Ref. 12, this provides new capabilities to probe dynamics in the neighborhood of the _

active rare earth ions in SHB materials and to reveal small scale level structures and

dynamics out to the tens of milliseconds scale or even longer.

‘Methods and Apparatus

The SHB crystal chosen as a frequency reference was Er-*:Y,SiOs with an Er**

concentration of 0.005 atomic percent. This material exhibits transient spectral hole

burning on the 4115/2 (1)—)411% (1) transitions at 1536.14 nm (site 1) and.

1538.57 nm (site 2) by population storage in the excited state of the optically active

ion. [13] The homogeneous linewidth for this crystal was determined from the
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optical dephasing time T obtained from two-pulse photon echo expeﬁment‘s at1.6 K
and B‘= 0.2 T, and the measured value I'y ~5kHz is .consis!tent with previously
published results. [13] The homogeneous liriewidth at 0.5 T is about half that.,at
0.2 T. In principle, the minimum line width of a shallow spectral hole burned by a
narrow-band laser is 2 I'y due to convolution of burning and reading cycles; deeper
holes can be expected to become broader, since there is less saturation of material
absorption in the wings of a hole than at the center.

’i‘he frequency locking experiments reported here were performed ﬁsing the
strongest absorétion transition from the lowest Zeeman-split level for site 1 in
moderate magnetic fields of B =0.2 to 0.5 T; the 0.2 T magnetic field value was
chosen to simulate field strengths that have been obtained using compact 1 cm
diameter Nd-Fe-B permanent magnets. [4,7] The inhomogenedus linewidth
Tiun = 500 MHz = 0.017 ém’l is illustrated in Fig. 4.1, Where a sih-gle spectral hole
has also been burned into the line. |

Two frequency ‘referenbe crystals were cut from the same crystal boule
(batch # 7-167) to give an inhomogeheously broadened absorption of ~ 501% at line
center. Crystal dimensions we£e Smm (and 4 mm) along D7, 6 mm (and 5 mm)
along D; and 1 mm (and 1.2 mm) along b. Each crystai was oriented with its Dj-axis
parallel to t-he magnetic field, the lasers’ k-vectors parallel to the b-axis, and the
lasers polarized with E along D;. Both crystals were immersed in superﬂﬁid helium
at 1.6 K _in a single Oxfofd Instruments SpectroMag cryostat with a superconducting

magnet that provided for adjustment of the magnetic field. The laser beams were
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spatially separated, and the crystals wetre masked so that each crystal was exposed td
only one beam. The spectral holes were created with irradi‘anceé of 100 p,W/cm2
using ~ 3 mm beam diameters. Beam irradiance was controlled using a A/ 2-plate

and a prism polarizer.

-1.0 -0.5 0.0 0.5 1.0

0.0 ——

Laser Frequency Offset (GHZz)

Figure 4.1 Transmission spectrum of 0.005% Er>*:Y,SiOs scanned by a diode laser
showing the entire inhomogeneously broadened absorption profile at zero applied
field (B = 0 T). The arrow indicates a spectral hole burned by a second laser.
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The experimehtal apparatus shown in Fig. 4.2 was similar to that described in
Ref. 11 and Ref. 12. Two external cavity diéde lasers in the Littman—Metc;alf
configuration [15], as described in Chapter 3, were used for lockihg‘ the" laser
frequency to the spectral hole vyith the Pouﬁd-Drever-Ha‘H technique. [16] The eﬁor
signal was derived from the spectrall hole transmission using frequency modul-at_ion
(FM) spectroscopy as described in Chapter 3, [17] with the two lasers modulated by
New Focus 4002 broadband external electro-optic modula.tors‘ (EOM)- driven at
27 MHz and 30 MHz, respectively. These frequencies greatly exceeded the spectral
hole widths but were far less than the inhomogeneous. absorption linewidth
I'ion = 500 MHz. The primary laser side bands had a modulation index M = 0.4, and
secondary‘ side bands were small but observable. The sharp resonance of the specfral _
hole in the inhomdgeneous absorption line creates a corresponding dispersion in the
refractive index. Figure 4.3(a) displays the transmission spectrum through. a single |
spectral hole 1n the inhomogeneously broadened abéorption profile for a phase-
modulated laser (including side bands), and Fig. 4.3(b) plots the demodulated FM-
spectroscopy error signals obtained simultaneously .for three values of telative phase,
that could be continuously adjusted using a custom built phase shifter (see appendix)
between the local oééill‘ator and the EOM. In the stabilization system, each locking
laser burns a hole in its reference crystal, primarily at the carrier frequency but also

at the frequencies of thé FM-sidebands.
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Figure 4.2 Experimental apparatus fbr laser frequency locking to spectral holes and beat frequency measurement
of laser stability by combining the beam from the laser shown and that from an independent second laser system..
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Figure 4.3 (a) Transmission spectrum, as probed by a phase-modulated laser
with sidebands, of a single spectral hole burned in the inhomogeneously
broadened absorption profile by an unmodulated second laser, in an applied field
of B=0.2T. (b) Error signals derived from the spectral hole and the
inhomogeneous line using different phase delay settings. The spectral hole is not
limited to line center as chosen for illustration in this particular figure but can
also occupy other positions in the inhomogeneous line.

The FM-error signal was processed by a servo loop that provided both fast

corrections to the injection current of the laser diode and reduced bandwidth signals -

to the piezoelectric control of the laser’s external feedback prism plate. Control of
the prism plate angle keeps the current servo within its operating limits. A detailed

description of the servo electronics and locking apparatus constructed by the author
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is given in the appendices. Dne to lebOratory constraints, the two lasers were on one
table, and the reference crystals, magnet dewar, and locking beam detectors’ were on.
a separate table. Neither table was pnenmétically floated, so the results reported hefe

demonstrate the immunity of this locking technique to vibrations. By contrast, most.
other fllrequency references require extreme Vibfation isolation measures to reach this

short-term stability.

Evaluatien of the freqnency stabﬂity‘ of a single laser at sub-MHz resolution 18
difficult if one lacks a frequency standard at the ‘appropriate wavelength fer
comparison. For that reason, two independent lasers Were consfrﬁcted and locked to -
two separate SHB crystal references. The frequency stability was determined by

- beating unmodnl'éted portions of the two stabilized laser beams on a New“Focus‘
1811 photodie(ie detector_, record'ing the beat frequeney measured by a Stanford‘
Research SRS 620 frequency counter, and -carrying out Subsequent statistical
analysis of the time dependence of the beats using a computer. Allan deviations for
integration times up to 50 ms were directly measured with the freqneney counter;
whereas for longe‘r integration times the Allan deviation wés celculated frem ‘the
recorded heterodyne beat frequency data, which was recorded at 50 ms time.

intervals. All data acquisition programs were written in Labview.

Results and Discussion

The stability over broad t1me scales is characterized by the Allan deviation [18]

of the heterodyne beat frequency as 1ntr0duced in Chapter 3. Performance of the free
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running lasers is shown in Fig. 4.4(a), while that ‘of the lasers locked to regeﬁerative
spectral holes using the method of Ref. 12 is shown . in Fig. 4.4(b). Short term
stébilization giving a 500 Hz Allan déviation for a 2ms integratidn time was
achieved with the conventional adjustment,of the phase sensitive error si gnal, that is, -
with the detector signal and local oscillator in phase at tﬁe mixer as illustrated by the
¢ = 0° signal of Fig 4.3(a). Under these conditions, the dominant contribution to the
error signal comes from the spectral hole. Compaﬁson of the curves in Fig.‘ 4.4(a)
and Fig. 4.4(b) shows that slow frequency drift (integrétion’ times longer thaﬁ
100 ms) of the stabilized lasgrs in these early experiments épproached th_at"of the
unstabilized laser. Much of this drift is attﬁbutable to sldwly—véryiﬁg DC voltage
offsets in the feedback servo loop arising from residual amplitude modulation at the
optical phase modulétorsh and temperature drift in the feedback electronics ;[1'2] and
modulators. The servo offsets cause the laser to lock off-center to the spectral hole
and consequently cause the regenerated spectral hole to drlft contianUSly until the
dn'ftv in the voltage offset undergoes a change of sign. Further development of the
feedback servo system should Substantially reduce thes¢' slowly Var};ing offséts and

thus reduce this long-term drift.
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Figure 4.4 Allan deviation values for the beat between two lasers: (a) lasers free-
running (triangles), (b) locked to spectral holes in different crystals using straight
quadrature detection of the error signal at applied field B = 0.5 T (squares), and (c)
locked to spectral holes using the strategy of intermediate phase detection of the
combined error signal from the spectral hole and inhomogeneous line at applied
field B=0.2 T (circles). Filled symbols, 300-sample Allan deviations measured

directly by a frequency counter; open symbols, values computed directly from beat
frequency data [cf. Fig. 4.5].

Incorporating the Absorption Line as a Fixed Reference

A new locking strategy was devised, however, to reduce drift even with the
existing servo system by simultaneously exploiting the high resolution short term

frequency reference of the spectral hole and the long term stability of the
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significantly broader inhomogeneous absorption line. .Figure 4..3(b‘)“ill‘ustrates the
Vaﬁafion of the error signal as the relative phase betweén the detector signal and the
local oscillator is varied through 90 degrees at the mixer, with the fnultiple sharp
features due to the narrow spectral hole superimposed on the broad background of
the inhomogeneous line. The relative position of these two contributions on the
frequency axis depends on the arbitrarily chosén position of the spectrall hole. Crystal
transmission is increased at the frequency of the spectral hole, so the transmission
property of the hole and inhoﬁogeneous abSorption line havé opposite signs. Their
pure absorptive and dispersive FM contributions ais’o have opposite signs in simple
limiting cases. The shape of the FM signals, however, also depends on the
relationship between the modulation frequency vy, and the width of the relevant
spectral feature. There is broad latitude for making this choice, since the hole width
~ 2T can be from 10° td 10® times narrower than the inhomogeneous line width
Tinn- In the present case, the line widths of the Hole contribution and inh‘omogen"eous'
line contribution lie at opposite extremes relative to the modulation frequency:
I'h << Vi << Tinn. The two cbntn'butions to the error signal at line center are then
strongly phase dépendent and are maximized for différent quadratures - the
dlsperswe case for the spectral hole and absorptive case for the 1nhomogeneous
profile. These phases are represented as 0° and 90° respectively in Fig. 4.5(b) and
correspond to the S2 and S1 phases of Ref. 17. For: a phése angle of ¢ =0° the -
inhomogeneous line signal is negligible and the locking signal is derived primarily

~ from the spectral hole and for a phase angle of $»=90° the signal from the
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inhomogeneous line is maximized, but the éontribution ffom the épcctral hole has
vanished at the line center of the hole. By choosing an intermediate phase
0°< ¢ <90°, both contributions to the error signal contribute to locking stability; a
steeply sloped signal from the spectral hole drives the short term stability while at
the same time a signal of lowér slope from the inhomcigeneous line opposes long
term drift.

With this procedure, the introduction of a static DC offset in the servo loop leads
to an equilibrium lock point where a balance occurs between the sloping contribution
from the inhomogeneous line .and the DC offset. While not a perfect solution, this is
preferable to the original situation: where a .DC offset caused the loc-king to be
displaced toward one side of the hole and consequently caused a steady drift in hole
position énd laser frequency as regenerative hole burning took place asymmetricélly.
- Drift in-hole position and hence in laser frequency can still occur with the present
strategy if the DC offset is slowly varying, but the impacts on.stability are reduced.
This tendency to settle into an equilibrium position instead of continuing to drift not
only improves the long-term frequency stability but also Iirovides a means to choose
an arbitrary frequency within thé inhomogeneous absorption profile as’ the
stabilization frequency. To adjust the locking frequelicy, either the DC offset level or
the local oscillator phase (and hence the contribution 6f the inhOmOge;neous line to
the error signal slopé) may be adjusted. The system initially drifts towards and then
settles at the equilibrium frequency, where the offset cancels the FM signal.'This

behavior was verified by computer simulation and by direct observation using a
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probe laser to monitor the position of the spectral hole and the locked laser within
the inhomogeneous line.
The impact of this new hybrid locking strategy on frequency stability is shown in

the Allan deviation plot of Fig. 4.4(c). There is no degradation of the short-term

stability, and the long-term stability is improved dramatically for integration times of

100'ms té greater than 1000s, with the improveme/nt exceeding, two orders of
magnitude at the lonéer times. Evolution of tﬁe heterodyne beat fre’quen‘cyvover a
period of 30 minutes (1800 s) is shown in-Fig '4‘5(20  wheﬁ both lasers were free
running and in Fig._ 4.5(b) when both lasers were locked using the new strategy. For
integration times of 1 s and longer, the drift has Been reducéd to about 7 kHz/min
over several minutes. For small integration times (solid ciré:les, triangles, and squares
of Fig. 4.4), the frequency counter directly measured the Allan deviation valués; for
long integration times (open circl;as, triangles, and .squares of Fig. 4.4), the Allan
deviation was computed from tﬁe beat frequency data of Fig. 4.5,‘écqui‘red at 50 ms
intervals. The inherent sub-MHz free-running stability of the lasers is- alfeady
- sufficient for many spectroscopic applications, but an irﬁpr&eme‘nt over the free
running case of about two orders of magnitude has beeﬁ accomplished for time
scales of' 100 ys - 10 ms and for times longer than one minute. Minimum' Allan
variances of 200 Hz have been recorded, although the 500 Hz Valpe in Fig. 44 is

typical for performance at this stage of system development.
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- Figure 4.5 Change in heterodyne beat signal between (a) free-running and (b)
independently locked lasers to separate spectral holes and inhomogeneous lines
in different crystals at field B = 0.2 T, the lowest trace is an expanded view.

For somewhat stronger lbhg-term resistance to drift the modulation frequency
could be increased to proﬁde a larger inhoniogeneo‘us line contribution to‘ the slope
at the desired lockinvg frequency; this increases the amplitu'de of the contribution
from.the inhomogeneous line with little effect on the contribution from fhe ’spectrai

hole.
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The Er’*:Y,SiOs homogeneous resonance width in a magnetic field of
0.2 to 0.5 T is narrower [14] than that from the preceding work [12] on Tm*":YAG,
SO it nﬁght be expected td provide lower shprt—term root Allan variance values than
Tm’":YAG using thé same technique and apparatus. In this case, however, the 4f'!
eiectron configuration of the Er’* ion leads to strong 'Er3+ magnetic moments,
Whereas the Tm>* jon Witﬁ configuration 4" has an electrbnic singlet ground state
with ‘quenched’ angular momentum and no first order mag.netic moment. Electron
spin flips of nearby Er’*-ions in the ground state as well as nuclear spin flip-flops by
Y** nuclei lead to ﬂuctuations in the local fields and thus to measureltble‘ spectral
diffusion [14,19] of the Er’*-ion population that making up the spectral hole
frequency reference. The 0.2 to 0.5 T applied magnetic field reduces electron spin
flips by reducing thermal population of the upper component of thé Er’* Kramers
doublet ground state, but it does not eliminate them completely. It also suppresses
the far weaker spectral diffusion due to Y** (or Er’") nuclear ‘spin flip-flops.
Evolution of the spectral hole width by spectral diffusion limits the curre.nt'ly
achieved frequency stability of the hole on timé scales longer than 2 ms and hence of
the locked laser. A detailed study of spectral diffusion in Er3+:YZSi05 is presented in
Chapter 5.

Further sources that limit stability are ;esidual amplitude modulation [20]
produced by the electro-optic phase modulator and thermally induced drift in the
locking circuitry and modulator, all of which il;troduce variable offsets to the error-

signal, causing the laser to lock slightly off the center of the spectral hole. In the
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previous implementation [12], this produced unrestrained long-term frequenéy drift
_ of the spectral hole. With the new method reported here, it resﬁlfs instead in smaller

changes to the equilibrium lock point in the inhomogeneous line profile. As noted

above, further improvements from passively. and .activély stabilizing the temperature .

of the feedback electronics are expected to improve system performance.

Improved Photon Echo Stability for Applications

Time-domain spectroscopy and a wide range of proposed SHB optical devices
[3,4,5,6,7,8] are based on the photon echo and stimulated photoﬁ echo, the
capabilities of these techniques can be improved with the level of frequency
stabilization reported here. For optimal exploitation of the stimulat_éd photon echo,
laser frequency stability to better than the spectral width of the broadest excitation
pulse, or in the limiting case to better than a homogeneous liﬁewidth, 1s required for
the storage time of the material, which is defined by the decay time of a transient -
spectral hole for the transition being probed. With lasers stabilized to spectral holes,
this requirement is naturally and automatically met. |

Here we demonstrate this improvement by measuring stimulated photon echoes
on the *Iisn (1) — “Insp (1) site “(1) transition of Er**:Y,SiOs ‘usin'gv a stabilized
1536 nm laser, an Er-doped fiber amplifier, and the echo apparatus to be described in
Chapter 5 and in Ref. 12. Approximately 5 mW of unmoduiéted vcont.inuous—'wéve

laser power was available for producing echo excitation pulses. after continuous
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wave amplification of the laser by the; Er-doped fiber amplifier, which was located
outside the servo loop for laser stabilization. A ,portion of .the un-amplified laser
output was used to frequency-lock the laser to a regenerative transient spectral hole
in the same transition as described above. Echo excitation pulses were produced
using two acousto-optic modulators in series to improve the on/off contrast ratio and
to cancel ény net shift in the laser frequency, since the Er3+:YZSi05 spectral 1iries are
narrow. The resulting photon ecﬁo signal was gated from the transmitted beam by a
third acousto-optic modulator to discriminate against the exciting pulses. The echo

was detected with a fast New Focus .1811 InGaAs-photodiode. To generate

stimulated photon echoes, three 2 ps excitation pulses were incident on the crystal,

with the delay ti, between the first and second pulses fixed at 19 ps. The strength of
the stimulated echo was measufed as a function of the delay ty; between the second
and third pulses.

With the laser frequency locked to a transient spectral hole, stimulated photon
ebhoeé could be measured consistently for t,3 delay times of several hundreds 6f
micréseconds, giving the data in Fig. 4.-6(b)...The limiting factor for measuring
echoes with longer ty3 delay times was the detector signal-to-noise ratio, rather thah
laser frequency jitter, even though additional jitter may have been introduced by the
Er-doped fiber amplifier. After 800 us- total delay time the stimulated echo signal

was buried in the noise. In contrast, when the stimulated echo decay was measured

with the laser free running, the reproducibility . of the stimulated. echo became' ‘

unreliable after onIy 200 ps, as shown in Fig. 4.6(a).
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Figure 4.6 Stimulated photon echo decay on the 4115/2 H- 4113/2 (1) transition in
Er’*:Y,SiOs. Each point represents a single shot. (a) Measured with a free running
laser. (b) Measured with a laser stabilized to a spectral hole and inhomogeneous
line at field B=0.2 T. :
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All the data points of Fig. 4.6 were single-shot acquisitions of the stimulated
photon echo without thresholding to reject low-intensity echoes. Figure 4.6(a)
demonstrates that frequency jitter was the cause of the echo. signal amplitude

fluctuations when a free-running laser was used, sirice occasionally an optimum echo

‘was produced when the laser frequency of the third pulse happened to match that of

the first two. An envelope of “good” echoes can be seen, but most points fall well
below this. Clearly, averaging the data in Fig. 4.6(a) over multiple shots would lead

to a much different and erroneous echo decay rate.

Frequency response of a regenerative spectral hole

Regenerative SHB materials provide a fundamentally different type of frequency
reference from Fabry-Perot cavities or isolated atomic references, because the
incident laser probe field can modify the spectral hole reference. | This is a
fundamental difference between ungated SHB -frequency references and static
traditional frequency references such as the familiar Fabry-Perot cavity or atomic
references.

The interplay of the dynamics of materials and the stabilization process has been
investigated numerically and experimentally, and thesevresults have been used to *
optimize the system performance. [21,22] The spectral hole width and hole lifetime
aré important parameters for the use of spectral hole burning as a means for laser
frequency stabilization. The hole width dictates the short-term performance of the

system, whereas over longer time scales the hole lifetime is important. When the




Ll

i)

[ L

104

hole lifetime is increased for a specific hole width, the memory time of the spectral
hole is increased — it remains a valid frequency reference over longer periods.

Regenerative spectral holes are expected to exhibit a different frequency resporise

over the low frequency range up to the spectral hole width compared to static.

frequency references, such as a Fabry-Perot cavity. This is because regenerative

spectral holes will lose their memory for times longer than the hole lifetime leading

to a roll off in gain relative to the cavity, which has a flat frequency response.

Methods and Apparatus

Experimentally the freQuency response was méasured in a two ‘beam‘e'xperiment
by probing a regenerative spectral hole that was burned with a laser stabilized to a
spectral hole in the same transition in a di;f;“erent l.ocation of the sameé crystal
(Fig. 4.7). To generate a probe beam, part of the stabilized laégr beam" Was split off

with a A/2-waveplate and polarizing beam splitter after the EOM which was

operated at 109.5 MHz.
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Both beams were adjusted to have the same spatial profile and optical power of
50 uW therefore generating identical error signals by FM spectroscopy. The first
beam was used to lock to a regenerative spectral hole. The second beam was used as
a probe beam and modulated with a second EOM putting on noise sidebands with a
modulation index of 7/42 radians; the optical power in the noise sidebands was
estimated at 220 nW per sideband. This second phase modulation was varied in
frequency to linearly probe the error signal response over the range of 100 Hz to
1.6 MHz. Both beams went through the same 0.001 at. percent E'r3+:Y25105 crystal
(batch #1-544) spatially separated with a beam spot size radius of 1.07 mm
otherwise experiencing identical conditions.‘ The crystal was oriented with its b-axis
(2 mm) parallel to the lasers’ k-vector, and its Dj-axis (12 mm) parallel to the
external magnetic field of B = 0.3 T. The laser light polarization was adjusted in botﬁ
beams using a A / 2 wave plate to be parallel to the crystals 15 mm long D, direction.
The crystal was immersed in a liquid Helium bath operated at a tempefature of
T =1.7 K. Generation of the noise EOM drive frequency and capture of the signal at
this frequency was accomplished by using two different techniques depending on the
frequency range being examined. This was required by the limited frequency ranges
of the different instruments. In the range DC-300 kHz, the EOM was driven by the
Stanford Research Systems DS 345 function generator (24 dBm output into 50 Q,
10 Vp, ampliitude) and the signal monitered ﬁsing an EG & G Princeton Applied
Research lock-in analyzer Model 5204. In the range 10 kHz - 1.6 MHz, the Hewlett

Packard spectrum analyzer/-tracking generator E4411 B (0 dBm output) drove the
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EOM with émplificatfon provided by a Minicircuits ZHL-6A amplifier. This also
yielded a 10 Vp, amplitude sigpal at the EOM. The same spectrum analyzer
monitored the error signal. Sweeping the phase modulated noise éidebands over the
si)ectral range of interest allowed measurement of the phase-modulation spectrum of
the error signal. The frequency response of the error signal was obtaiﬁed after
“scaling the phase modulation spectrum by a factor ‘Of 2n/f. Since the phase
modulation signal goes to zero at DC, the signal to noise ratio imposes a lower limit
on the measurable error signal response. The low frequency response of the hole can
be inferred beyond this limit by ta;k,ing the ratio of the spectral noise density
measured relative to the rf:generative spectral hole and that measured relative to a
static reference, in this case, a 150 MHz FWHM inhomogeneous liné in isotopicaily-
purified Er’":LiYF,. This assumes that the same noise is present in both
measurements. This measurement is the source of the experimental data in Fig. 4.8? at
frequencies below 300 Hz. The narrow' features in the .low frequancy error signal
response are artifacts of this technique. The feature at ~700 kHz can be attributed to

a piezo-electric resonance of the EOM.
Discussion

By employing the time domain model, which describes the material in ter'ms‘of
the optical Bloch equations (developed by Dr. G. J. Pryde and C. W. Thiel and to be
described in detail elsewhere [22, 237), if was possible to obtain the frequency

dependent response of the error 'signal, shown as open circles in Fig. 4.8. The
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calculated AC-response of a Fabry-Perot cavity [24,25,26] is given by a dashed
curve for comparison,; it has the shape of a low-pass filter. The cavity transmission
band of half width at half maximum (HWHM) ~ 16 kHz for this calculation was
chosen to have the same width as that of the spectral hole. Over the range of the
measurement, the model and experiment agree, and they are both in coincidence

with the response of the Fabry-Perot cavity.
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Figure 4.8 Frequency response of the error signal generated from a regenerative
spectral hole frequency reference in 0.001 % Er’*:Y,SiOs; experimental
measurement (solid line) and using the model (open circles), compared with the
calculated response of a Fabry-Perot cavity (dotted line) of the same linewidth.
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It is clear that the high frequency roll off is close to 20 dB / decade, which is ideal
for servo design since the accumulated pha,ée shift from the reference is limited to
90°. At lower frequencies, the predicted roll-off of the gain is observed; consistent
with the idea that the system is losing its memory as a frequency reference because
of the limited hole lifetime. In principle, servo gain -can partially compensate the low
frequency roll-off [27], but not low-frequency noise on the reference itself. Passive
reduction of this noise becomes essential for good long-term performance of
regenerative spectral hole burning references with shoﬂ hole lifetimes. Of course,
linear drift can Be removed after the fact, as with lasers stabilized to traditional
references [28]. A new technique has been devised that incorporates the
inhomogeneous absorption line itself as a fixed reference, dramatically improving

the long-term stability. However, this technique is only applicable to materials with

narrow < 1 GHz wide inhomogeneous absorption lines.

Laser frequency stabilization to regenerative spectral holes in Eraf':KTP '

Potassium titanyl phosphate, KTiOPO, (KTP), is an important nonlinear electro-

optic material primarily used as a frequency doubling crystal and for optical
waveguides. Here we report the achievement of 200 Hz laser stabilization ﬁtil-izing
Er’*: KTP with an Er** conceritration of 0.004 at. percent as a spectral héle burni-ri’g

frequency reference.
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Methods and Apparatus

The Er’":KTP crystal was kindly provided by Roger C. C. Ward of .the
Clarendon Laboratory, University of Oxford, England. It was oriented with jts a-axis
parallel to an external magnetic field and its b-axis parallel to the laser .k-'VCCtOr. The
lowest energy 4115/2 — 4113/2 Er’* transition has beén bbserved to exhibit six distinct
sites near 1537 nm. [29] The site Wwith the strongest absorption, located at
1536.87 nm (6506.69 cm™), exhibits transient spectral hole burning by population
storage in the excited state of the optically active Er’* ion; laser stabilization
experiments were performed using the absorptlon transition between the lowest
Zeeman split levels Fig. 4. 9(a) shows the transmission through the ~2 GHz
(FWHM) w1de inhomogeneously broadened line for a magnetic field of B=0.25T
and temperature T = 1..9 K. The origin of the shoulder appearing at higher frequency
is ‘most likely due to absorption from a spectrally similar site, as. indicated by
fluorescence decay experiments. A narroW spect‘rai hoie, indicated by an arrow, has
been prepared by a second laser and can be placed anywhere within  the
inhomogeneously broadened line. The homogeneous linewidth ‘has been
characterized using two pulse photon echoes measured as a function of delay time
between theA two excitation pulses. The measured dephasing time corresponds to a

homogenous linewidth of 2 - 3 kHz for small magnetic fields below B = 0.4 T.
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Figure 4.9 (a) Transmission spectrum of 0.004 % Er’":KTP at 1537 nm showing
the entire. 1nh0mogeneous1y broadened 115/2 — 113/2 optical absorption scanned
by a diode probe laser. The arrow indicates a spectral hole, which has been
burned by a second laser. (b) Transmission of a phase- modulated probe laser
through a single spectral hole created by a second laser, using an applied
magnetic field of B=0.25T. (c) Demodulated FM-error- signal derived from the
spectral hole in (b). :
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The experimental setup and techniques are similar to the previous demonstration
using Er3+:YZSi05. The lasers were modulatgd with modulation index M ~ 0.4 at
27 MHz and 30 MHz, respectively, Values greatly exceeding the spectral hole width.
Fig. 4.9(b) shows the transmission through a spectral hole burned by a second laser
and Fig. 4.9(c) the corresponding demodulated FM error signal probed with a phase-—\
modulated laser; detector signal and local oscillator are.in phase. To obtain a good
signal to noise ratio in the detection under llow laser locking irradiance, it is
beneficial to choose a large frequency reference crystal. ‘Crystal dimensions were
12.87 mm along a, 14.89 mm along ¢, with a 5.18 mm optical path along b, both
lasers were locked to the same crystal. To avoid spatial overlap o'r interaction of the
two independently locked laser beams, a mask with séparated 4 mm apertures was
placed over the crystal. A small magnetic field of B ~ 0.25 T has been conveniently
applied by sandwiching the sample holder between two permanent Nd-Fe-B magnet
disks of diameter 5 cm greatly simplifying the experimental apparatus. The mounted
crystal was immersed in liquid helium at T =1.9 K. The entire two-laser optical
setup, including the cryostat, fit on a 3’ by 4” optical breadboard, which was placed
on vibration damping foam on a commercially available pneumatically floated
optical table. An acoustical isolation enclosure box [30] made of medium density
fiberboard lined with %4” thick polyester embossed sound control mat covered the
experiment to provide passive acoustical isolation from ambient acoustic noise.

The laser irradiance of ~ 100 WW/cm? at the crystal was split from the laser beam

using a A/2-plate / prism-polarizer combination, leaving most of the laser output
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power to be used for experiments requiring a stabilized source or to saturate an
Erbium doped fiber amplifier for higher powér applications. Using higher irradiaﬁce
at the locking crystal leads to a deeper spectral hole, which in turn becomes broader
due to stronger material absorption in the wings of the hole than at tﬁe hole center.

During active stabilization, each laser burns a spatially and spectrally separated

transient spectral hole into the inhomogeneously broadened absorption profile. Error-

signal feedba'ck to each laser leads to a continuous regeneration of the transient
spectral hole until a balance between spontaneous hole relaxation and hole burning
occurs.

The relative frequency stability of the twd stabilized lasers was characterized ‘by
the statistical Allan deviation [18] of the optical beat frequency since no absolute

frequency reference was available.

Results and Discussion

The Allan deviation for (a) the free running lasers and (b) actively stabilized -

lasers is shown in Fig. 4.10. With the lasey locked to transient spectral holes in
Er’*: KTP aﬁ improvement in the Allan deviation over the free funning lasers to
250 Hz has been achieved for integration. times between .1 ms and 100 ms,
‘demo.nstrating the potential of Er’*: KTP at the current stage of system developfnent.
During quiet periods, Allan deviations of 200 Hz at 10 ms intégraﬁon time have been

measured. The structure of the Allan deviation curve is reproducible;
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Figure 4.10 Allan deviation for the heterodyne beat frequency between two
lasers: (a) lasers free-running, (b) independently locked to transient spectral
holes in the “I;s,—*I1; transition in Er**:KTP at 1537 nm.

Long-term drift of the laser, evidenced by an upturn of the Allan deviation at longer
integration times, has been greatly reduced by choosing an intermediate phase
setting at the mixer between detector signal and local oscillator. This technique
combines the excellent short-term stability of the spectral hole with the good long-
term stability of the inhomogeneous line as described above; long-term drift of the
beat frequency between the two lasers has been suppressed to ~ 10 kHz per minute.

The demonstrated short-term stability is showing a clear improvement to the
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previously reported results using transient spectral héles in Er’*:Y,SiOs and is the
best result achieved in Er?+—doped compounds. As in the case of Er3f:YZSios,
spectral diffusion plays. a major role in the achieved peffonnance.[13,19] Even
though the transient spectral hole provides a narrow ~ kHz reference, fhe narrow
hole width could not be fully exploited over longer periods because of the Tl-linﬁted
hole lifetime. In addition,l the strong Er’* jon magnetic moments in the ground state
are perturbed by local field fluctuations due to electron spin ﬂip-ﬂdps between
nearby Er’* jons in the ground state. These perturbations lead to a broadening of the
homogeneous linewidth over time. The small magnetic field c;f B =0.25T applied
slows this spectral diffusion process by thermally depopulating the upper Zeeman -
component of the Er**-ion groﬁnd state but does not eliminate it completely.
Technical limitations are similar to the ones\described above for E'r3+:Y2‘Sios.
Environmental disturbances due to vibration and acoustical noise sources have been
partially addressed by floating the optical table and Covering the experiment by the
acou’stica} enclosure described in the secti()n; Methods and Abparatus; improvements
to the servo system and laser diode drivers have been made as well. Performance
without these modifications is indicated by the minimum 500 Hz Allan deviation

observed for Er*Y,Si0s in Fig. 4.4. [19]
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Conclusions

The concépt of laser frequency stabilization using regenerative tranéient spectral
hole burning has been extended to the technologically importalllt 1.5 um wavelength
region. Stable laser sources based on this 'nﬁethbd improve both spectroscopic
capa_bili.t‘y and the performance of SHB devices such as all-optical netvs;ork routers
and address header decoders. Moreéver, by stabilizing the laser sour;:e to the- same
SHB material that is already employed in the SHB device, system complcxity is
significantly reduced. A hyBrid methqd tp control long-term frequenc:y drift has been
demonstrated, uéing an interrnediate phase delay in the phase sensitive detéction of
the frequency locking error signal that explqits contributions from the narrow

spectral hole and from the inhomogeneous absorption"profil.e.- This stabilization

method is particularlthell suited for spectroscopy and for optical data proce'ssing

devices based on time-domain spectral hole burning. Substantial improvement in .

stimulated photon-echo reproducibility was demonstrated, shdwing the impact of
this technique on spectroscopy of rare“earth materials.

As Ihateﬂals having gated persistent spectral holes with very long ‘lifetimes aré
developed, [31] the locking techniques reportéd here for regenerative SHB can be
appliéd to produce sources with loﬁg term stability and perhaps provide highly

portable secondary frequency standards. -
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Laser frequency stabilization to persistent spectral holes in Er3+:D':CaF2

Here we report stabilization of external cavity diode lasers to persistent spectral
holes at 1523 nm in Er3f:D':CaF2 which we believe is the first demonstration of a
programmable frequency reference in the important 1.5 um telecommunication band

based on persistent spectral holes. The results presented here extend the excellent

performance of spectral hole stabilized lasers to integration times of tens to hundreds

of seconds as indicated by a 5.7 kHz Allan deviation over 1600 s integration ti-me,
opening up ‘néw regimes for spectrdscopy and interferometry applications. ‘Persisteﬁt
spectral holes in Er’*:D":CaF, are qualitatively. different from persistent spectral
holes found in other materials due to their extremely long lifetime; no measurabie
degradation of the persistent holes in Er3+:D’:C'aF2 has been detected over 48 hours
in the absence of continuous laser radiation, which suggests that the lifetime could
be indefinitely long. A reference frequency programmed as a persistent spectral hole
in Er*:D:CaF, could potentially be ;lsed as a long-term secondary frequcncy
standard in a scheme where a flywheel oscillator infrequently probes the persistént

spectral hole to maintain its long-term stability.

Methods and Apparatus

Er3+:D':CaF2, to our knowledge, is the only material known to exhibit persistent

spectral hole burning [32] in the spectral region at 1.5 um. The crystals used in these
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experiments have a 0.05 atomic percent Er’* concentration and were prepared by
Glynn D. Jones at the University of Canterbury, Christchurch, New Zealand. The
introduction of deuterium (D7) ions into Er’* doped CaF, crystals leads to a
substitution for F" ions on interstitial or lattice sites in the‘Vicin.ity of the Er’* centers,
giving rise to édditional absorption lines. Among these, the R center, one of the
strongest multiple D’-ion centers, has been shown to exhibit petsistent hole bufning
on the 4115/2 — 4113/2 Er** transition located at 1523 nm and is used here for this laser
frequency stabilization demonstration. [32] The spectral hble burning me(c‘:hanism is.
known to involve excited D" ion migration into nearby interstitial sites [33]. Spectral

holes of ~ 40 MHz (FWHM) have been measured to be fully persistent for at least

forty-eight hours. That together with the high activation energy of the hole burning

process implies that the hole lifetime could be indefinitely long if the sample is held

at liquid helium temperature. Thermal cycling of the material leads to a full recovery
of the original hole shape depending on the ‘temperatu're réached and time held;
shallow holes burned at 1.7 K‘ were largely recovered after thermal cycling up to
70 K for 10 minutes. These properties make Er3+:D':CaF-2 an interesting candidate
for a secondary programmable transportable frequency reference since the
absorption profile can be @odified in a contfolled way. 'F-or instance laser beat
frequencies or information can be recorded in the crystal With arbitrary frequency
separations in the form of persistent spectral holes burned anywhere within the
absorption profile and read out at a later time or location as long as the sample

temperature and pressure is maintained. Fig. 4.11 (a) shows a transmission spectrum
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of Ef3+:D':CaF2 and illustrates a number of spectral holes that have been stored into
the inhomogeneous absorption line of the R center. The use“ of this material as a
frequency reference is feasible up to a temperature of 30 K‘Where‘ the hole width
reaches 320 MHz (FWHM). Commercial closed-cycle cryocoolers can readily cool
below 10 K, supporting the practical operatibn of materials like Er3+:D":CaF2 without
cryogenic fluids. '

It should also be pointed out that the R-site hole burning mechanism is a property
of tﬁe host, rather than being dopant-specific, providin.g‘ greater wavelength
versatility by replacing the Er’* ions with other suitable rare earth ions, such as
Tm™, Pr’* [33].

Laser frequency stabilization was implementgd as described above. The lasers
were externally modulated with electro-optic phase modulators. Chs!tom—_built
resonant tanks were constructed by the author (see Appendix A), which allowed
tailoring tﬁe mbdulation frequency and modulation index to the specific material
parameters. .The primary sidebands chosen had a modulation index of M= 0.4, and
the modulation frequencies -of 93 MHz and 109.5 MHz for the two lasers were
chosen to lie outside the ~ 40 MHz FWHM of the spectfal‘ holes used as frequency
;eferences. Flg 4.11(b) shows a transmission spectrum through a single spectral hole
burned into the R absorption line aﬁd the corresponding demodulated FM error

signal (Fig. 4.11(c)).
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Flgure 4.11 (a) Transmlss1on spectrum of Ef™D :CaF, at 1523 nm. A number
of spectral holes have been bumed into the inhomogeneously broadened

115/2 — 113/2 optical absorption for demonstrating the programmability of the

material. Spectral hole burning is not limited to the center of the line. The
arrow indicates a spectral hole, which is enlarged in (b). (c) Demodulated FM-
error signal derived from the spectral hole in (b).
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To demonstrate high performance under simple conditions, the entire setup was
implemented on a 3’ by 4’ tabletop breadboard placed on an unfloated optical table
without any acoustical isolation.

The two lasers were independently stabilized to spectral holes in separate
reference crystals; each crystal was masked to avoid any coupliné by stray light from
the other beam and.was immersed in a single liquid Helium Oxford Optistat bath
cryostat held at T = 1.9 K.

Since width and depth of the prdgrammed persistent spectral hole determine the
slope of the error signal for active laser frequency stabilizatiOn; careful preparation
of the initial persistent spectral hole is important. An increase in hole width as a
function of burn time was observed due to hole burning'centers having ohly a partiél
frequency overlap of their homogeneous linewidth with the laser, which leads to a
lower effective transition probability and therefore hole .burning on a longer time
scale. [34] Also, the hole depth increases and eventually saturates as a function of
burn time due to the finite number of centers at the laser frequency; as the 'persistent
spectral hole bﬁms déeper its width increases due to earlier saturation in the center
than in the wings of the hole.

A tradeoff between hole depth and hole width has to be made in prebaring the
initial persistent spectral hole. Good results were achieved in using, persistent
spectral holes of FWHM ~ 40 MHz, prepared by illuminating the sample for
20 seconds with incident light intensities of ~ 300 uW/cm?. Since the short-term

laser linewidth of the free running laser is much less than the narrowest spectral hole
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width in this material no active stabilization waé engaged in preparing the initial
spectral hole. The laser irradiance was controlled using a polarizing beam
splitter/haif—waveplate combination.

The persisteht spectral hole in each crystal was recorded at a similar frequency to
allow the beat frequency between the two lasers to lie well within the -125 MHz
bandwidth of the beat signal detector; otherwise the beat frequency can be chosen
arbitrarily by the relative freqﬁency between the two spectral holes. Laser irradiance
enters into the locking stability in two opposing ways. High irradiance leads to good
signal to noise ratios on the locking d‘etectbrs but modifies the spectral hole sﬁapes
through continued hole burning; this degrades the reference by making the holes
broader and deeper especially when the locking is inadvertently‘(‘)ff center relative to
the hole. To alleviate this trade off, large samples (~ 9 mm diémeter) wefe chosen,
alldwing ‘the use Qf a 4.8 mm beam diameter to preserve the signal to noise ratio
needed for the servo feedback 160p and to minimize continuous modification of the |
spectral hole. For active stabilization, the laser illumination was reduced by one.
order of magnitude to ~ 30 pW/cm? to minimize hole burning during locking. The

laser frequency stability was characterized as described before.

Results and Discussion

Results for the achieved laser frequency‘ stability atre shown in Fig 4.12, with the
Allan deviation for the beat between (a) the free running lasers contrasted (b) with

that for the spectral hole stabilized lasers. The free running lasers show frequéncy :
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stability comparable or even better than similar commercially available systems and
are élready sufficient for many applications in spectroscopy. With the laser locked to
~ 40 MHz (FWHM) wide persistent spectral holes, an improvement in the Allan
deviation over tﬁe free runhing laéers of at least one order of magnitude has been
.achievled for integration times longer ,than 2 ms; for integration times longer than

300 s the improvement reaches more than three orders of magnitude
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Figure 4.12. Allan deviation for the heterodyne beat frequency between two
lasers: (a) lasers free-running, (b) independently locked to persistent spectral
holes in the 11 50 —> 113/2 transition in Er’*: D :CaFy at 1523 nm
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Sub-kilohertz Allan deviations down to 680 Hz have readily been reproduéed over a

wide range of integration times without requiring vibration isolation of the laser or -

the crystal frequency reference. This demonstrates laser frequency stabilization to a
persistent spectral hole to better than 6 parts in 10° of the ~ 40 MHz hole width or
better than 3 parts in 10'* of the optical frequency. The measured Allan deviation

curve is reproducible. -

Characterization and optimization of spectral hole burning references by

experiment and simulation [21,22] show that the Allan deviation over shott
integration times is determined by the width of the spectral hole Ieading to a high
signal to noise ratio and consequently good short-term stability, whereas stabilization
over long integration times is determined by the lifetime of the spectral hole. The
Ef3+:D':CaF2 material used for this demonstration is not ideal, since the width of the
spectral holes (~ 40 MHz) is much wider than found in many other rare earth doped
material systems and is therefore limiting the short-term stability. The long lifetime
of the persistent Er’*:D":CaF, spectral holes leads, however, to a good long-term
stability demonstrated in Fig. 4.13, where a subset of the beat frequency change over
10 minutes between the (a) free running and (b) actively stabilized lasers is shown.
Laser frequency drift has been reduced to less than 1 kHz per minute. The achie.ved
- stability demonstrates the relative immunity of the spectral hole frequency reference

to environmental disturbances like vibrations and acousticél noise.
It should be noted that the initial spectral hoie becomes broader and burns deeper

over time during continued laser locking illumination. This results in a reduced
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precision of the frequency reference over long stabilization times. To overcome this
problem a hybrid locking technique could be considered where the short-term
stability is given by a flywheel oscillator, stabilized to a regenerated transient
spectral hole or Fabry-Perot, and long term drift is controlled by comparing its

frequency to the frequency of the programmed spectral hole.
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Figure 4.13 Subset of the change in heterodyne beat frequency between (a) free
running and (b) independently locked lasers to persistent spectral holes in

separate crystals over a period of 10 minutes; the lowest trace is an expanded
view.,
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Technical limitations in our demonstrated laser frequency stability are similar to the
ones described in the case of Er’*:Y,SiOs locking. Already significant improvemeflts
over longer time scales have been made since locking to persistent spectral holes in a

similar material, Tm3f:D'1:CaF2. [11] has been reported.

Conclusion

In ;:onclusion, we have extended the use and peﬁorﬁance of persistent spectral
holes as programmable laser frequency references to the important 1.5 pm optical
communication window, achieving sub-kilohertz laser frequency stability over broad
time scalés. A compact laser frequency sfabilizati‘on that utilizes rather inexpensive,
low maintenance external cavity diode lasets has been demonstrated. The system is
not limited to low optical power applications, since Erbium doped fibef amplifiers or
injection locked high power laser diodes can be used to boost the output powet.
Other sources like DFB-lasers can be stabilized using this technique.

Suitable spectral hole burning materials for laser fréquency stabilization and
spectral hole burning based optical processing are under.c'onstant .development
spanning a wide wavelength range, facilitating the stabilization of other sources and
proving the Versatﬂity of the technique. Mate\rial‘s ‘ cbmbining very narrow few-

hundred-Hertz-wide holes [35] with long lifetimes of several weeks and minimal

spectral diffusion will provide good stability over a wide range of integration times.
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Permanent hole burning references with gated spectral holes under development‘ will

provide portable compact secondary frequency standards.
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CHAPTER 5

SPECTROSCOPY AND DYNAMICS OF Er’*:Y,SiOs

. Introduction and Motivation

- The optical material Er’*:Y,Si0s has recently received considerable attention fof
spectral hole burning applications in the important 15 Um optical communication
band. This material has also been investigated for solid-state laser applications [1]
becaﬁse of its good chemical and thermo-mechanical properties as wellnas the
potential for high rare-earth doping. In 1997, Macfarlane et al. [2] measured the first
two-pulse photon echoes and observed dephasing times up to 580 s, triggering a
number of important SHB proof-of-principle device demoﬁstrations. These
demonstrations were motivated by the desire to develop SHB technologies that
would enable all-optical memory, switching, and processing at cql_nmunication
wavelengths [3, 4]. These potential SHB devices would store information encoded in
optical pulse sequcnées _by employing stimulated photon echoes. With this approach,
the maximum temporal length of a recorded data stream is limited by the matgﬁal
coherence lifetime, Tz., requiring long coherence lifetimes for some practical device
applications. Even with continuous programming and accumulation [5, 10], T

remains an important parameter. The importance of T, for SHB applications
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provides a motivation for fundamental research to fully explore the parameter space
that influences the coherence lifetime so that optimized materials may be developed.

The material Y,SiOs is well known as an excellent host for achieving ultraslow
optical dephasing at low temperatures. [6] These extremely long T, values are
expected because the _constituent elements in Y,SiOs have small magnetic moments
(= 0.137 py for Y) or small natural abundance of magnetic isotopes (4.7 % with —
0.554 py for S, 0.04 % with — 1.89 py for 70). [2] By minimizing the magnetic
moments in the host lattice, dephasing due to nuclear and electronic spin fluctuations
can be dramatically reduced.

In any Er* material, the primary sources for homogeneous broadening are
magnetic interactions between the large electronic magnetic moments of the erbium
ions. Lowering the Er** concentration can minimize these.

The complex magﬁetic dipole interactions bétween béth electronic and nuclear
spins have been the subject of research over the last six decades in the context of
nuclear magnetic resonance (NMR) anq electron paramagnetic resonance (EPR) as
well as optical experiments. [7, 8, 9]. In the literature, ions, and their corresponding
spins, are commonly divided into two groups, where the ions directly being probed
in the experiment are rgfeifred to as the A-ions, and the remaining ions present in the
environment, but not directly probed,. are referred to as tﬁe B-jons. Tﬁ achieve long

dephasing times, it is necessary to suppress“t‘he spin-flip broadening caused by the

environment B-ions and the optically active A-ions. Motivated by the need to

minimize spin-ﬂib broadening, we have characterized the spin-ﬂip induced spectral
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diffusion. The apbroach taken in this work is to characterize the e,ffécts of erbium
ion-concentration, magnetic field strength and orientation, and temperature on the
spectral diffusion to develop a systematic strategy to optimizing the SHB maten'al.‘

This chapter presents the conventional “and nonlinear spectroscopy‘ of
| Er’*:Y,SiOs relevant to SHB applications. Early sections cover the site-selective
spectroscopy to determine the crystal field level structure and to identify spectral
hole burning transitions at 1.5 um. Crystal field levelé were mapped out for the -4115/2
ground state and the “I;3;, excited state. Time-resolved ﬂuorescence spectroscopy
was used to measure the excited state lifetime, which determines the maximum
achievable coherence times in the material. Full rotational Zeeman experiments were
performed in the three separate optical planes of the crystal to determine the ground
state and excited state g values for both sites, ‘revealing a preferred direction for
applying the external magnetic field. |

Coherent nonlinear spectroscopy was used to determine material properties not
accessible by conventional methods, such as the coherence lifetime, Tz, and its
spectral domain counterpart, the homogeneous linewidth, thm. Two-pulse photon
echoes were mgasurgd as a function of magnetic field orientation in the optical

extinction planes and supplemented the Zeeman experiments. The time evolution of

the homogeneous linewidth due to spectral diffusion was studied with stimulated

photon echo spectroscopy as a function of magnetic field, erbium concentration,
temperature, and crystal orientation. The spectral diffusion observed in Er’":Y,SiOs

can be successfully described in the framework of established theories [18] with the
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explicit inclﬁsion of a direct phonon process driving the Er** spin-flips, as presented
in detail in appendix C. |

The spectroscopic studies described in this chapter led to significant material
optinajzétion for SHB applications while improving our fundamental understanding
of these materials. This has enabled (to the best of our knowledge) the measurement
of the narrowest optical resonance in a solid with a homogeneous linewidth of
Thom =73 Hz. Photon echoes are reported at elevated temperatures of up to 5K,
which is particularly important to facilitate operation with mechanical cryo-coolers
to eliminate the requirement for liquid Helium. The SHB device potentiai of
Er3+:YZSi05 was demonstrated for a-high bandwidth 0.5 GHz correlator at T=42K
[10]. | |

The crystals were grown by Scientific Materials Inc. of Bozeman, Montana using
the Czochralski method. The Er**- concentrations varied between 0.001 and 2 atomic
percent. The crystal Y,SiOs belongs to the space group Cj, with eight formula units
per monoclinic cell. The Y** ions Loccupy two crystéllographically inequivalent sites
of Ci symmetry [11] and the Er** jons substitute for Y>* host ions without charge‘
- compensation. All crystals were transparent and appgared colorless. The material
Er*:Y,Si0s has 3 mutually ‘perpendicular optical extinction axes, the b-axis
equivalent with the (010) direction, and .the D; and D, axes correspond to optical
- extinction directions when the sample is viewed along (Old) between crossed
polarizers. [1] All crystals were oriented, cut and optically polished perpendicular to

the three optical extinction axes.

-
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Conventional spectroscopy

Spectroscopy on Er’*:Y,SiOs has been previously reported by Li ez. al. [1] on
highly doped (up to 10 at. percent Er’* concentration) powder and single crystal

samples for temperatures between T = 10 K and 300 K in the context of solid-state

laser material development. Absorption and emission measurements yielded 16

crystal field components of the “I;s/, ground state for the two crystallographical sites
and 14 components of the “I;3, excited state. Crystallographic s?te identifications
reported by Li et al. are uncertain. Their assignments were made according to‘ line
strength and assuming that both sites have similar energy level structure slightly

shifted with respect to each other without the use of site-selective spectroscopy.

For that reas‘oh, broadband absorption experiments and site-selective -

fluorescence experiments were used to resolve this issue. Absorption measurements
located the excited-state crystal field levels, and site-selective - fluorescence
confidently assigned thé excited and grOund state lével structure to each
crystallographic Er’* site. A .numbe'r of -the previous assignments‘ have been

superceded.by our more detailed and precise measurements.

Methods and Apparatus

Fighre 5.1 shows the experimental setup used for ab‘sorption and site-selective

fluorescence measurements.
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~ For absorptiori, az2% Er3+:YZSiO5 crystal (batch # 0-84) was immersed in a

liquid Helium bath held at T=1.95K using an Oxford Instruments SpectroMag

cryostat with- four windows providing -optical access. The chosen Erbium
concentration proved ideal to avoid over-absorption. Sharp absorption lines were
detected. The crystal was alighed with its b-axis (2 mm) parallel to the li gh£ k-Vec.tor.
Other crystal dimensions were 3 mm along D; and‘ 4 mm along D;. For absorption
me;asﬁrements, an f=150mm lens (not shown) focused an image of a 55 W
tungsten filament iﬂside the crystal. A color filter (not sﬁown) was placed in the
beam path between the filament énd cryostat with band-pass between 950 nm and
2900 nm to eliminate visible light that could be transmitted at second -order by the
spectrometer. A Glan-Thompson polarizér (not shown) selected  the l_ight
polarization.. An =150 mm lens (not shown) collimated the light transmitted
through the crystal. The light was then focused with an f =200 mm lens (not shown)
on the entrance slit of a SPEX model 1000 M spectrometer. The spectrometer
grating had 600 lines / mm blazed at 1.5 pm, giving 1.6 nm / mm dispersion at the
exit slit. Entrance and exit slit width were 20 um, giving a bandpass of 0.32 A or

0.14 cm™. The exit slit of the spectrometer was imaged onto either a liquid Nitrogen

cooled Hamamatsu NIR photomultiplier tube (PMT) Model R 5509-72 or 2 liquid

Nitrogen cooled Advanced Detector Corporation Gemanium detector Model 403 L
(not shown). The detector signal was further amplified using the vertical plug-in of
an analog Tektronix 7904 oscilloscope, digitized by a 12-bit National Instruments

Model AT-MIO-16F-5 analog to digital converter (not shown) and recorded with a
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data‘ acquisitioh computer that also controlled the spectrometer grating position.

Signal averaging was accomplished by reading the analog to digital converter for a

fixed number of times, typic;ally 1000, at each setting of the spectrometer.
Interference fringes caused by the Germanium detector window as well as a rich

absorption spectrum of water lines partially obscured the recorded absorption

spectra. Water molecules in the beam path absorbed light in the spectral region of

interest resulting in sharp absorption lines superimposed on the Er** absorption lines.
The water lines conveniéntly allowed calibrating the measured absorption spectrum
using the water line at\las. [12] The interference fringe background was reduced
using a wedge-shaped YAG window in place of the original and was removed usihg
a software routine. [13] Final calibratiéns of the spectra were verified using the
narrowband ECDL as a marker in the spectrum whose wavelength was (ietermined
with the Burleigh WA 1500 wavemeter to very high precision. . |

Opérating at T = 1.95 K ensured that only the lowest crystal field level 21 of the
4115/2\ J-multiplet was initially populated. Absorption measurements ‘mapped the
crystal field levels of the “I;3, J -multiplet. The 03.bserved absorption spectra contain
two interspersed sets of absorption lines from both Er*t sites, Witﬁ each site
experiencing slightly different crystal field splittings in the Y,SiOs host. .

In order to unambigubusly assign the observed absorption lines to a specific
crystallographjc site, and to site-selectively map out the energy levels. of the *Iys;, J-
multiplet, site-selective fluorescence experiments were - performed. In these

experiments, a narrowband laser was used to individually excite each absorption
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line. The fluorescence from the 4113/2 to the 4115/2 level carries a ,distinc_t signature
depending on whether it was excited from. an absorption line belonging to site 1 or
site 2. Two distinct fluorescence spectré Weré observed when individually pilmping
all absorption lines with the narrowband ECDL, and this allowed each cry;tal fiéld
level of the 4115/2 ground étate and 4113/2 to be assigned to site 1 or site 2. For these
experiments, a 0.001 % Er’*:Y,Si0s crystal (batch # 1-544-Top) was aligned with its
D; axis parallel to the laser k vector. The fluorescence was collected from the b-D;
plane at an angle of 90° with respect to the laser beam..Crystal dimensions were
3 mm, 5 mm, and 4 mm albng b, D;, and D,. Mdnitoring the ECDL wavelength with
a Burleigh WA 1500 wavemeter ensured site-selective pumping. Laser absorption of
the individual 4113/2 levels was also verified by spénning the ECDL over the
respective absorption line and detéctin—g.the transmitted intensity With a New Focus
Model 1811 InGaAs PIN-photodiode. The fluorescence spectra were obtained by
scanning the spectrometer and recording the detector signél with the data acquisition

computer.

Results and Discussion

Figure 5.2 shows a polarized E // D; absorptiqn spectrum at T = 1.95 K for the
2 % Er3+:‘YZSi05 crystal. Water lines and interference fringes have been rémoved
from the spectrum for clarity. The spectrum contains very sharp well-separated
absorption lines; 13 out of the possible 14 lines of the 4113/_2 ‘J—m"ultiplet were

observed. Line centers were determined by fitting the absdrption lines.
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Energies in wavenumbers are indicated above each line and site assignments are
given in parentheses. The levels above 6700 cm™ could not be selectively assigned |
due to limits of the site-selective fluorescence e;gperi‘ment, described below. |

Figure 5.3(a) shows the fluorescence spectra excited from the 4113/2:Y1 level of
site 1 at a temperature of T = 10 K. Figure 5.3(b) shows that all of the eight poésible
lines for each site were clearly identified. Fluorescence line centers were obtained
from a Gaussian fitting routine and are labeled in the graph. Due to the limited
tuning range of the ECDL, it was not possible to pump levels above 4113/2:Y4, S0
levels above 6700cm™ could not be assigned to a site using this method. -

The crystal field level structure of Er3+:Y2SiO5 determined from absorption and
site-selective fluorescence experiments is shown in F1g 5.4. The level structure
obtained by Li et al. [1] is given for comparison. The ground state “I;s; crystal .field
levels have Been labeled Z;—Zg and the 4113/2 excited state crystal field levels with Y-
Y4; higher lying Y, assignments are undetermined. The large discrepancies of the
levels Li ez al. determined in their simpler experiment are evident. Differences can
be ascribed to the superior spectral resolution, experimental conditions, calibration
techniques, and sample quality used in our expen'menés. Spectral lines in absorption
and fluorescence are sharp, well-separated and clearly resolved, while si-te-seléctivc
fluorescence experiments allowed unambiguous site assignment. Table 2
summarizes the crystal field level structure of the Er3j’:YZSiO5 4115/2 and 4113/2

manifolds obtained in this work.
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Table 2 Crystal field levels of Er’*:Y,SiOs as determined from absorption and site

selective fluorescence experiments.

Label Sitel Site 2 unassigned
“Iya, energies (cm™) 6871.68
6852.95
6800.03
6752.56
6726.97
Y4 6625.08 6622.51
Y3 6599.14 6594.50
Y, 6549.82 6565.65
Y, 6508.39 6498.14
Misi2 energies (cm™)  Zg 509.58 411.99
Z7 . 479.62 346.61
Zs 419.57 313.16
Zs 169.72 167.65
Zy 102.46 125.76
Z3 84.3 62.85
Z, 39.37 26.6 .
Z, - 0 0
Lifetime Measurements

This section describes investigations of the fluorescence dynamics of “the

metastable “I;3:Y; excited state for Er’* in both crystallographic sites. Knowledge

of the excited state lifetime, Ty, is important since it establishes an upper bound for

the coherence lifetime, T, given by T, < 27,. In the experiment, a laser pulse was

‘used to pump the 4115/2:21 to 4I13/2:Y2 transition of a single site._Rapid nonradiative

relaxation from Y, to Y; within the ‘4113/2 J-multiplet of that site results .in

fluorescence occuring from 4113/2:Y1 to 4I15/2_:21-Zg. This fluorescence intensity was
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recorded as a function of time with the PMT and spectrometer that was tuned to
individual ground state levels. The 4115/2: Z; to 4113/2: Y, transition was pumped to

allow the laser and fluorescence signal to be spectrally separated.

Methods and Apparatus

Figure 5.5 shows a schematic of the experimental se’tup.uSed to investigate the
fluorescence lifetime of the metastable 4I13/2 state. The same Er3+:YZSi05 crystal and
orientation was used as described earlier for fluorescence -eXperiin,ents. The low
0.001 % Er** concentration minimized radiative energy frapping c'iffec-ts‘ that can
artificially lengthen fluorescence decay times.

The ECDL light source provided 1.8 mW of single-fréquency light that saturated
the output of an ILX Model FO‘A-8_100 Er fiber amplifier -(E-DFA) at 35 mW. A
Cryétal Technology Model 3165-1 acousto optic modulator (AOM) gated ims
duration puises at 10 Hz repetition rate from the amplified laser beam to excite
fluorescence. A A/2-plate (not shown) in front of the cryostat defined the orientation
of the linear polarization. A PTS-500 RF éynthesizer (RF-source) amplified by a
40 dB Minicircuits ZHL-5W-1 amplifier drove the AOM at 165 MHz. Laser pulses
were obtained by .switching the RF-power to the AOM with a Watkins-J ohnson S1
RF-switch contfolled by a Hewlett Packard model 8013B pulse generator at the RF
switching threshold. The required pulse sequencé was prbvided by the HP pulse

generator, triggered by a Stanford Research model DG 535 delay generator.
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Fluorescence from the crystal was collected at 90° to the laser beam geometry
and focused onto the spectrometer entrance slit with the spectrometer tuned to the
respective 4115/2: Z, t'ransiﬁon. The spectrally fesolvéd light leaving the spectrometer
exit slit was detected by the PMT in a time-resolved fashion. The ‘si‘gnal from the
PMT was captured on a Tektronix TDS 520 D digitizing oscilloscope ‘griggered i)y
the DG 535 delay generator. A Burleigh WA 1500 wavemeter continuously
monitored the laser Wav‘elength. The transmittedvinteﬁsity through the crystal was.
monitored with a New Focus 1811 InGaAs photo detector to verify abso'rption‘ lines
for pulsed excitation. For this purpose, the ECDL was scanned and the AOM

“operated in continuous wave mode.

Results and Discussion

Figure 5.6(a) shows the measured 4113/2:Y1 —)4115/2:21 fluorescence decay for
site 1 and Figure 5.6(b) for site 2, both at a temperature of T = 10 K. The observed
fluorescence decays were exponential over several decades and ‘ex’ponential least
squares fits to the data are shown as soi‘id lines. A fluorescence lifetime of
T1=(11.44 £0.01) ms was obtained. for site 1, whereas Ty = (9.26 + O.-Ol) ms was
obtained for site 2 from the exponential fit. Bxciting tﬁe Z1-Y, inhomogeneous line
on the low energy side yielded a 0.2 ms shorter lifetime. A declrease of 0.5ms in

lifetime was observed by increasing the sample temperature to T =40K.
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Figure 5.6  Fluorescence lifetime decay for  0.001% Er’*:Y,SiOs
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150

The lifetimes were unaffected by varying the spatial location of excitation (edge
versus center).

In contrast, pronounced variations in the ‘ﬂuorescv:ence lifetimes of a 10 %
Er’*:Y,S8i0s crystal were observed by Li er al.[1], but without disti‘nguishing
between crystallographic sites. Li et al. observed a very strong geometrical effect by ;
moving a slit in front of the crystal along the CXCitatiOI; direction and found a linear
increase of the lifetimes from 10 ms to 17 ms with increasing e):icitation path length.
Measuring the fluorescence temperature dependent lifetime in 1% Er3+:Y2$i05, they
obtained variations between 13 ms at T=12K and 8 ms at T=300K. Li et al.
attributed these variations to a radiative enérgy‘trapping process, during which the
emitted photon is reabsorbed (trapped) and then reemitted, slowing down the overall
observed fluorescence. Increasing ‘the prystal temperature reduces the absorption
coefficient, and therefore reduces the probability of trapping but it also changes the
population of .the individual levels. in the 4113)2emu1tiplet. Increasing the excitation
path length increases the number of ions participating in the reabsorption process,
which enhances the probability of trapping. The large spread in Li et al. results does
not allow a direct comparison to our measurements. |

The ultra-low Erbium concentration of 0.001% used in our ex'pen'ments
minimized effects associated with trapping. as the small Variatioﬁ in fluorescence
lifetime with temperature and excitation energy suggest. Hence, the values of
11.4 ms for site 1 and 9.4 ms for site 2 provide an accurate result and establish an

upper bound for the fluorescence lifetime of the 4115/2:Y1 level in Er3+:YZSi05.
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Stimulated photon echo T-decay experiments discussed' in the nonlinear
spectroscopy section set a lower limit for the fluorescence. lifetime by measuring a

T1 of 9.8 ms for site 1.

Zeeman experiments

Practical operation of Er3‘+:‘Y‘ZSiOs in SHB devices demands the application of an
- external mégnptic field in order to obtain long dephasiﬁg‘times. A magnetic field
lifts the Kramers degeneracy by splitting each doubly-degenerate cryétal field level.
The level splitting, characterized by the g value, is a key variable influencing the
microscopic dynamics in Er3+:YZSi05. Max_imizing the level splitting relative to the
thermal energy, kT, can “freeze .out” the thermal populationvin the upper Zéeman
level and thus reduce dephasing due to electron spin fluctuations of neighboring Er’*
ioﬂs. Zeeman speétroscopy is used to detefmine the relévant ground ana excited ‘sfafe
g values that influence the optical dephasing. Controlling the level splitting is an
important part of the ﬁiaten'al optimizatioﬁ strategy.

Implementing such a strategy was made difficult by the ex-traofdinar-y complexity
encountered in Er3+:Y28105, which has two distinct érystallogféphic sites t'hgt both
exhibit low C; site symmetry. This complexity results from the anisotropic level
splitting of individual Kramers doublets and magnetic inequivalence for | ééch
crystallographic site.‘ Hence, Zeeman eﬁpeﬂments were carried out as a function “ of

magnetic field orientation to find a direction that simultaneously maximizes g for all
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levels important for optical dephasing. The results of these measurements led to the
identification of a p?eferred magnetic field on'entatibn ‘efhaic mininiized deph_asing,
and thus optimized Er3+:'§.(23105 for practical SHB‘-device applications. |

As we discussed in the previous s,ection, the crystal field partially lifts the 2J+1
degeneracy of the free ion, 'yi‘elding up to J+1/2 crystal field levels. Because of |
Kramers degeneracy, all crystal field levels determi‘neci 1n the previous s‘ection are
doubly degenerate and have first order magnetic morﬁents. The “Lis; ground J-
multiplet consists of 8 Kramer’s doubleftg and the ‘;‘113/2 excited state J-muliplet
coﬁsists‘of 7 Kramer’s doublets. Application Qf“an éxternal magnétic field lifts the
remaining degeneracy, and eath crystal field level splits into two.Zeeman sub-levels.
Figure 5.7 schematically shows the Zeeman splitting for the gfouhd-(é) 4115/2: Z and’
excited state (e) 4113/2: Y levels, where g and é label the_ ground and excited state
and + and - the upper and lower Zeeman components. The léftérs a, b, c, and d
indicate the four different optical transitions that are possible betwéen the lévgls. The
g-factors for the ground gg" and excited state g. can be foﬁ_nd from the transition‘

energies using

_(E,—E)+(E -E,)

5.1)
8. 2B (5.1)
and g
- (E,-E,)+(E,~E,) . (5.2
2u,B

Transition energies, o, usually given in waveénumbers, can then be obtained from .
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Coa =0y iﬁz‘i(gg t 8o ) B . (5.3)

Gb,cﬁdoi%(g;—.gm)B, B - (54)

where g is the particular g value for the site of interest, o7 is the zero field transition
energy between the 411 sl —> 4113'/2:Y] crystal field levels, 4p is the Bohr magnefon

and Bis tﬁe‘ magnetic field strength. -

Homnr Y e e~
192 T _< S e 8.MB

4 . | R |
l15/0: Z4 | ‘ 1 g ng-..“BB'

Figure 5.7 Transition labelling scheme for Zeeman laseér absorption
experiments. ' )




154

Application .of a magnetic - field splits each -Kramer’s doublet differently,
characterizec.l.by an anisotropic g-tensor unique to each doublet. For small magnetic
fields, the splittiﬁg scales-lineaﬂy with the applied magnetic field stfength. This can
be described by an effective spin Hamiltonian of the form ”

H,=u,(5-§-B), o o - 55
- with .§ as the effective spin (S = £1%), and. g the grténsor‘ determined by the
particular levels aﬁd crystal sife symmetry. The g-tenSof is a sjmmétric tensor pf
rank 2 that has six independent comp‘onentsj in general. [14] In the ‘princ'ipal axis
representation, the components correspond to the lengths of the thfee major axes and
the three ahsgles that determine the orientation (;f the axes -wlith respect to the
crystallographic site. For high symmetry sites, crystal symmetry dictates the
orientation of the g-ténsor and the nu£nber of independent- corﬁpbnents can be
dramatically reduced. The Ef3+:Y2SjQS system,'hov‘vever,v"_is of C; crystal ‘sivte
syinmetry aﬁd no simplification is possible. Each cfystal field Jevel has distinct
values of g, g, and g; that have to be specified by 3 -aﬁgléé relative to the lbcal axes
of the crystallographic site. The Zeeman Hamiltonian of equ‘ation‘ (SA.‘S), rewritten in
i components of these principal g-fensor values and components of ‘;the external
magnetic field, becomes

H,=p,(8,5B.+¢,S,B,+¢,SB). S (5.6)
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It is customary to write the proj_ections.of the applied magnetic field B on the -~
principal g—teﬁsor axes. In the casé of the two cr‘ystallog’raphi.c sites of Er:>*Y,SiOs,

none of the principal g-tensor axes lies w_i‘"chilnfa crystallogfaphic plane or bptical
polarization extinction plane; such as ,DI-D;, é-Dl and b-D‘z‘, 6f the c‘ry‘stal‘.‘ Hence, a
magnetic field conétréiﬂned to lie in one of these planes selects the projection of the
principal g-tensor axes ont‘.o this plane. Figure 5.8 il_lustrat.es the projections for the
| case 6f the magnetic field B lying in the b-DI plane With &x and g, the principal a?(es

of the ellipse.

8y

Figure 5.8 Projections of the magnetic field B onto the primary g tensor axes

for the case of B lying in the b-D; plane. The angle D references the magnetic
field B to'the b-axis and the angle.crreferences the g, -axis to the b-axis.
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The angle @ references the magnetic field B. orientation to the b-axis, and is

measured in the experiment. The angle « references the g,-axis to the b-axis and is

unknown. The projection of B onto g, and g, follows from trigonometry as.

g=y[gZcos’(@-a)+ gl sin’(@—at) o | 5.7)
and allows writing g in -terms of these projection‘s.‘ From Zeeman éxperimcnts, g is
obtained as‘ a function of @ and a fhree parameter fit to this relation, accofding to
equation (5.7), determines g, g, and . In order to reveal the full g-tensc)r,‘ these
projections (cuts) must be measured in all 3 optical polarization extinction»planes
(D1-D3, b-D; and b-D;) and simultaneousiy filt to reconStruct unambiguously the g-
tensor. The g yal'ues‘we‘re determined according to equation (5.1) énd (5.2) by

measuring all transition frequencies for transitions a, b, ¢, d as a function of @.

. Methods and Apparatus

Very sharp inhomogeneous lines with FWHM of ~500 MHz and the

continuously tunable ECDL enabled laser absorption experiments with an accuracy -

approaching electron paramagnetic resonéince techniques. Figure 5.9 shows the
experimental apparatus for l‘aser Zeeman absorption expcriments; ‘The crystal sample
was mounted on a rotating sample rod that ‘all'owed ori'eﬁtatioﬁ dependent
measurements to be performed by rotating the sample in a constant horizontal
mégnéﬁ‘c field perpendicular to the laser beam. Figufe 5.10 shows a‘ schematic of the

experimental configuration.
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During sample mounting, a He-Ne laser beam perpendicular to the opt1cal crystal

plane of mterest was reflected off the crystal. Observatlon of the back—reﬂected light .

while the crystal was rotated, was used to make adjustments to the crystals’
alignment until incoming and reflected beams would coincide. The sample rod was

build by T. L. Harris and N. Williams using a brass geared‘ shaft and sample holder

provided by M. J. M. Leask of the ‘Clarendon Laboratory at the University of

Oxford, England. The mounted sample could be rotated in the horizontal plane with

a reproducibility of about % 0.2°, Since the crystals were cut and”‘pdl'ished along the

eptical extinction axes, orientation dependent Zeeman laser absorption experiments

were carried otit Witb the external magnetie field in the D;-Ds, b-Dy and b-D; planes. -

Figure 5.10 Experimental configuration for full rotational Zeeman measurements
illustrated for the D;-D- plane. The lasers k vector is parallel to the b-axis of the
crystal and the magnetic field is initially parallel to the Dy direction lying in the
D;-D; plane. Rather than rotating the magnetic field the crystal is rotated. |
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The crystal was placed inside an ‘Oxford Instruments SpectroMég crydstat
prbviding magnetic field strengths up to B =7 T. The sample temperature cbuid be
varied between T =1.5K and room temperature using the built-in temperature
controls. In order to observe all possible transitions between the Zeeman-split
ground and excited states, thermal population in the upper Zeeman component of the
ground state (g*) was desired, which requirgd operation at a minimum of T=5K.
Since several tunable ECDL lasers were available, we had the luxury of using one
laser to scan the spectrum and- c_lisp;lay it on the oscilloscope, while a second laser
was manually tuned to each absorption peak and used as a frequency marker that

could be very accurately measured by the Burleigh wavemeter. Scanning ECDL 1

over the spectral region of interest allowed the laser. absorption spectra to be

recorded. The frequency was scanned By tilting the piezo-driven feedback prism
plate with a Stanford Research Systems DS 345 function‘generator, (not shown) that
provided a 10 Vyp, triangular wave, amplified to 150 Vpp by a Thor Labs Model MDT
691Piezo Driver. Transmitted light through the crystai was detected with a New
Focus 1811 photo detector and displayed in real-time on a ‘Tektronix TDS 520D
digital oscilloscope, which was triggered by the DS 345. ‘To calibrate the laser
absorption spectra, the scahning ECDL 1 was beat(against ECDL 2 on a New Focus
1811 photo detector, and the beat signal between both lasers displayed on thé

oscilloscope as a separate trace in addition to the laser absorption scan. The narrow

feature of the beat signal, limited by the band pass of the 1811 photo detector, served

as a marker and was tuned to each absorption line center by manually tuning
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ECDL 2. Marker freqliencies, and therefore line center frequencies, could be _
measured with the Burleigh wavemeter to + 100 MHz by blocking the scanning

ECDL 1.

The Zeeman Effect

Figu‘fe 5 11 (a) showé typical laser absorption Spectra 6f ‘Iine‘ a and line b for site

1 i1‘1 a 0.001 % Er3+:Y28i05 crystal and illustrates thé outstanding reéolution ‘
available. ‘Here, B/ Dy, kb, and T = 10 K; the magnetic fie_ld ‘was varied fof each
sﬁbplqt. The subpl‘ots‘ have beeh arranged for better visibiiity. As the magnetic field
was increased, the spectral line splitting increased linearly; the d'_ecréase of intensity
‘for-the c-line is due ‘to depobulation 6f the upper Zeéman levél g+ with‘inc.reased
field. Transition energi‘es (in wavenumbers) are given in Fig. 5.11 (b) for site 1 and
Fig. 5.11 (c) for site 2. The straight lines are linear least squares fits‘ fo the data
between B =0T and B=2T, showing good égreement and validating the use of the
linear Zeeman Hamiltonian of eqﬁation (5.5). For hig_hér rﬂagnetic fields, ‘a‘slight
deviation from the linear behavior can be seen dﬁe to mixing with other crystal field

components.’




161

8 ¢ ~ —
c-line b - line
. o B=20T
: — ~\/— B=18T
6 I .3% ™ ’ —\(T{— B=16T
S e T BslaT
LA ﬁw{' YAl B=12T
= N ) Ty B=1T
g 4l T~ T ) B=08T
2 — -~ B=06T
= | _% —\ —~ B=04T
g |- ' N\ B=02T
BL.L - B=0T
Q ] e — .
T e | ooo1% Bv SO, | 4.
R s ' sie1 | ((a)) |
| - —9g | T=5K,k//b,B/D,| -
6508.00 6508.25 6508.50 6508.75  6509.00
Wavenumber (cm”)
6509'0' - - o b-liné: g—-e |
| Sitel O c-line:g'—> €
< 6508.5 |- - ogeraeaEET
E ©5-6-0-¢ O-C
Q/ e OO0
% 6508.0 [
0 | | 1 I L L 1
£ 65000 ' ' ' ’ ' T
S 0T .
= : - Site 2 O b-lne:g— e
g 6499"5 L =~ o c-lineig’ > €'
& 6499.0 |
;6498.5_— =======
6498.0 o986 60 06m
6497.5 |
64970 - - s
‘ 6496.5 B I . | . | 3 1 L | ' ol 1

0.0 0.5 1.0 15 20 25
Magnetic Field (T) .

Figure 5.11 Laser absorption Zeeman spectra for 0.001 % Er**:Y,SiOs as a
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shifted for better visibility..(b) Zeeman transitions for site 1 with linear fits to the
data between B = 0 T and B = 2 T. (c) Zeeman transitions for site 2 with linear
fits to the data between B=0T and B=2T.
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Zeeman Experiments as a Funiction of Field Orientation

Because the Zeeman level splitting is a key vaﬁable in achieving slow

~ dephasing, we needed to determine the g values for both crysfallographic sites as a.

function of applied magnetic field direction. The goal was to find a magnetic field

direction where the g values of both crystallographic sites are simultaneously

maximized in the ground as well as excited state. A splitting, large compared to the

thermal energy, kT, reduces thermal populations in the upper Zeeman level and |

suppresses spectral diffusion by Er** spin-flips.
As stressed earlier, the situation in Er’*:Y,SiOs is corhplex due to two
crystallographic sites with both ‘exhibitin‘g a low C; site sy'm'metry. Each

crystallographic Er’* site has multiple orientations in the unit cell. When a

distinction between individual site orientations is impossible without.an applied

magnetic field, the érystallog’r’aphic site orientations are equivalent. However,

applying an external magnetic field to the crystal along an arbitrary direction

removes the orientational equivalence because the magnetic field makes different .

angles with the two different sets of local site axes. Even if the field is parallel to a

local axis-of symmetry for one ion, in general, it will not be parallel for the others = .

and the crystallographic site breaks up into two magnetically inequivalent
orientations. Each of these orientations allows observation of four transitions

according to Fig. 5.7. Mégneﬁc inequivalency was observed when the magnetic field

was oriented in the b-Dj or b-D; plane. Eight lines for each crystallographic site

were observed corresponding to transitions within two magnetically inequivalent
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orientations. When the magnetic field was applied in the optical D;<D; plane, both
crystallographic sites were magnetically equivalent, leading to 4 transitions for each
crystallographic site. Identifying and tracking up to 16 individual transitions as the

magnetic field direction (angle &) was varied proved to be a challenging experiment.

&:;s_u_lt_s_. Figure 5.12 shows a subset of field-orientation dependent Zeeman laser -
absorption scang for site 2 in a 0.005% Er3+:YZSi05"crystal at 5 K. The laser k-vector .
was along D; and the B = 0.5 T magnetic field direction was varied in the b-D; plane
between subplots. The subplots were shifted vertically for better visibility. The
abscissa angle, &, referenced the B-field direction to the crystal b-a)'(is‘. Note that for
angles of 0° and 90° the B field was along b and D;, respectively, and the
orientations became magnetically equivalent. Measuring the line intensities as a
function of temperature clarified the identification of individual transition;% because
of change in thermal population. Subscripts 1 and 2 label transitions for the two
magnetically inequivalent orientations of site 2. Cataloging all transition frequencies
as a function of angle, @, between the magnetic field direction and the crystal b-axis
yielded the full rotational Zeeman pattern of Fig. 5.13 (b) for both orientations 1 and
2 of site 2. The g-factors of ground and excited states were determined using
relatibns (5.1) and (5.2) and are sﬁown iﬁ Flg 5_13, (a). The label g4 denotes the g
value for the ground state of orientation 1 and g . labels the g value for the excited
state of orientation 2, etc. Solid lines are least squares fits to the data using relation

5.7 and show good agreement.
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Figures 5.13 through 5.18 summarize the results oBtained fbr all three optical _
polarization extinction planes with excelient fits for the respecti‘\}evg factors. Small
deviations between data and fit were attributed to a slight misalignment of the cry;%tai
with respect to -the magnetic field direction and the axis of rotation. A slight
deviation betweén the crystals’ optical axes and the actual érystal facets dun’ng
fabrication can also account fbr small diScrepanCiés. As mentioned carlier
nﬁsalignments were minimized during sample’ moﬁnting By reflecting a He-Ne laser
beam off the optical cfystal plane of interest. Observation of the back-reflected light
while the crystal was rotated, was used to make adjustments to the ‘.crystals’
alignment‘ until incoming and reflected beams would coincide. ’fable 3 ‘cataﬂOgues
the fitting parameters, providing full knoWledge of the energy level structure for
arbitrary B. field direction in all three optical‘planes using equationé (5.1) through

64.




0.005 % Er’"Y,SiO,, site 2,k //D,B=05T, T=5K

6
5t
4
e) ) ) 1e
"c-'(é 3 © .g1g
‘T 2 ° g2e
. 4 %
ol
194840 l.‘ 0O-0—C 000 OO, ' é ) - e e ""'- .
7 194830 o ([0) o, i e 00} |—0—g_ -line
&5 194820 F . . i |—<—b,-line
> 194810 | —>—a,-line
2 N |—°—a,-line
& 194800 | —o—c, - line
> ) B Iy - o M . .
T 194790 | ot T T, : i S Il
LA o ' o T VY |—a—d, -line
L. 194780 |- S vopgopov™ , o Tstppapent® | T
- AR ISP EPRI NN N [ S SR SR RN BT B v—d,-line

0O 20 40. 60 8 100 120 140 160 180
i Angle @ (degrees) | |
Figure 5.13 (a) Orientational-dependent g values of m_agneti‘cally inequivalent orientations of site 2 in the »-D, plane
determined from data of (b), gg1 denotes the g value for the ground state of orientation 1, g, the g value for the excited

state of orientation 2 etc. Solid lines are fits to the data; deviations are due. to a misalignment of the sample (see text).
(b) Transition frequencies for all possible orientations of site 2 in the b-D; plane.

991




Figure 5.14 (a) On'entational—dependent g values of magnetically inequivalent orientations of site 1 in thé b-DZV plane
determined from data of (b), giz denotes the g value for the ground state of orientation 1, 22¢ the g value for the excited

state of orientation 2, etc.; solid lines are fits to the data. (b) Transition frequencies for all possible orientations of site 1 in

the b-D; plane.
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Table 3 Fitted g-tensor values for ground and excited state of site 1 and 2 with
respective orientations 1 and 2 in the three optical planes. The angle o relates the g
axis to the Dj direction in the Dy-D, plane and the b-axis for the other two planes.

DI'DZ plane

Site 1 ~Site 2
& 8.02087x0.01679  12.50702%0.02792
Excited state gy 0.63631+0.04346 0.37974+0.08772
o 127.91085+0.12078 3.69466x0.13137
gx 11.36172+0.02133 l4.72756i0.02762
Ground state gy 1.58247+0:03991 1.58987+0.04473
o 121.22867+0.11391 177.14338+0.12814
b-D; plane Site 1, orientation 1 Site 1, oriéntation 2
& 10.7763320.02695  0.5617%0.10311
Excited state gy 0.18749+0.14968 10.44485+0.02783.
o 23.77973+0.13288 64.96061+0.16932
gx 10.20545+0.03386 9.76289+0.03396
Ground state gy 0.95419+0.04925 *0.91461+0.09283
o ~30.12807+0.20677 147.70026+0.2373
b-D ; plane ‘Sife 2, orientation 1 Site 2, orieﬁtation 2
Ex 13.24994+0.02409 13.2'54521'-10.02479
Excited state gy 0 0o -
o 110.893070.09246 69.11306+0.09457
Ex 14.66311x0.0287 14.66543+0.02902
Ground state gy 0.45709+0.08159 0.45755+0.08194
o 100.3587£0.10145  79.651x0.10175
b-D, plane Site 1, orientation 1 Site 1, orientation 2
Ex 11.92098+0.02848 7 11.85994:+0.02978
Excited.state 8y 0.84016+0.07614 0.58302:+0.10822
o 144.98347+0.15381 36.12247+0.19583
gx 13.57912+0.03406 13.43397+0.03006
Ground state gy 1.12107+0.06126 1.13615+0.06416
o 129.86064+0.13694  51.63984+0.15022
* b-D; plane 7 Site 2; orientation 1 Site 2, orierrltati,on:Z
gx 4.73102+0.03652 0
Excited state gy 0.10618=0. 15422 4.78587+0.04752
o 168.62619+0.4303. 101.12957+0.57926
Ex 4.01533+0.04217 0.91328+0.08725
Ground state gy 0.82658+0.0692 3.9852+0.04421
o 129.51862+0.67863 139.0495+0.82981
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Discussion. The goal of these experiments was to find a magnetic field direction

that minimizes optical dephasing and suppresses spin-flips of environment ions that

lead to spectral diffusion. Primary mechanisms to consider for spectral diffusion are -
electronic spin flip-flop transitions and the direct phonon process driving spin-flip
transitions. In addition, nuclear spin flip-flops and higher order phonon processes’

contribute to spectral diffusion. Figure 5.19 illustrates the Spin—ﬂip broadening

mechanism caused by mutual-Er%-ErBJr spin flip-flops. Erbium environment ions in
the ground state surround an optical Er*-ion ‘c;enter. An Er*-Er*? spin flip-flop
| occurs, if an environment ion, initially in the upper Zeeman level of the ground state,
undergoes a spin-flip transition that, via magnetic dipolé—dipole interaction,
simultaneously. drives a vspin—ﬂop transition %)f another nearby environment ion. Thé
spin ﬂip—ﬂop process alters the local magnetic field at the‘optically activated cenfer
causing an energy level shift, depicted by dotted lines in Fig. 5.19, and consequently
leads to dephasing. Bgcause theT mutual spin flip-flop interaction has é magnetic
dipole-dipole character, it decreases with the inversé 6™ power of the distance

between neighboring Er’* jons.
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Optical Er*- ion center

.‘....A.; .......... \ ‘ Neiqhborinq Er 3+_ idns.
levels shift |

/ - flip L flop
.....  — ‘ -: B B g ‘
4'15/2: Z1 ) L%_ - —é—-—

Figure 5.19 Schematic of the spin flip broadening mechanism in Er’*:Y,SiOs.
An optically activated Er’*-ion center is shown with an optical transition
between the 411 sl —> 411‘3/2:Y1 crystal field levels. The optical Er**ion center is ‘
surrounded by neighboring Er’* environment jons in the ground state. Mutual
spin flip-flop transitions and even more severe single spin-flip transitions of
environment ions will cause a shift of the crystal field levels at the location of
the Er’*-ion optical center resulting in dephasing of the optical center ion.

| To investigate the likelihood of the mutual spin flip-flop interaction, it is
worthwhile to estimate the average Er3+—Er3+‘ ion- distance, tﬁe ‘corrlesponding
magnetic dipole field strength, and the resulting fre‘que‘ncy‘ shift experienced ét the
optical center when a neig'hboring ion ﬂips: The magnetic‘ field magnitude in

spherical coordinates from a magnetic dipolé is given by [15]

s um o & S
B=— [2cosQ P+sin® O], | (5.8)
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with the magnetic dipole moment, m, the permeability of the materiai, 4, and the
distance to the origin, r. The maximum field strength is along # when ©=0 witha
value

B =" | - ' 69

Sy
Thé average magnetic field, .v'—B—', for a fixed distahcé, r, caﬁ be calcuiéted by takjﬁg
the absolute value and averaging over the angle, 0, from 0 to /2. This calcﬁlation
involves a complete elliptical ihtegral‘ that is 'tabulatéd. Tﬁe result is

|B|=0.771x B, . _ (5.10)
Using m =%g_,u3, With the g-value for the"E‘r3+ ion“in the grbupd “s“tate, g, and Fhe:
Bohr mageton, 45, equation (5.10) becomes

|B] =o.357><%[T-‘A], - eI

~ where r is in units of Angstrorr:ls [A] and the field, Biax, 18 in uﬁits of Tesla [T].
Assuming g =6.1 (as measured for B // D;), the magnetic field af a distance of-
r=1A from ah Er’*-ion becorr-les‘ B=2.18T. Howekver, due to the ‘l'ow‘ Er**
concentration used in our crystals, neighboﬂﬁg Er** jons  Wi‘11 be muqh further apart. -
To estimate the average distance between neivghboring Erbium ions in a dilute 0.005
afomié percent Er3+:YZSi05 crystal‘, consider the monoclinic unit ceﬂ” of Y28i0‘5 with
dimension a=10.419 &, b=6.726 A, ¢ = 12.495 A, and B = 102.63° [11], where B

defines the angle betWeen a and c, giving a unit cell volume of V = 854.44 A%, The
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unit cell contains 16 Y>* ions giving a Y** ion density of 1.87x10%cm™. Assuming
each Y>" ion occupies the center of a cube with side-length, I, the Y* ion-ion
distance will be given by the dimension, [, of the cube. In general, the average

. distance can be estimated using

(VY .
z_(chj | | - (5.12)

with Ny, the number of sites in the volume, V; and c, the percentage of occupation of

these sites. The unit cell contains 16 Y>* ions, so that the average Y** ion-ion

1/3

distance will be approximately!l = (‘8541-?\3/ 16) =‘.3‘.77A._ For a 0.005 atomic

percent Er’*:Y,Si0s crystal, the Y** site is only 0.005 % occupied by Er’*ions. The
Er’* ions substitute for Y?* ions with equal site occupation into two crystallographic

Er'* sites. Assuming that only ions belonging to the same crystallographic site
contribute to dephasing gives N, :—2— =8. This assumption is justified, as we will

see later, for the preferred magnetic field direction and the average distances
between neighboring Er’*-ions according tb (5.12) will be 129A. H'en‘ée using
relation (5.11), a neighboring Er** jon causes a magnetic field of B=1.0x107°T at
the location of the optical center, and a single .enviro‘ninent ion spin-flip in the
ground state induces a frequency shift, Av; ﬂ~AB/h, at the optical center of
Av = 43 kHz . Indeed, stimulated photon echo spectroscopy at small magnetic fields.
in the long waiting time limit, described later, measures homogene‘ous linew_idths of

this magnitude. Because _néighbon'ng ions are ~129 A apart and the magnetic dipolé-
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dipole interaction falls off with 1/1°, mutual spin flip-flops are not expected to be
significant for this concentration. Even for the higher erbi‘um‘COncentrations used in

our experiments, su_ch as 0.02 % and 0.1 %, the spin flip-flop process is expected to

.be weak.

Figure 5.20 ‘shows the “direct” phonon scattering process. The direct process |
gives rise to single phonon emission or absorption‘ with phonon energies equal to the,
ground state Zeeman splitting. [16] Abso.rption‘of a phonon promotes a spin from tﬁe
lower Zeeman level into the upper Zeeman lev‘el; and spontane'oﬁ's emission of a
phonon causes a spin in the upper level to relax to the lower‘Zeemén level. Due to
the low cryogenic temperatures, the direct phpnon process is expected to be t‘he»
dominant interaction that can cause spin—ﬂips. of ‘Ery environmeﬂp ions. The twb--‘ o
phonon processes involve higher-energy phononé. Stiinulated photon echo

spectroscopy, described later in the chapter,,su‘ppofted this argumént.

Optical Er*'- jon

Hyap: Yy | | -
leviyﬁﬁ (b) . . | B . ‘
e 2, ' + ’ _ . _/\/\{>

Figure 5.20 Schematic of the direct phonon process in the Zeeman split Er**
ground state. (a) Phonon absorption with energy of the Zeeman splitting raises a
spin to the upper Zeeman level. (b) Spontaneous phonon emission relaxes a spin
to the lower Zeeman level.
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The g values measured descﬁbe the magnetic field strength and directional
dependence of ground state splitting, AE,, and excited state splitting, AE,. In our
‘optimization strétegy to suppress déphas;ing; we required the energy splittj.n-és, AE, to
be as large as possible with respect to the thermal energy, k7, available to the ions.
In addition to maximizing the level splittings, a magnetic field orientation that
ensures magnetic equivaleﬁce of Er’* ions is important. In general, all Er’* jons play
a rolg in dephasing optically excited Er** ions. However, for a device application .
only those ions that ‘are resonant with the laser afe useful. In the best-.case, all ions
are in resonanc;e with the laser, which makes them magnetically equivalent.
Magnetic equivalence minimizes the overall doping concentration reqﬁired for
optical absorption and increases thé overall Er3+-E'r‘3+ inter-ion distance, fhereby
reducing interactions. In addition, a reduced number of site orientations simplifies
the anisotropic g value-patterns providing an easier guide for a “good” magnetic
field orientation. Of course, in a real material system, these optimization strategies
are often mutually incompati-bie.

Following these optimization strategies, the magnetic field shoﬁld be applied in
the D;-D; plane of the crystal because both crysfallographic sites remain
magnetically -equivalent upon rotation of the magpetic field in that plane. Site 1 is
the preferred site in this plane because it exhibits higher optical absorption (see
Fig. 5.2) and longer excited state lifetime (see Fig. 5.6 (a)). From the oriéntationally
depend‘ent g-values of the ground and excited states shown for site 1 in Fig. 5.17 (a),

it is clear that maximum splitting occurs for both ground and excited state when the
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. magnetic field .is at an angle @ ~ 120° with respect to the D; axis. Comparing this
-region with Fig. 5.18 (a) for ground and ‘e‘xcited Stafe g-values of site 2 reveals that
its maximum splitting for ground and excited state also occurs simultaneously, but
offset from the 120° to ~ 180° (near Dj). Because ‘spi.n ﬂips dug to ions residing in
crystallographic site 2 will also influence dephasing of optical center ions of site 1,_
both directions have to be considered. In Fig. 5.17 (a) a textured area between 140°
and 160° marked the‘ region tﬁat héld the most promise for orienting the magne;tic
field in the D;-D; plane. The ground state g value of site 1 was large-and varies iﬁ
this region with angle @ between 7.85 and 6.8, whereas the excited state g value was
even larger, varying between 10.73 and 8‘.9. In addition, the ground state g value of

site 2 was large, having values between 9.1 and 11.45 and thus indicates a “frozen-

out” population of the upper Zeeman component. The excited state g-values of site 2 E

should not have an influence because optical excitation bccur’r'ed at the energy of
site 1.

In conclusfon, the energy level structure for both crystallographic sites was
completely mapped out as a function of extemal magnetic field orientation in three
optical extinction planes of the crystal. These experiments identified a magnetic field
orientation that maximizes the 6verall energy splittings for all Er’* sites. The mos’t
promising configuration orients the magnetic field, B, at an angle, @, between 140

and 160 degrees to the crystal Dj-axis in the D;-D; plane. -
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Nonlinear Spectroscopy

To confirm Ef3+spin—ﬂip “bro‘adening as the dominant mechanism fof ‘spectrajl_
diffusion and to validate the suggested magnetic field orientation for SHB device
applications, fuﬁher characterization -of fhc material was pursued. Coherent
nonlinear spectroscopy gave éCCess to material parameters hidden to conventional
methods because of limited spectral resolution. Two-pulse photon echo spectroscopy
was used to dé,termine the homogeneou‘s linewidth, while the evolution of the
spectral hole widtﬁ due to spectral diffusion was studied with stimulate&‘photon echo
‘spectroscopy. Spectral diffus‘.ion in Br**:Y,Si0s was charaéten'zed apd controlled by
exploiting the parameters of‘ magnetic field strength, erbium concentration, and
operational temperature. In addition, experimental results on spectral diffusion
provided insight intc.) the micrdscopid spih dynamics and imprc')ved our fundamentallh o
understanding of the material. Experimental results were successfully described with
a theoretical model for the effect of spin flips on the linewidth that exp‘lic.itl,y
included the direct phonon process. [18] Tﬁe theoretical framework is presented in

appendix C.

Methods and Apparatus -

Figure 5.21 displays a schematic of the experimer’ital apparatus used to measure -
two-pulse photon echo decays and stimulated echo decays with a laser that was, for

some experiments, stabilized to a spectral hole burning frequency reference.
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Figure 5.21 Experimental setup to measure two pulse photon echoes and stimulated echoes with a laser stab1hzed toa
: spectral hole frequency reference in a separate region of the same or different crystal.
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The Er’*:Y,Si0s crystal was placed in an Oxford Instruments SpectroMag cryostat
“that allowed measurements as' a function of magnetic field and ‘temperatur‘e. For
angle-dependent measurements, the samiple was mounted on the rotating sample rod
described earlier. The ECDL output power of ~ 1.8 mW saturated ém Erbium doped
ILX Model FOA-8100 fiber amplifier at 35 mW. For most experiments; the laser
beam was focused inside the crystal to a waist of radius ~ 25 pm using a lens of |
f=125mm (not shown), and a 125 mm lens collimated the beam exiting the
cryostat. A Cryétal Technology médel 3165-1 acousto optic modulator (AOM) gated
the photon- echo pulse sequenée at a 10Hz repetition rate from the amplified
continuous wave ECDL laser beam. A A/2-plate (n(;t shdwn) in front of the cryostat
controlled the linear polarization of the exciting pulse. The AOM was driven with a
165 MHz RF signal, that was generated by a PTS-500 synthesizer (RE-source),
switched with a Watkins-Johnson S1 RF-switch, and ainplified by a _40 dB ,
. Minicircuits ZHI-5W-1 ampiifier. The pulse sequence was programmed with a
Stanford Research model DG 535 delay generator interfaced by GPIB to the data
acquisition computer. The pulse sequence was produced by up to three Hewlett
Packard model 8013 B pulse generators whose outputs were summed with a

summing amplifier (not shown).

For.exp‘eriments with a laser st_abilized to' a spectral hole freqhe_ncy referencé,
part of the laser beam was split off before the AOM and used to lock to a spectral
hole located either at a different location in the same érystal or in another crystal that

was spatially separated from the photon echo beam. A complete description of the
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locking apparatus was given in Chapter 4. Initial experiments were performed with
the laser stabilized. However, choosing typical 7t/2—pulse widths'to be of ~500.ns

length, led to a ~2 MHz spectral width. That value was. large compared to the

homogeneous broadening observed and relaxed the requirement for an ultra-sharp

laser linewidth, so that most experiments were carried out without the stabilization
engaged. |

To improve the on / off contrast ratio for the echo excitation pulses, and to cancel
ény net shift in the 1’3.861‘ frequency due to the AOM, a second AOM (not sht>Wn) was
used in the photon echo beam. The observed photon echo signals were strong
enough for direct detection with a.New Focus 1811 photodiddel. The signal was
displayed on a Tektronix TDS, 520D digital oscilloscope that was interfaced by
GPIB with the data acquisition computer. To enhance the separation of wéak echoes,
the photon echo signal from wgak echoes was gated from the. transmitted beam by a
third AOM (not shown) to discriminate against the ¢xcitati’0f1 pulsésr The absolute
frequency of ‘the laser was monitored with a Burletgh WA 1500 wavemeter. All
photon echo experiments were fully‘ computer controlled using data acquisition

routines developed by previous students and refined by C. W. Thiel.

Two-Pulse Photon Echo Spectroscopy as a Function of Field Orientation

The previous section on rotational optical Zeeman spectroscopy determined the

magnetic field direction in the D;-D; plane that should minimize optical dephasing
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in Er3+:Y28105 due to Er’* interactions and therefore minimize the homogeneous
linewidth. To confirm those predictions, two-pulse echoes were used to measure
optical.depha-sing as a function of magnetic field orientation iﬁ the D;-D; and the b-
D; plane. Slow dephasing,’i.e. narrow homogenebus linewidths, shquld be expected
along the magnetic field direction that simultaneously maiimiées the g-values of _
ground and excited state for both crystallographic sites. In contrast, faster dephasing,
ie. large homogenéous linewidths, should: be expected along magnetic field
orientations with small g-values for both éites. Furthermore, due to the magnetic
inequivalency of ions in the b-D, plane, the fack of a distinct magﬁetic field
orientation that simultaneously maximizes the g-values for all site orientatioﬁs
should result in larger homogeneous linewidths for this plane.

Experiments were carried out at B=3T and T=1.6 K with tﬁe magnetic field
orientation adjustable in two optical extinction planes. For the Dj-D, plane, a
0.001 % Er3+:YZSi05 crystal was used and two-pulse photon echoes were measured
on site 1. In the b-D; plane, a 0.005 % Er3+:Y2Sibs qrys’[al was used and two-pulse
echo experiments were performed on orientation 2 of site 1, as specified from the .

Zeeman experiments.

Results

Figure 5.22 (a) summarizes the rotational g-value pattern for site 1 and 2 in the
Dp-D; plane in order to facilitate comparison to the orientation dependent

homogeneous linewidth shown in Fig. 5.22 (b).
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Figure 5.22 (a) Orientation- dependent g values of site 1 and site 2 in the D;-D; plane, g4 denotes the g value for the

- ground state of site 1, go. the g value for the excited state of site 2, etc.; solid lines are fits to the data. (b) Correlation

- with the homogeneous linewidth of site 1 measured with two pulse echoes in the Dy-D; plane as a function of magnetic
field orientation. :
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Figure 5.23 (a) Orientational dependent g values of site 1 and 2 orientations in the b-D; plane, g,; denotes the g value for

_ the ground state of orientation 1, g, the g value for the excited state of orientation 2, etc.; solid lines are fits to the data.
(b) Correlation with the homogeneous linewidth of site 1 orientation 2 measured with two-pulse photon echoes in the b-D,
plane as a function of magnetic field orientation. ‘ . ' '
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