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Abstract:

Spectroscopic analysis and kinetic modeling of relaxation processes have been completed for 2.1% and
4% Er:YAG, 2% Er:YSO, and 0.5% Er:LuAG at room temperature. Simultaneously time and
frequency resolved emission spectra were obtained using step scan Fourier transform spectroscopy.
Experimental emission lifetimes of the 4113/2, 4111/2, and 4S3/2 levels were obtained directly from
these spectra. The 4113/2 lifetimes were found to be 6.6, 6.5, 8.6, and 5.7 msec for 2.1% and 4%
Er:YAG, 2% Er:YSO, and 0.5% Er:LuAG, respectively. Lifetimes of 67.3, 10.5, and 67.7 usec were
observed for 4% Er:YAG, 2% Er:YSO, and 0.5% Er:LuAG, respectively for the 4111/2 state.
Experimental lifetimes of 10.7, 3.5, and 12.3 psec were observed for the 4S3/2 state in 4% Er:YAG,
2% Er:YSO, and 0.5% ErrLuAG.

Quantum-mechanical calculations using Morrison’s code were performed and theoretical radiative rates
were generated. Comparison of these values with experimental emission lifetimes allowed
determination of non-radiative relaxation rates and branching ratios.

Additionally, an experimentally based new method of determining non-radiative rates was developed
that utilizes the intensity "volume" under the three-dimensional emission bands. The two methods
provided good agreement.

Finally, the rate constants obtained by these methods were plugged into a set of coupled differential
equations and. numerically solved using the fifth order Runge-Kutta method in Mathematica. Good
agreement with the experimental temporal behavior was obtained (including emission rises as well as
decays) indicating the validity of the results. Non-radiative vs. radiative branching ratios were
approximately equal for the first excited state 4113/2, but higher electronic states typically showed >
99% of the population relaxing via the non-radiative channel.
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ABSTRACT

Spectroscopic analysis and kinetic modeling of relaxation processes
have been completed for 2.1% and 4% Er:YAG, 2% Er: YSO, and 0.5%
Er:LuAG at room temperature. Simultaneously time and frequency resolved
emission spectra were obtained using step scan Fourier transform
.spectroscopy. Experimental emission lifetimes of the 4I13, 4I115, and 4Ss/0
levels were obtained directly from these spectra. The 4132 lifetimes were
found to be 6.6, 6.5, 8.6, and 5.7 msec for 2.1% and 4% Er:YAG, 2% Er: YSO,
and 0.5% Er:LuAG, respectively. Lifetimes of 67.3, 10.5, and 67.7 Lsec were
observed for 4% Er:YAG, 2% Er:YSO, and 0.5% Er:LuAG, respectively for the
L1y state. Experimental lifetimes of 10.7, 3.5, and 12.3 psec were observed
for the 4Sgz state in 4% Er:YAG, 2% Er:YSO, and 0.5% Er:LuAG.

Quantum-mechanical calculations using Morrison's code were
performed and theoretical radiative rates were generated. Comparison of
these values with experimental emission lifetimes allowed determination of
non-radiative relaxation rates and branching ratios. ,

Additionally, an experimentally based new method of determining non-
radiative rates was developed that utilizes the intensity "volume" under the
three-dimensional emission bands. The two methods provided good
agreement. :

Finally, the rate constants obtained by these methods were plugged
into a set of coupled differential equations and numerically solved using the
fifth order Runge-Kutta method in Mathematica. Good agreement with the
experimental temporal behavior was obtained (including emission rises as
well as decays) indicating the validity of the results. Non-radiative vs.
radiative branching ratios were approximately equal for the first excited
state 4Ii3e, but higher electronic states typically showed > 99% of the
population relaxing via the non-radiative channel. '




CHAPTER 1
INTRODUCTION

Erbium has béeﬁ found to be a useful and versatilé active atom for a
variety of laser applications. It is capable of l.asing near 3 um, a desirable
wavelength for laser sﬁrger'y, and around 1.7 pm in the eyesafe region (1,2).
Lasihg has also been achieved at several IR and visible wavelengths via

upconversion processes (2-8). Erbium is often doped into ‘solid-‘state

crystalline hosts, which offer the benefits of durability, reliability, and.

convenience. For these reasons, there has been considerable interest in solid-
state lasers using erbium as the active ion. Since the optical properties such
as absorption and emission influence laser performance, spectroscopic

investigation has been carried out on erbium in a wide variety of crystalline

hosts (9-56). Additionally, lasing has been achieved in many solid state laser .

materials using erbium as the active iasing specles. (2-11, 36, 45, 54-76).

Energy Levels in Erbium Laser Materials

- Erbium, like all rare earth elements typically used as active lasing

species, is most commonly incorporated into crystalline hosts in the trivalent
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state. The resulting ground electron configuration of the Er3* ion is a xenon-
liké electron structure with 11 additional electrons in the pértially filled 4f
orbitals ([Xe] 4f11). The énérgy levgl structure of the erbium ion in c:;y_stalline |
hosts results from the Couloml_)ic interaction of the 4f electrons with the
nucleus and with e_ach'other, spin orbit coupling, and the host crystall field
(77). The energy levels of the free Er3* ion result from the electrostatic
interaction and spin orbit coupling. The Coulombic interactio‘n yields 25+1],
terms, VV.hiCil are furth.er split into J states by the spin-orbit interaction. The
resulting free ion energy level diagrarﬁ with the 25+1LJ‘states is shown in
Figuré 1, which includes the ground 4Iis52 state througil the seveﬁth excited
state (*Frz). In actuality, the levels shown in Figure 1 are not pure 2+1L;
statés, due to ﬁlixing of the levels. Each of the levels referred to by the 2s*1Lg
term symbol has other states mixed in. As can be seen by examination of the
diagram, the free ion level separatibn is typically thousands of wavenumbers
and transitions between the free ion levels are in the visible and infrared
regions of the spectrum. . |

‘The host c.rystal field further splits each 2*1],5 term into a manifold of
Stark levels. The degeneracy of the 2S+1’LJ states 1s 2J+1, and this dégeneracy
is reduced by the crystal field splitting: (77)A. The splitting i's relatively small,‘
with an overallimanifold width of typically several hﬁnd-red cml and a
splitting between adjacent Stark levels of normally 50 - 100 cm-, due to the

shielding of the 4f electrons from the host crystal field by the outer 5s and 5p




Energy (cm™)

1F5i2 — , 22100
479 —— ' 20500
“2H 112 - ' 19200
4Ss/2 — , . 18300
“Fopy — 15300
g — ' ' 12500
4J11/2 ’ 10200
L1372 — - . | 67,00
4115/ : 0

Figure 1. Free Ion Energy Levels for the Er3* Ion.
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electrons. The Stark level splitting can be exploited when a laser operating
at a specific Wavelength 1s desired. Coarse wavelength selection can be
accomplished by choice of a specific rare earth ion, and fine “tuning” can be
acco.mplish'ed by selection of a host crystal that shifts the Stark levels such
that the material is suited for the desired application. For t.hat reasox‘l,. Stark
leyel assignment for different rare earth ions (iﬁcluding Er3) in crystalline
hosts has historically been of iqterest, and.- a significant amount of Work has
been. performed in this areé for erbium(1,2,4,6,13,14,16,19-21,23,26,33,36,38- '

© 41,46,52,54,65).

. Characterization of Laser Materials

The potential performance and operating characteristics of laser
materials are to a large extent due to their spectroscopic properties. The
absorption’ spectrum 'Will deter;nine pbtential pulhp ‘wavelengths and
influence pump efficiency, since' pumping will be more efficient ét sfrong
absorption fréquencies. After excitation has taken plaée, relaxation can occur
via spontaneous .radiat.ive emission, nonradiativg deéay processes such 4s
multiphonon relaxétion, and/or iorll-idn energy transfer processes. Radiative

emissions can potentially be used as lasing transitions, and nonradiative
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processes including energy transfer and multiphonon decay can enhance or

detract from- laser ‘performance, depending upbn the desired operating -

characteristics and pumping mechanism..

To as'certa.in the effect of the aforementioned properties on a particular

lasing medium, it is useful to answer the foiiow:ing questions:

o What is the Sta?k level structure of the material?

o After excitation to a given manifold of Stark levels, what levels are

' invc‘)lx}ed iﬁ the relaxation process?' Are these levels populated
radiatively or nonradiativeily? What levels are .by.passéd?

o Once populated, how is an excited state manifold depopL‘llated? Is
the manifold depopulated by radiative processes, nonradiative
progeséés, or béth?. How quickly is it deioopulated?‘

o What is the rela;c'ix}e distribution (branching ratio) of the terminal
levels of transitions originating from a particular manifold? What
are the brainching,ratios of nonradiative relaxation processes?.

o Do changes in dopant ion copcentration (Ex3* in this study) or- hos-t
crystal affect these population an_d/oxf depopulation processes?

o What, if any effects, are introduced by external factors such as

temperature or excitation beam power?

Experimental methods or strategies that can answer some or all of

these questions are of interest.  Characterization of a material -involves -
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absorption spectra, emission spectra resulting from continuous excitation to

various manifolds, and temporally resolved emission spectra following
modulated or pulsed excitation to the same manifolds. The absorption

‘spectra are useful for determination of Stark level structure and

identification of both excitation frequencies for emission experiments and

pump fréquencies for laser operation. The emission spectra provide
infOJ.fmation about the relaxatlion mechanisms from particular manifolds and
identify promising laser ‘transitions. The temporally resolved emission
. spectra provide information about the dynamics of both the radiative and
nonradiative rela).(ation processes, which is of interest since the rélati;re rates
of population and depopulation of energy levels can affect whether and how
well a material can function as a laser. For these reasons, these three
experimentali methods are al_l used in this study.

While spectroscopié study i1s useful in providir_lg the previousiy
: .mentioned info;fmation, combining .it' with complementary tools such as
quantum-mechanical.models 'and kinetic modelihg using rate equations can
. Increase its effectiveness. Emission spectra alone allow for direct observation
of radiative emission transitions and provide some indirect information about
nonradiative relaxation transitions. Howevér, nonradiati_ve‘ relaxation rates
and branching ratios can be gained by comparing e'xperir_n.entally'determined
lifetimes (which result from both radiative and nonradiative means of

depopulation) with either low temperature or theoretically determined




-

7

1

radiative manifold lifetimes (which assume radiative processes are entirely

responsible for depopulation). In this study, theoretical lifetimes are

obtained from the qﬁantum—mechanical model discussed in the next section.

Alternatively, the ra1'3e and the relative contribution of the nonradiative

relax‘ation processes can be determined by a newly developed method.
(presented in Chapter 4) that.utilizes the intensity “volume” under the three -
dimensional emission bands of the temporally resolved spectra.

The kinetics of relaxation can be investigated by using éhe rate
constants for the various relaxatién processes (obtain'ed by the expefimental
and/ér theoretical methods discussed inl the previous paragraph) following
excitation to a particular level by solving sets of simultaneous rate equatiéns
for the involved energy levels. The combination of experimental methods,
quantum-mechanical modeling, and kinetic modeling using rate equations
can provide information that none of the three methods can provide alone,

including information about processes that cannot be observed

spectroscopically.

Quantum-Mechanical Model

A quantum-mechanical model developed by Morrison et al was used to
calculate theoretical radiative lifetimes. The model is described in detail in

Refs. 78-80 and is described briefly in this section.
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Free ion wavefunctions are determined using a Hamiltonian that
contains electrostatic, spin-orbit , and L? interactions (81). The host crystal
field splits the free ion energy levels into Stark levels. Calculations of the

Stark effects use a crystal field Hamiltonian of the form:

‘ H('.'I" = Z Bnm Cnm (l) ) - (1) )

Whére the an are crystal field parameters which desc;n'ibe the effect of the
host c.rystal field on the free ion energy levels, the Cum ar..e spherical tens;)r
operator cémpogents, 717;L covers the values of n and- m allowed by"the
symmetry of the site of the rare earth in the host crystal, and the i
summation is over all of the 4f electrons of the rare earth ion. The crystal
field parameters are related to the crystalh field components A.n, which are
‘spherical tensor components of the host crystal field at the ion site, calculated
by a point charge lattice summation. The Awn and Bun are related by theS
radial factor pn, which aJ'fe primarily fuﬁctions of the rare éarth iqn, though
they can be in'ﬂuenc':ed slightly by the host cry.‘stal, and the relationships:

Bnm:pnAn,m . 2

(B +2B% +2B% +--9)"?

n2

) 3
Py (Alfo +2A32 +2A34 +_..)I/2 ( )

Stark levels for a rare earth ion in a particular host crystal can be
calculated entirely from the theoretical model. To do so, host x:ray data can

be used to determine Aun and Equation 2 can be used with the newly
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dete.rmined Anm to calculate the crystal field parameters Bun. The calculated
Bum can then be used with Equation 1 used to determine the crystal field
Hamiltonian. Alterﬁatively, if expgrimental energy levels are known, a set of -
Bam can be fit to the experimental daté. The Bum from the fit can then be
used ‘along with the Aumn for the host and Equation 3 to calcuia’;e pon, which
are ther_l used with Aum for a similar host and Equation 2 to c'alguleltte Bun for
the simila-r host. By the second method, experimentally determined Stark
levels for a rare earth ion in one host can be fit and used to calculate Stark
levels for the same ion in the other hosts from the same “family” (i.e. the
garnets) providing better reéults than purely theoretical calculations (1). The

: Morrison model is limited to low dopant concentrations, as it does not include
the effect of the rare earth doplant ion on the host crystal (which would
change the point charge lattice summation and thé Anm values).

The model can also be used to calcullate theoretical emission transition
probabilities, Whi(;}; means that theoretical radiative lifetimes of a particular
- energy level can be obtained as Well,_ using the J udd - Ofelt treatment (82,83).
In this treatment, the Judd-Ofelt parameters (2 (which contain tlile_host
dependent part éf the electric dipole line strengths) can be dalculated (39,79)
and used to calculate the theoretical electric dipole line strength Sea(J — J').
The magnetic dipole line strength Snd(J—<J"), which is entirely dependent on
the rare earth ion within the theory, is calculated from the theoretical

magnetic dipole oscillator strength. The line strengths for each transition of
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interest can then be related to the Einstein A coefficients for the respective

transitions.
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CHAPTER 2
EXPERIMENTAL PROCEDURE

In this chapter, the overall approach to anaiysié of the materials, including
types of spectra collected and justification for .C(;llecting them, will be
explained.” Next, the aiscussion includes a description of the anaiyzed
samples and the equipment and technidues utilized in 6btaining ;che various
spectra. The; chaptér concludes with a brief discussion of the Atempora‘tlly
resol%zed Fourier Transform spectroscopic technique used to gathér most of

thé data.

Overall Method of Analysis

We are .interested in the various; pophlation and depopﬁlétion
processes (both radiative an.d nonradiative) of the energy levels in’ erbiurﬁ-
doped laser materials. The project géal was to use several spectroscopic
techniques to g’ain relevgnt information about J.chese p?ocesses. First,

absorption spectra were .collected for each sample. Although absorption

spectra of laser materials are of fundamental interest since they provide .

information on potential pump Wax.zelengths for laser use, the more
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immediate and practical use for the purposes of this project was to provide
appropridte excitation frequencies of the samples for collection of emission
specfra. While absorption spectra for Er:YAG (4,6,26,34,35,37,38,46),
Er:LuAG (9), and Er:YSO (34,36,39,40), are Weli documented in the
literatu?e,- it was still beneficial- to run absorption on the specific samples
_analyzed to éccount for any impurities or anomalies.

Two different emission techniques Were-employed- in this project:
standard emission and temporélly resolved emission. The standard emission
spectra Wer'e. obtained using 'a_ contin_uous‘ .excitation source, but source
modulation was nécessary to obtain 1;he temporélly resolved spectra. The
standard emission spectra were obtained ' much more répidly and
conveniently than the temporally resolved spectra and provided sufficient
information to make them Worth;;vhile,~éven though the spectral information
was reproduce.d in the  temporally resolve;'d emission spectra. First, the
continuouély pumped emission spectra were useful for initial identification
and assignment of emission bands and their relative pontfibution toward

depopulating higher energy levels after excitation. Secondly, they provided

information useful in the setting up of the temporally resolved spectra. The

longef-lived_ emission bands typically appeared stronger in the continuous
spectra, so some very rough qualita'five information on emission band
lifetime could be extracted. However, this information is by no means

conclusive since actual emission transition intensity must also be considered.
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Finally, identification of emission bands by continuous spectra facilitated the
setting '. up of appropriate wavelength ranges for temporally resolved
spectroscopy.

- In addition to providing the above-menfioned information, the
temporally resolved emission spectra provided émission decay rates and
gilowed the deconvolution of multiﬁlé overlabping bénds which were difficult
to distinguish in the spectral dimension. Secoﬁd, since emission bands with
the same decay profiles likely originate frqm the 'same manifold, it provided
more convincing evidence f:or the assignment of emissioﬁ transitions. Third,
comparing emission spectra excited at different frequencies yie.lded
information about the nonradiative processes | involved in deexcitation.
Finally, the ability to pump several excited states of the sample and observe
the “turning on and off” of emission bands heli;)ed 1dentify the originating
manifold of the emission trarisitioné. These capabilities will be demonstréted

in Chapters 3 and 4.

Samples

Scientific Materials Corporation proyided the erbium-doped YSO,
YAG, and LuAG samples analyzed in this project. The samples were discs
cut from crystals grown by Scientific Materials and polished on the edges and

faces. They are approximately one-eighth inch thick and range from 0.5 to 1.5
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inches in diameter. Erbium ions occupy yttrium sites in both the YAG and

YSO crystal lattices, while they occupy lutetium sites in LuAG. There are

two ineqﬁivalent sites occupied by erbium in Er:YSO, and the YSO host has -

three principal axes Qf polarization (39). While both orientationally resolved
and unoriented absorption spectra were obtained for Er:YSO, orientationally
resolved emission spectra were not obtained since it has been determined
that the contribution of the two erbium centers to emission (Qn the time
séales studiéd in this work) does not depend on which one. is pumped more
efficiently. (395 Monco.:fge et al found that the ﬂu01;escence bandshapes were
identical for all the pump wavelengths _sfudied (it is expecfed that for a
particular wavelength one site would be excited more efficiently than the
other), indicating thét energy transfer occurs on a sufficiently faster time
scale than the emission frénsitions studied, which occur on the microsecond
and millisecond time scaies.

i

Equipment and Techniques

The need to conduct the various experiments discussed earlier in this
chapter makes a versatile spectroscopic facility necess'ar_y. The equipment
“and experiment setups used in this project are nearly identical to those
described by Richard Martoglio (a previous member of the Lee Spanglér

research group at Montana State.Univeﬁsity) in his thesis (84) detailing his
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similar work with thulium-doped materials. These procedures Will be briefly
outlined in this section, and all differences from the equipment setups
described by Martoglio will be discussed in detail. A general equipment

layout is shown in Figure 2.

Absorption

Absorption experiments were carried out using the Bruker IFSGQ '
Fourier Transform Spectrometer. The instr‘ument,'_v_vhich was deécribed in
detail by Mértbglio (84), utilizes a Michelson interferometer as its-basic
design. The source was a broadband tungsten lamp included in the
spectrometer. Two different beamsplitters were used depending on the
spectral range desired foi' the specific experiment: a calcium fluoride
beamsplitter was generally used for lower frequency measurements and a
quartz beamsplitter was utilized for highér frequency spectra. A liquid
nitrogen cooled.indium antimonide detector was utilized in the infrared,
while visible detectioﬁ was accomplished ‘using a silicon diode. Figﬁre 3
shows response | curves for all four possible detector/beamsplitter
combinations. The'detector/beamsplitter combinations for all absorptioﬁ and
emission experiments were chosen to get fhe best signal response for the

desired spectral region.
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The general emission setup is illustrated in Figure 2. After excitation
by the Ar-ion laser, sample emission was collected by an off-axis parabolic
mirror. The pai“aboIic mirror was obtained from Bruker and was originally
desighed for lighﬁ collection before entering the IFS6é spectrometer, thereby
ensuring f-matching (f/4.5) to the IFS66. The sample was placed at the
aplc;ropriate distance outside the »interferometer to allow f-matching.
Collecj:ing the emission in the off-.axi's i)arabqlic mirror improved emission
signal-to-noise by a factor of approximately 40 ovér simpiy placing the
sample in front of the IFS66 emiséion port, due to collection of a larger solid
angle of the emitted radiation. Additionally, an a_perture Wés sometimes
placed at the IFSGG emission port to éliminatve unwanted scattered laser
light. The same beamsplitters énd detectors used for absorption were used for
the emission measul;ements, and optical filters were sometimes placed in the
IFS66 al;sorption sample chamber to preveﬁt unwénted emiésion signal

and/or scattered source light from reaching the detector.

Temporally Resolved Emission

In this section, the equipmenf and setup for the temporally resolved
emission experiments are discussed. The htemporally resolve(i sioectroscopic :
method is discussed in more detail in the next seqtion.

Since source mod}llati.on was necessary to conduct the time-resolved

experiments, the Ar-ion source (or Ar-ion pumped continuous dye laser) was
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modulated using either a chopper (for millisecond pulses) or an acousto-optic
modulator (for m'icrose(.:ond pulses) for the earlier experiments during the
initial stages of the project.

A shorter excitation pulse. W."ELS ﬁecessary to study the' 'relaxation
processes 1n these materials, many of which occur on the microsecond. time
scale or faster, thu~s nanosecoﬁd pulses were used for most of the tempofally
resolved Work. The 1064 nm output from a Coherent Infinity Nd:YAG laser
was tripled to 355 nm and used to pump a Larﬁbda-Physik ScanMate OPO.
AThe OoPO could provide tunable outpu‘t from 400 nm to nearly 2.5 microns,
and output powers used were typically 2-5 mJ/pulse. With system repetition
rates adjustable from 0.1 to 100 Hz, the Infinity/ScanMate combination
provided the necessary flexibility to excite each different sample to a number
of diffel;ent electronic states. Additionally,. ;che repetition rate could be set to
aliov;/ for complete relaxation of the material before the next pulse was
delivered. |

The general experiment layou£ for the temporally resolved emission
work was identical to the continuous emission setup (see Figure 2). When
the Infinity/OPO excitation source was 'used, .the beam was focused from
approximately one cm to 2 mm in diameter using a f/12 lens (Based on lens.
diameter) placed between the OPO outlet and the sample. The sample was
placed at the focal point to maximize pump power density. Addifionally, the

sample placement was such that the excitation beam struck the sample near
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the eage td minimize self absorption. The moving mirror in the Bruker
interferometer was operated in step scan mode rather than rai)id scan mode
(this will be discussed further in the next sectioﬁ). Since the mirror was
designed to be at a complete stop while gathering‘ data, the system was
susceptible to meche_tnical vibration. There are two major differences in the
equipment setup ﬁsed for gafhering most of the time resolved'data in this
stud:.y with the setup employed by Martoglio. (84) First, ‘;he Infinity/OPO
source was mounted on a larger opticél table along with the interferometer.
The optical table in use when Martoglio gathered his data was t(.)o ‘small to
- accommodate the entire system. Tying the entire system togétbLer on one
table greatly diminished the effect. of building viblrations (I)n the éystem,
enhancing the signal-to-noise ratio. Additionally; the setup was moved to the
Spangler group’s temporary laboxj'atory facility at Scientific Materials
Corporation., which Was~.located‘on the ground floor as opposed to the second
floor laboratory in Gaines Hall at MSU. The overall building vibrations were
less on. the groﬁnd floor location, again providing improved mechénical :

stability and signal-to-noise ratio.

Temporally Resolved FT Spectroscopy

In this section, the temporally resolved Foutier Transform techniqhe 18

briéﬂy discussed. The technique is discussed in detail by Martoglio. (84)
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In a sténdard Fourier - Transform experiment using a Michelson
interferometer, .the moving IMIrror is scann—ec"l contiﬁuously on the order of 40
kHz, known as ‘u‘r.apid scan” mode. Temporal resolution at a given -
Wavelquth cannot be obtained in rapid scan mode because the mirror
position changes during the course of the temi)oral event. Howéver,
operation of the IFS66 in step scan mode allows the user to obtain temporal
information. In step scan mode, the; moving mirror is stopped at each
location and data is obtained. The method of obtaining data is illﬁsﬁrated on
Figure 4. At each mirror position, the desi;red number of data points are
obtaine.d at a time interval corresponding to the desired temporal resolution.
This process. can be completed as many times as desired for signal averaging.
Data corresponding to a particular mirror position is shown as a horizontal
column in the first part of the figure; An interferogram is constructed using
the data from each of .the different mirror positions at one mQIﬁent in time,
known as a “time slice” (illusfrated in the second part of Figure 4). This
process is repeated for each of the time slices, resultihg in a sépérate
interferogram for each moment in time. The data needed for each of these
inferferogfamé is a vertical column iﬁ the first part of Figure 4. Each
interferogram is then‘f‘ourier transformed to yield a spectrum for each time
slice (last part of Figure 4), resulting in a temporal_ly resolved emission

spectrum.
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Intensity ﬂuctuations in the Infinity/OPO source coupled with the time

resolved FT method led to broadband baseline noise- which decayed
prop.ortionately with the signal over time (see Figure 5). The way in which

these fluctuations manifested themselves as broadband noise can most easily

~ be seen by looking at the example of a single emission fr‘equenc'y (see Figure

.6). If the emissi‘on ilntensity' is the sa'mel for each mirror poéition,, the
interferogram will be a sine Wav;e, which is Fourier transformed into a single
frequency. Fluctuations in emission intensity lead to an interferogram that
is not quite sinusoidal (see Figure 6). This nonsinusoidal interferogram is
Fourier transformed into multiple frequencies, corresponding to the actuai
emissioﬁ fréquency and noise. This effect is of course éompounded in emission
from the erbium dopedtlaser crystals, which héve multiple emission baﬁds as
opposed to a sinéle emission frequency. Th.is effect can actually sometimes be
beneficial since the noiée from- intensity fluctuations is spread over the whole
spectral region rather than being concent-rated‘ over the emissioﬁ band.
‘However, it can be dgtrirﬁental in the case where an emission specfrum
contains both stroﬁg and weak bands, since noise from intensity ﬂuctuation;
in the str;)ng bands can Qbscure the weak bands.

Two actions were taken to address these noise is'suesi Increased signal
' averaging was the simplest lsolution, although it meant longer experiment

times, leaving the experiment more susceptible to long-term fluctuations.

Also, when it was desirable to examine a weaker emission band, stronger
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bands which contributed noise to the weaker band were filtered out optically,
‘either by the use of filters or strategic selecting of detector/beamsplitter

combination.

In extreme cases including very low signal, large source intensity

fluctuations, and/or significant scattering of laser light into the detector, a

mirror position other than the position corresponding to the zero path

difference has had the highest intensity in the interferogrém. The position '

corresponding to zero path difference should be the most intense in the
interferogra_m siﬁce it is the only position where there is complete
constructive interference of all wavelengths and is the ‘centerburst in a
typical interferogram. (85) It vs;as necessary to fix the proper zero path
difference position, as opposed to the most intense, as the cénterburst, or

Fourier transform errors resulted.
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CHAPTER 3
EXPERIMENTAL RESULTS

This chapterpontains results from absorption and emission spectra
obtained from the Er:YAG, Er:LuAG, and Er:YSO samples, and a brief.
interpretation of the results. A more thorough discussion and examination of

the data will follow in Chapter 4.

Absorption

_ Absorption spectra of Er:YAG (4,6,26,34,35,37,38,46), Er:LuAG (9),
and Er:YSO (34,36,39,40)'are well documented in the literature. These
_include spectra collected at poth room .temperature (~306 K) and at low
(liqilid helium or nitrogen) temperatures. -While low temperature spectra are
necessary te make individual Stark level assignments, all absorption spectra
in this study were obtained at room temperature ‘(~300 K),which was
sufficient to identify pump frequencies for emission study and to .check for
any impurities or anomalies in the specific samples.

The Bruker IFS66 Spectrometer was 1;lsed for all absorption

measurements. Measurements were taken over two spectral regions:
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“visible” (9000-25000 cm-), which utilized a quartz beamsplitter and a Si

diode detector, and IR '(2000-15780 cm'l), which used a calcium fluoride
beamsplitter and indium antimonide 'detectorA(see Figure- 3). Some IR
absorption spectra were also taken over the 2000-10500 cm-l range. A
tungsten lamp was 'used as the light source for all measurements. The
number of scans for signal averaging ranged from 32 to ZOOO', and spectral
resolution was typically 2 cm-1.

Figure 7 contains Er:YAG absorpfcion spectra. | Although
measurements were taken on s~evera1 concent?ati.ons of erbium in YAG only
the 2.1% concentration data is showﬁ; since varying the concentration in a
given crystal ‘host was found by experiment to not affect the absorption
bandshapes. Er:LuAG absorption épectra are shown in Figure 8.- Absqrption
spectra for Er:YSO are shown Ain Figures 9-11. There are tv;ro inequivaleﬁt
sites occupied by erbium in Er:YSO, and the YSO host has three principal
axes of polarization (39). Unoriented absorptién spectra are shown in Figure
9. Figures 1d and 11 are 'infrare-d and visible gbsolxjption spectra for light
polarized parallel to the three polarizat_ion axes. All the transitions seen in
Figureé 7 through 11 have the ground state 4lis2 manifold as their initial
level and terminate in the levels as indicated on the spectra. Figure 12
shows the energy level_ diagram containing the ﬁanifolds involved in the

absorption bands in Figures 7-11. The same bands are present in Figures 10
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energy level structure_. Examination' (ﬁ' the spectra .shows that, in.general,
the Er‘:YSO bands are ab.out 100 cm-'l lower in energy than the corresponding
bands in the Er:YAG and'Ef:LuAG spectra. More notably, for any of the
traﬁsitions labeled 1 through .8 on Figure 12, the absorption bandshapes for
Er:YSO are quite different than those of the erbium doped gar1‘1eté. These
| diffgrences are due to the cx;ystal fields of the hosts splitting the erbium free
ion l_evéls differently, yielding a different Stark level structure in the three
host materials. Sin'ce. the crystal fields of the two garnet ilOStS are mucil
more similar to each other‘than they are to YSO, the differences in the
absorption spectra of Er:YAG and Er:LuAG are much mc;re subtle.
Absorpti-on- spectra (4,6,26,34,35,37,38,46) and studies in which
individual Stark levels are lidenti'ﬁed (26,37) have been performed previously
in Er:'YAG. Good overall _agr'eement was seen between the measurements
taken in this study and room temperature measurements iﬁ the literature
(4',6,35,38). Both bandshapes and abson:;‘tion band ffequencies were in good
general agreement. Similarly, good overall agreement was noted betweeh the
Er:LuAG absorption specfra from " this study and‘ literature data (9).
Comparison of the Er:YAG and Er:LuAG spectra with data obtained in the
individual energy levél cold temperature‘studi'es (4,9,26,37) shows some
deviations which are ‘expected between spectra faken at room temperature
and liquid helium or nitrogen temperaturle. First, the room temperature

spectra were more congested with features. Secondly, each manifold.in my
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room temperature data is broadened 60 - 100 cm-! over the corresponding
band in the 4K data. In.each case, the broadening was toward the low
frequency side of the bands. This was expected since population of the upper
Stark levels qf thel ground state 4152 manifold leads to more absorption
pathways to each upper state manifold, broadening the absorption bands.
The resulting new absorption pathways are lowef in frequency, since they are
initiated from upper Stari{ levels of the ground state manifold.

Anélogously, good agreement was seen the orientationally resolved
absorption spectra. of Er:YSO (Figures 10 and 11) in this study and the room
temperatu].fe'data in the literature.(34,_36,39,_40). Similar broadening of the
room temperature Er:YSO spectra relative to cold temperature spectra in the
literature (39) was observed. Table 3 at the end of thié chapter lists
individual gbsorption peak frequencies for the tl}ree materials studied. The
peak freqqencies correspond to absorptions between individual Stark levels
~ and show reasonable agreement with those encountered in the literature.

(1,4,9,26,37,39,46).

Continuous Emission

Fluorescence spectra have been obtained for Er:YSO (39), Er:'YAG
(4,16,37,38,46), and Er:LuAG (9) at a variety of erbium concentrations. The

spectra obtained in this study were consistent with the literature
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measurements. The Er:YSO emission spectra obtained in this study were not
orientationally resolved along the three polarizati_on directions. As would be
expected, comparison of the polarized emission spectra of Er:YSO in the
literature (39) with data obtained in this stﬁdy shows features resulting from
all three polarizations are present in my data.

In this study, the 488 nﬁl lihe from one of two Ar-ion lasers (see
Chapter 2) provided continuous excitation of erbium in both YAG and YSO to

the 4F72 manifold. Additionally, the Ar-ion was used to pump a cw dye laser,

which, when using the laser dye DCM, provided cw excitation to the 4Fgs

manifold. Figure 13 contains energy level diagrams 1llustrating the emission

transitions observed after 4Fgy2 and <4Fye excitation, respectively.

Nonradiative relaxations are not indicated in the energy level diagrams.
Continuous emission data was not obtained for Er:LuAG, though numerous
temporally resolved emission spectra were obtained for this material
(discussed in t.he next section). Visible and IR emission spectra were
obtained at the same spectral ranges and using the same beamsﬁlitteré and
detgct'ors as the absorption spectra. The number of scans used for signal
averaging ranged from 64 to 2000, and resolutions of either 8 or 16 cm-! were
obtained at room temperafure. In order to compare the strength’ of different
emission transitions in the saﬁe spectrum, it was necessary to correct for

instrument response. This was accomplished by recording a response curve
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allow examination of all the emission bands. Figure 17 features a similar -

treatment of 2% Er:YSO. Examination of Figures 14 and 16 reveals that 4Fqs.

excitation results in an emission transition that is not there " under 4Fgp

excitation. This transition, from the 4Sspe to the 4112 manifold, occurs af _

around 8000 cm-l. The analogous emission transitions take place in Er:YSO,

and are seen in Figure 17.

Visible Emission

Figure 18 shows visible emission spectra of 4% Er:YAG and 2%
Er:YSO, respectively. The transition around 10000 cm-! is the same 4I112 >
41152 transition seen in f-h‘e IR emission spectra. The strong green émission at
approximately 18000 cm-! is .the 4Sg2 2> 4l1s52 transition, and the very weak
band at 15000 cm-! is the 4F9./2 2> s emiésion. The large spike seeﬁ just
above 20000 'cm'llin both spectra‘is scattered 488 Ar-ion lésef light. The
lower signal-to-_noise ratio above 22000 crr.rl is d-ue to decreased instrument

response (see Figure 2).

Temporally Resolved Emission

The temporally resolved emission'measurements presented in this

section were obtained using the experimental setup described in Chapter 2. .

The Infinity/OPO system provided nanosecond excitation pulses for all the
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measurements presented in this section. The spectral resolution was 16 cm-!
for most experiments. Unless otherwise noted, the excitation repetition rate
was set at 15 Hz, which pljovided an-interval of 66.67 ms betwéen pulses.
This repetition rate was used to allow nearly complete relaxatiox; and
corresponds to at least five expopential lifetimes for the slowest emission
(‘l111/2 = 4l152) decay. Infrared time-resolved emission was collected after
excitation to each of the first eight excited state manifolds of erbium (4I1s2
.througﬂ 4Fs2). These excitation manifolds can be seen in Figure 12.

In the f(_)'llovxlfing paragraphs, results which are common to all the
erbiuﬁl materials studied will be presented. Where épplicable, examples to
illustrate these results will be provided using Er:YS'O.em‘ission spectra since
the time resolved spectra collected for this material showed the best overall
’ éignal—to-noise. The spectra shown in this section have n;)t been corrected for
instrument responée. '

Selective excitation at different pump wavelengths allowed observation
of the “turning on and off’ of emission bands, helping to confirm the
originating manifold of the emission transitions. When pumped to th;g 41379
manifold, the resulting emission spectrum (Figure 19) contains only one
transition, fr’om the ‘1113/2 directly back to the ground state ménifold. The

emission occurs on the millisecond time scale at around 6500 cm-l. Each-

spectral “time slice” shown in Figure 19 is at a 250 microsecond interval.
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Er:YSO

The 2% Er:YSO sample was excited at the various frequencies as listed
in Table 1. At each excitation frequency, experiments were run at the
necessary temporal resolutions and sampling times to capture the temporal

behavior of all the emission bands that occurred for a particular excitation.

Table 1. Excita't_ion Frequencies for 2% Er:YSO.

Pump Manifold Excitation Frequency (cm-1)

T132 6508

1179 S 10195

4Tose 12606

4Fg0 . 15376

. 483 18409
2Hie 19223

“Fr . 20494

4F5/9 . 22095

Although there are two different Er3* sites in Er:YSO, Li,_ Wyon,. and
Moncorge (39) have shown that they can be considered‘ togefher in the
analysis of fluorescence dynamics, - since excitation of the two different sites
to different cieg‘re’es resulted 1n the same emission lines};apes' (see pg.' 14).
Therefore, polarized temporally resolved emission spectra were not obtained
in this study. In t_he following paraéraphs, results for each of the emission
transitions when pumped at the different levels will be presented.

The -‘_1113/294115/.2 emission was detected at all puinp levels.
Experiments run to characterize this transition had temporal resolution of

250 psec, and data was obtained for 66.5 msec, nearly the entire time
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bet'ween laser pulses given the 15 Hz repetition rate. Signal averaging was
five or ten coadditions, meaning five or ten decay events were averaged at
each mirror p'ositiori. Figure -22'.contains two plots: a “decay trace”, in which
the integrated area under the transition (corrected for baseline noise) for a
time slice is plotted versus time, aﬁd a “log pl;)t”, in which the logarithm of
the integrated tramsition aréa is’ plotted instead. The integration and
baseline correction methods are discussed in detail in-Chapter 4. In the plots
shown, most of the decay traces have been normalized to a maximum
intensity value of Ione to facilitate comparison between difféfent spectra. The
data shown in Figure 22 were obtained by after excitation directly into ’;he
4l132 manifold. Though valuable information concerning relaxation processes
can be obtained by pumping above the upper emitting level, it is best to
excite the emitting level directly when defermining lifetimes to prevent -
e'missior'i level feeding processes from influencing lifetime measurement. The
straight line of the log plot shows that the decay is exponential. An
exponential fit of the decay data results in an experimentally determined
lifetime of 8.6 msec (experimental lifetimes for all the materials studied are
summarized in Table 4 at the end of this chapter). The data in this plot are
truncated after the signal has gone below the noise level.

Two emissions originating from the 4I11/2 level appear in spectra where
the %Ill/z- manifold or higher is pumped, terminating at 4I;sq (emigsion band

at approximately 3500 cm-1) and 4I152 (approximately 10000 cm-1). Emission
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from the 41.11/2 manifold has a significantly shorter lifetime than that
originating from 411:;/2, and the 'experimenfs 'ldes'igned to analyze these
emission bands were tem'porally.resolved to 500 nanoseconds and had total
sampling times of 120-150 micfoséconds. Since this higher temporal
resolution required the use of a faster, 8-bit t\ransient recorder rather than
the 16-bit recorder used for the slower experiments, lower signal-to-noise
resulted, necessitatiﬁg more coadditions (20 to 80 for the Various. pump
levels) for signal averaging. Figure 23 1illustrates decay traces for the two
emission bands. The maximum intensity for both bands is normalized to one
to show the similar behavior pf the two bands, which indicates th'at they
originate from the‘same manifold. Exf)erimentally determined lifetimes i::)r
the 4112 level of 2% Er:YSO rénged from 10.3 to 12.7 microseconds fo‘r all the
pump levels analyzed, with values éf 10.3 to 10.7 s for experiments run with
direct 4I11/2 éxcitation. The intensity of the transition terminating in the
ground state is significantly higher that terminatiﬁg in the 432 level. The
radiative branching ratio was det’ermined by taking a single time slice .from
the expérimenf (an acéeptable assumption since the emission bandshapes did
not change over time), corré’cting for instrument reéponse, .and integrating
the area of each emission band. The resulting branching ratio was found to
be 0.91 for the 4I113 > 4152 transition and 0.09 for Tiy2 > 4I13p. Branching

ratio calculations for all the materials studied are summarized in Table 5 at

. the end of this chapter.
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locked loop can interpolate the HeNe curve to allow more frequent sampling
which eliminates this problem. In step scan, two laser detectors are used:
one to lock on a HeNe zero crossing; the other (~90° out of phase) is
used to determirre'the slope to tell which half wavelength is being locked
on. Therefore, the strategy used in continuous scan cannot be used in step‘
scan, and the four emission transitions originating from 4Sss could not be
evaluated in the same experiment. The three lower frequency transitions
were observed in spectra obtained over the range of 2000 - 15700 cm-l, and -
the visible transition (around 18000 ‘cm-l) was obtained in a separate
experiment. IR spectra were obtained after excitation te the 4Sgss, 4F7/2, and |
4F52 levels. Since the silicon dtode detector was easily saturated it was very
difficult to detect emission transitions in the spectral region close to the
excitation seurce, therefore, we were not able to obtain a time re.solved
erllission spectrum containing the 4Ss2 > “Iis2 transition after pumping the
4532 manifold. However, this transition was observed in temporally resolved
spectra after excitation to the 4F7q, and 4Fs» manifolds. Figure 25 shows
decay traces of the three IR emission bande fellowing 4Sse excitation. The
4Sa2 > ‘.L113/z transition has the best signal-to-rloise ratio, and an exponential
fit based on this transition yields a lifetime of 3.5 microseconds. The 4Sz; > -
4112 transition is the weakest and the figure illustrates the effect of the lower
signal-to-noise orr the decay trace. Figure 25 also contains a log plot of the

decays. Again, the slight curvature in the log traces is attributable to
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‘baseline correction. Branching ratios were calculated for these radiative
‘transitions based on spectra obtained after 4F7s excitation, since a.visible

spectrum was obtained at that excitation level.

Er'YAG

The 4% Er:YAG sample was excited at the frequencies as listed in

Table 2. Additionally, emission spectra were obtained from 2.1% E‘r:YAG' . ‘

following excitation to the 4Fg2 manifold. The same emission transitions were

observed for the same pump manifolds as in Er:YSO. Results for the.

ﬂuorescénce decays for the 413/, 4I11/2, and 4Sse levels are discussed in the
followiné paragraphs.

The 4132 = “l152 emission occurred on a similar time scale in Er:YSO
and Er:YAG, and experiments 1fu]f'1'to evaluate this transition were set up
with similar temporal resolution, sampling duration, c;md number of

coadditions. Figure 26 shows the integrated. results of the transition after

Table 2. Excitation Frequencies for 4% Er:YAG.

Pump Manifold : ‘ Excitation Frequency (cm-1)
4l13/2 _ 6797
41179 : 10347
4Fg/e ' : 15445
4Ss3/0 : 18797

4F79 , 20494
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-lifetime 1s several times longer than that of the same transition in Er:YSO.
In both materials, multiﬁhonon relaxations dominate relaxation from the
411172 level, and the Ihechanism appears to be more efficient in Er:YSO. Decay
results for 2.1% Er:YAG were not obtained for excitation to this manifold, but |
. experiments run on both concentrations with 4Fg/2 excitation do not show a
. strong concentration dependence in the 2-4% concentration range.

Figure 29 illustrates integrated transition data and a log trace of the
visible 4Sg;2 2> “I152 emission. Decay from this level is also exponential, as
shown by the log trace. The IR transitions from the ;1'83/2 level show similar
temporal behavior. An exponential fit of this decay process for 4% Er:YAG
yields a calculatéd lifetime of 10.7 microseconds, which is longer than the
analogous process in Er:YSO (approximately 3.5 microseconds). The temporal
resolution for the experiments run to analyze these transitions was 250 nsec,
with a total sampling time of 150 microseconds. Other experimental

.parameters were the same as those for the Er:YSO experiments.

Er:LuAG

Time resolyed emission spectra were obtained for 0.5% Er:LuAG after
excitation to the ‘4113/2', 41119, and 433/2 manifolds, using pump energies of
6525, 10385, and 18448 cm-l, respectively. As with the other samples, the

pump manifolds were selected since they are the emitting levels. The same
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‘Figure 31 shows integrated'decay and log plots for the 4I112 > 4Iy52

transition, following excitation to the 4I112 manifold. The temporal behavior

of the 412 > 4132 transition is similar, but the signal-to-noise ratio is

slightly lower due to the lower signal intensity of the transition. The |

experimental lifetime is 67.7 microseconds, and the ldg plot is. again
indicative of exponential behavior.

The three infrared emission transitions init—iated from the 4S3p» level
were also observe_d-in the Er:LuAG sample. The integrated trace of fhe
transition termiqating at :che 4I132 manifold is shown in Figure 32. This

emission occurred after direct excitation to the 4Sg» manifold. The log plot

showed the emission decay to be exponential, and the exponential fit on the

decay data yielded a calculated lifetime of 12.8 microseconds: Attempts to

obtain the visible emission spectrum after excitation to the 4F7s manifold =

- failed due to the relatively low signal strength of the  low concentration
sample and saturafcion'of the silicon diode déteqtor by the excitation pulsé.
However, this visible transition could be seen by thé eye.

The rise time of the 41132 > 4115 transition has a exponential rise time
sinﬁlar to that of the 4112 > 4l132 decay lifetime, indicating that the main
channel of ‘population of the 4I1g level is through tile ‘411‘1/2 level. The rise for

all three materials studied is shown in Figure 33.
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