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CHAPTER I
INTRODUCTION

The development and understanding of rare-earth ion based laser systems
has long been an important part of laser physics. As early as 1958 Schawlow
and Townes[1] suggested that the rare-earth ions, also called the lanthanide ions,
might possibly be used to produce an optical equivalent of the maser (microwave
amplification by the stimulated emission of radiation), the laser (light amplification
by the stimulated emission of radiation). Although the first laser developed, the
ruby laser (Cr®*:A1,03),[2] was not based on a lanthanide ion, rare-earth ion based
lasers were soon developed.[3] An important step in laser development was the
room temperature Nd:CaWOy, laser operating at ~1.0 pm.[4] Unlike the ruby laser,
which operated as a three level laser with the terminal level of the laser transition
the highly populated ground state, Nd*+ lasers operating at 1.0 ym operated as a
four level laser, with the terminal level well above the ground state and therefore
depopulated. The lower population in the terminal level of the laser transition
reduced the flashlamp pump energy required for laser emission to begin and led
to improved efficiencies. Since this early work, rare-earth ion based laser systems,
especially those based on Nd3*, have played a dominant role in the development
of new materials and the study of solid state laser physics. A good review showing
the scope of solid state laser material development was compiled by Kaminskii in
Ref.[5].

The study of solid state laser systems is driven by the numerous requirements
for new applications along with the desire for a basic understanding of the physi-
cal mechanisms important in the laser materials. The need for higher efliciencies,

higher powers and operation at different wavelengths is extremely important in



continuing interest and furthering study. Only through an understanding of the
physical processes active in the materials can systems be optimized for better per-
formance. Recent developments in other fields, for example the development of
high power semiconductor diode lasers, are also very important. Systems based on
materials that can be optically pumped by diode lasers offer the possibility of more
compact and efficient lasers. Althougii the optical properties required by such ma-
terials are similar in many ways to those required for traditional flashlamp pumped
systems, there are important differences in operating conditions that must be con-
sidered. Omne example is the intense nearly monochromatic nature of the emission
from diode lasers must be very carefully matched to the narrow absorption bands
of the Itare-earth doped laser materials to insure efficient absorption. This is in
contrast to traditional systems where the broad band emission of the flashlamp
often overlaps multiple absorption bands. Another factor that must often be con-
sidered is the high pump intensities presént in diode pumped materials may lead
to multiple photon absorption effects not seen in flashlamp pumped systems. The
need to understand these additional processes, and to develop materials which can
efficiently absorb the diode laser pump energy and convert it to laser output at
the desired wavelength is an important part of the fields of laser physics and laser

materials.
Summary of Thesis

This work addresses a number of current issues in the fields of laser physics
and laser materials research, especially problems associated with the understand-
ing of diode pumped rare-earth ion based laser systems. Chapter II provides some
of the theoretical background required for understanding the optical properties of
rare-earth ions incorporated into solid state host materials. After a discussion of
the origin and energy level structure of the states responsible for the optical proper-
ties, the mechanisms responsible for transitions between these states are discussed.
These mechanisms include radiative decay via forced electric dipole transitions,

non-radiative multiphonon decay, and non-radiative ion-ion energy transfer. A



useful formalism for quantitatively analyzing and understanding excited state dy-
namics, the rate equation formalism, is also introduced. The chapters following
this introduction to the optical properties of rare-earth ions each address different
laser systems, materials, and physical processes that are of present interest.

Chapter III presents an analysis of an important laser system for medical
and remote sensing applications: Tm,Ho:Y3Al50,; (yttrium aluminum garnet or
YAG). The Tm,Ho:YAG material system has a number of interesting properties
that make it a useful material for use as a diode laser pumped 2.1 pm laser. Diode
lasers operating in the 780 nm spectral region can be used to optically pump Tm3*
ions. A series of ion-ion interactions then occur resulting eventually in energy
transfer to the Ho3* ions which are responsible for the 2.1 ym laser emission. This
study primarily uses the technique of time resolved spectroscopy to investigate and
quantify the effects of a number of these processes. The results of this spectro-
scopic approach to understanding the energy transfer processes are then used in a
rate equation based computer simulation of the dynamics of laser operation. These
results are compared to previous experimental results. Additionally, the effects of
some previously suggested mechanisms leading to lower laser efficiency are consid-
ered and qu#ﬁtiﬁed using the rate equation model. A new possible loss mechanism,
the effect of which is highly dependent on the pump wavelength selected, is also
identified and investigated.

The next chapter, Chapter IV, considers absorption and ernissioh character-
istics of two Nd3+ bdoped garnets, yttrium aluminum garnet (YAG) and gadolin-
ium scandium gallium garnet (GSGG). Although Nd3* doped garnets, especially
Nd:YAG, have been extensively studied a number of interesting effects are not well
understood. Here the origin of blue and green emission observed under excitation
with an alexandrite laser operating in the 720-800 nm spectral region is investi-
gated. The effects of the processes leading to this emission may be important for
diode laser pumped systems since the operating wavelength of the alexandrite laser

is close to that of the diode lasers often used to optically pump Nd3* lasers. The



spectral content of the blue and green emission is examined carefully and com-
pared to that expected from an analysis of the energy levels. From this analysis
the most likely level of origin for the blue emission is identified. A Judd-Ofelt
analysis of the absorption data for each rﬁaterial is also performed and the effect
of severe intermixing of Stark levels from different multiplets in regions of the spec-
tra on the analysis is considered. The results of the Judd-Ofelt analysis are then
used to confirm the identity of the upper state and to predict which excited state
absorption paths are responsible for populating it.

Chapter V considers a relatively new type of Nd3* doped laser material, a
" heavy metal fluoride glass. The random structure of the glass host causes site to
site variations in the crystal field strength and symmetry. This variation causes
differences in the energies of the crystal field split Stark levels for rare-earth ions in
different sites. Although the variation is not as great in fluoride glasses as in oxide
glasses, the inhomogeneous broadening of the transitions that does occur offers
broader absorption lines that can be more easily matched to the output of diode
lasers than the sharp lines present in crystals. Fluoride glasses also offer slower
non-radiative multiphonon relaxation rates than those found in other materials
which leads to longer effective fluorescence lifetimes for some excited states. In
this chapter the results of a study of some of the spectroscopic and laser properties
of Nd:ZBAN are presented. The stimulated emission cross section is determined
spectroscopically and from the laser efficiency measurements. Again, as in the
crystalline hosts discussed in Chapter IV, blue and green emission is observed and
characterized. A Judd-Ofelt analysis is used to explain the observed wavelength
dependence of the excited state absorption (ESA) of pump photons. Finally, a
rate equation model is used to determine the effects of this process on the lasing
dynamics and efficiency in this material and the physical parameters needed for
determining whether the ESA of pump photons will be an important process in a

particular host material are identified.



CHAPTER II
THEORETICAL BACKGROUND

The o,p‘tiica.l properties of mé,teria.ls that contain rare-earth ions have long
been studied. Excellent reviews of the optical properties of rare-earths can be
found in Ref. [5-8]. Early workers, especially J. Becquerel, observed that at low
temperatures the optical absorption spectra of rare-earth salts consisted of numer-
ous sharp lines. Understanding of the origin of these sharp radiative transitions
was furthered by the development of crystal field theory, by H. Bethe and H. A.
Kramers for example, and by J. H. Van Vleck, who suggested that the transitions
were due to a forced electric dipole mechanism and occurred between states in
the 4" electronic configuration.(see the extensive discussions of this early work in
Ref. [6] and [8]) For a free ion radiative transitions within a configuration were
" known to be forbidden since the initial and final states have the same parity. Van
Vleck proposed that such a transition becomes allowed when the ion is placed in
a host material because of an interaction with the local electric field produced by
the surrounding ligand ions.

Detailed analysis of the spectra and relaxation mechanisms in rare-earth
doped materials followed this early work. The energy levels and transitions ob-
served in the absorption and emission spectra of rare-earth materials were identified
and characterized (see for example Ref. [6,7]) and a phenomenological model de-
scribing the radiative transitions was developed.[9,10] Various non-radiative relax-
ation mechanisms, including multiphonon relaxation [8,11-13] and non-radiative
interactions between two or more ions (see reviews in Refs. [14-17]), were also
identified and studied. A brief summary of some of the important results will be

given here.



Energy Levels

As mentioned previously, the sharp line structure that appears in the ab-
sorption and emission spectra of rare-earth materials is produced by transi-
tions which occur between electronic states arising from the optically active 4f
electrons. The electronic configuré,tion for atoms in the lanthanide series is
[lsz2sz2p63sz3p63dlo4524p64d1°5525p66sz]+4fN where N varies from 2 for Ce to
14 for Yb. In the trivalent ion form, RE?¥, the two 6s electrons and one of
the 4f electrons are ionized, leaving the lowest energy electronic configuration as
[1s225%2p®3s23p€3d1%4524p®4d105s25p%]+4f". Interactions between the optically ac-
tive 4f* electrons, through Coulombic repulsion and spin-orbit coupling, and inter-
action with the host material, through the static crystal field, lead to a complex set
of electronic states with differing energies. By applying the tensor operator meth-
ods developed by Racah and Judd[18], the energy level structure of the trivalent
rare-earths can be quantitatively understood in terms of these interactions.[6,7] A
brief summary of the approach and its results are given here. - |

The energy level structure involved arises primarily from three interactions:
the Coulombic repulsion between electrons, spin-orbit coupling and the electric
field due to surrounding hosts ligands. The Hamiltonian for the optically active 4f

electrons is written as

H=H,+ Hecou + Hso + Hscr. (1)

H, contains the kinetic energy and nuclear potential term for each of the 4f elec-

trons,

n 2 Zogse?
H=% P Zeff€ (2)
. =1

2m; T
where e is the electronic charge, Z.ss is the effective potential due to the nucleus
and core electrons, 7 indexes the optically active 4f electrons, p;, r; and m; are the
momentum operator, the position operator and the mass of the i** 4f electron. The

summation is over all the optically active 4f electrons. The Coulombic repulsion



energy is given by

n 2 .
HCoul = E e_ (3)

i<y T
where r;; is the position operator between the i** and j** electrons. The spin-orbit

interaction is
n
Hso =Y &(ri)si- ki (4)
i=1
where £(r;) is the spin-orbit coupling strength and s; and [; are the spin and
‘orbital angular momentum operators, respectively, for the i** electron. Finally,
the interaction with the surrounding host (the static crystal field) is

Hscr =Y Bf [C,f]'. (5)

g,k

where the BY are crystal field parameters, the Cf are spherical tensor operators

and once again the sum is over the optically active 4f electrons. The exact form

of the crystal field, which C: operators are present and the values of the B: ’s, 1s

determined by the symmetry of the rare-earth site in the lattice and the strength of
the interaction with the surrounding ligands. For rare-earth ions in the materials

considered here Hscr < Hso < Hgou with energies of 2100 cm™t, ~1000 cm™!

and ~10000 cm™! , respectively. A diagfam showing the effects of these interactions

is shown in Figure 1. Note that this approach ignores any configuration mixing, |
many body effects or relativistic effects.

The diagonalization of the Hamiltonian to produce the appropriate eigenval-
ues and eigenstates is usually approached in three steps. First, the central field
approximation is made, combining H, and Hg,. into a single central effective
potential treating the Coulombic repulsion as a small perturbation. This yields
states characterized by the quantum numbers S, L, Mg and My where the energy
of the state is dependent only upon L. Using spectroscopic notation these states
are labeled as the 2°*1L terms.

Application of the next interaction, the spin-orbit coupling, to these states
has two important results. First, part of the degeneracy of the various 5+!L

terms is lifted yielding states that are 2J + 1 degenerate. These states are labeled
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Figure 1. Rare-Earth Ion Energy Level Splittings.



as the 2S+1LJ multiplets (the energies are independent of the quantum number J3,).
These are the familiar LS coupled or Russell-Saunders states. The second result
of applying the spin-orbit interaction is that it mixes states with different values
of S and L but having the same value of J. The result of this J -mixing is that S
and L are no longer “good” quantum numbers. The spin-orbit coupled states are

linear combinations of the Russel-Saunders states:

| v4f"[S, L}J >= 3 C(ySL) | v4f"SLJ > (6)
-'yS‘L

where - represents any other quantum numbers needed to identify the state and
the C(ySL) are coeflicients dependent upon the strengths of the spin-orbit and
Coulombic interactions. This is called the intermediate coupling scheme since
the resulting wavefunctions are neither pure LS coupled states nor pure j;j cou-
pled states. The [S, L] notation on the left hand side is used as a reminder that
although S and L are still used to denote the states, they are no longer good quan-
tum numbers and instead only represent the dominant 25+1L term in the linear
combination.

The interaction with the static crystal field is considered next and like the
case of spin-orbit coupling two effects are observed. First, the static crystal field
removes part of the 2J 4+ 1 degeneracy of the ?*! L; multiplets producing crystal
field states, also called Stark levels, which are often labeled as 25+1[;(n) where
g is a quantum number associated with the crystal field symmetry (for exa,mple
an irreducible representation). The second effect of the static crystal field is that
it causes mixing of states with the same value of g but having different J values.
Thus J is no longer a good quantum number and the final result are states of the

form

| y4f™S, L, Jlp >= 3" C(YSLIJ,) | v4f*SLJJ, > . (7)

4SL
where the C(ySLJJ,) are dependent on the strength of the crystal field in addition

to the strengths of the other interactions. Although S, L and J are still used to

label the states, it is understood that only y is a good quantum number and the
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other quantum numbers on the left hand side of the equation (S, L and J) simply
represent the dominant multiplet in the linear combination.

The procedure outlined above is carried out in practice by comparison to ex-
periment since at present ab initio calculations of the energy levels are complicated
by difficulties in calculating the actual crystal field strengths and radial wavefunc-
tions. Furthermore, the calculations can only be done for host materials where the
symmetry of the rare-earth site is well defined. In glass materials, for example, the
site to site variations in the static crystal field strength and symmetry causes in-
homogeneous broadening and a detailed analysis of the Stark level structure is not
generally possible. In materials where the calculations are possible, the strengths
of the interactions outlined above, and in some cases interactions accounting for
additional relativistic and three-body effects, are parameterized and determined
by a best fit to experimental data, yielding the eigenvalues (the state energies) and

eigenvectors (the electronic wa.vefunctiohs) of the system.
Transition Mechanisms

Transitions between the states responsible for the optical spectra in a rare-
earth ion/host system occur through a variety of mechanisms. The three dominant
mechanisms in rare-earth doped materials are forced electric dipole transitions,
multiphonon transitions and non-radiativé energy transfer. These mechanisms are
often separated into two categories: radiative and non-radiative processes. The
former involve absorption or emission of a photon for energy conservation and
produce the observed absorption and emission spectra while the latter involve
either exchange of energy with the host lattice or energy transfer to other ions in

the system.
Radiative Transitions

First consider electric dipole radiative transitions between a pair of electronic

states. The transition probability rate for such a transition is governed by Fermi’s
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rule and involves the matrix element containing the electric dipole operator. The

electric dipole matrix element is written as
Med=<\I’F|Pl\I’1> (8)

where | Uz > is the wavefunction of the final state, P is the electric dipole operator
and | ¥; > is the wavefunction of the initial state. The electric dipole operator
connects states with opposite parity. In the case of transitions between the states
derived in the previous section, the matrix element in Equation (8) is zero and the
transition is said to be forbidden since both states arise from the 4f* configuration
and therefore have the same parity.

As mentioned previously, Van Vleck suggested that the optical transitions
observed in rare-earth materials were due to forced electric dipole transitions. He
noted that odd symmetry components of the crystal field mixed states of opposite
parity into the 4f* states (configuration mixing). This mixing, ignored in the
previous calculation of the energy levels and wavefunctions, provided the initial and
final states with some components of opposite parity causing the transition rate to
be non-zero. In 1962, B. R. Judd[9] and G. S. Ofelt[10] independently developed
similar phenomenological models to explain and quantify this interaction. Detailed
descriptions of the Judd-Ofelt theory can be found in [5,8,16,19] and only an outline
is given here. |

The approach taken by the Judd-Ofelt theory is a straightforward applica-
tion of perturbation theory. Odd order terms in the crystal field Hamiltonian
(designated by VcF) are used as a perturbation causing admixing of states with

opposite parity to the initial 4f* states. Using 1°* order perturbation theory the

new state is given by

<®p|Vcr | ®4>
=&, > —
‘\I’A> l A > ZB: EA—'EB

| &5 > (9)

where | ® > and Ep are the wavefunction and energy of a state arising from a
higher lying configuration, | ®4 > and E4 are the wavefunction and energy of a
state arising from the 4f* configuration and the summation is over all states from

configurations having parity opposite that of the 4f* configuration.
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The electric dipole matrix element can be written using states described as
in Equation (9) with | ¥; > as the initial state where | ®4 >—| ®; > and | ¥F >
as the final state where | 4 >—| ®F >.Writing the electric dipole matrix element

using these states yields

<Vp I P ‘ Uy >=< op l P I b > —g <QF|VCFEI.‘:E;;@B]P|@1>

<®rp|P|®p><®p|VCpi®r>

—g Er-Ep (10)
&p|V 3 or|V ®
+§< BEIIE;EFBI 1>§< FéFE;EL B> &5 |P|®5 >

This can be simplified to

<@FIVCF|@B><@BlP|@1>

<\I’F|P|\I’I>=—E
B

Ep—-Ep 11
_ E <@F|P|@B><@BIVCFIQ1> ( )
F E;-Ep

where the matrix elements formed between states of the same parity hé,ve been set
equal to zero. The major contribution of Judd and Ofelt involves the simplification
of this expression.

The major assumptions involved are as follows: the states arising from the
opposité parity configurations are degenerate, £}, = E, = Ep, and the energy
differences between the states arising from the higher energy configurations and
the states arising from the 4™ configuration are nearly equal: E;— Ep ~ Er— Ep.
The first of these assumptions allows the use of closure the simplify the summation
over B while the second assumption allows the two terms in Equation (11) to be
combined into a single term. The resulting equation can be further simpliﬁed
by summing over the Stark levels of the upper and lower multiplets. The result is
usually written in terms of the electric dipole linestrength for multiplet to multiplet
transitions, Seq, which is proportional to the square of the matrix element and

written as

Sull 1S, 107 >, | [S, LT > =2 ¥ u|< (S, 0o 18,07 > . (12)

t=2,4,6
The doubly reduced tensor operators < [S, L]J ||U?|| [S’, L']J’ > are usually con-

sidered to be host invariant and have been calculated and tabulated by Carnall,
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Crosswhite and Crosswhite. [20] All of the constants, radial integrals and other
factors have been absorbed into the Judd-Ofelt parameters, the §2,’s.

The probability rate for an electric dipole transition from the | [S, L]J >
multiplet to the | [S/, L']J’ > multiplet is related to the linestrength and can be

written as

A[|[S,L)J >,| [S", LI >] = W%Xedsed“ [S,L]J >,| [S',L)J' >] (13)

where n is the index of refraction, e is the electron charge, A, the wavelength of

the transition, and x.q is the local field correction for the rare-earth in the initial

manifold given by

n(n? + 2)?
-
The radiative lifetime of an | [S, L]J > multiplet, 7,44, is related to the radiative

Xed = (14)

decay rate through

Lo AN, L > | S, L 5] (13)

Trad [s',L1)J

where the summation is over all lower energy multiplets. A branching ratio for
an electric dipole transition from the | [S, L]J > multiplet to the | [S’,L']J" > -

multiplet can also be defined as
Bl [S, L)J >,| [S, L')J" >] = A[| [S, L)J >,| [S', L']J" >]7raa. (16)

The branching ratio for a transition is a measure of the relative intensity of a tran-
sition to the total intensity of all the transitions originating on a given multiplet.
Another important quantity, the oscillator strength of a transition, can be written

as

8 ! [ !
(an+ 1V)e2n2X°’”‘Sfd“ 15, L1J >, | [S", L) >]
(17)

FULS, L >, 1[5, L)' >] = o

where m is the electron mass, and v is the frequency of the transition.
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The Judd-Ofelt parameters for a given rare-earth ion/host combination are
determined by fitting experimentally calculated oscillator strengths for transitions
from the ground state multiplet to the excited state multiplets to those found by
Equation (17). The oscillator strength of a multiplet to multiplet transition is

found from the absorption spectra using

mc

weN

fULS, LYW >, | S, L'|J' >] = a(v)dv (18)

where N is the concentration of rare-earth ions in the sample, a(v) is the absorption
coefficient at frequency v and the integral is over frequency range of the transition.
Once the Judd-Ofelt parameters are determined from the fitting procedure, the
radiative lifetimes of excited states and oscillator strengths for transitions between

excited states can be calculated.

Non-Radiative Transitions: Multiphonon Decay

A second mechanism fdr transitions in rare-earth ion/host 'systems involves
an interaction between the rare-earth ion and the lattice through the exchange
of one or more phonons. Very fast transitions involving a small number of lattice
phonons occur between the crystal field split Stark levels within a multiplet. These
transitions lead to a Boltzman distribution of excited ions within a multiplet and
can account for the experimentally measured linewidths of the optical transitions.
In addition to these processes, however, there are multiphonon processes that occur
on the same time scale as radiative transitions. These processes involve a large
number of high energy phonons to provide energy conservation for a transition
between a pair of Stark levels from two different multiplets.

Although multiphonon decay in rare-earth materials has been extensively
studied,[6,8,12,13,16,21,22] a complete theory describing multiphonon relaxation
has not been fully developed. A general theoretical approach and a phenomena-
logical model have been established however.(see for example [8,16]) Multiphonon

decay is possible through an interaction between the electronic-vibrational states
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of the rare-earth jon/lattice system. These states are written as
| Uoijk... >=| ¥q >| ninjng... > (19)

where | ¥, > is the electronic wavefunction, | n;n;ng... > is the wavefunction
describing the lattice and the n;’s are the occupation numbers of the phonon modes
of the lattice. The interaction mechanism is the dynamic crystal field which can

described by a Hamiltonian of the form
1
Hpor =) _QiVi+ 5 > QiQiVii + ... (20)
1 45

where the @);’s are the normal mode coordinates and the V; _’s are electron-phonon
coupling strengths. Typical theoretical approaches involve the use of n* order
.perturbation theory using the first order term in the crystal field expansion or use
1%t order perturbation theory with the n** order term in the crystal field expansion.
In either case since the exact coupling between the rare ea,rth.ion and the lattice
is not well known, ab initio calculations are difficult.

Empirically, multiphonon relaxation rates are found to depend on the tem-
perature of the sample and the energy separation between multiplets.[8,12,22] A
multiphonon decay rate is found by comparing the measured fluorescence lifetime,
Tmeas, With the radiative rate predicted by the Judd-Ofelt theory described previ-
ously, Treq. In the absence of any other interactions the measured and predicted

radiative lifetimes are related by

1 1

+ Wy (21)

Tmeas Trad
where Wi, is the multiphonon decay rate. Mutiphonon decay rates for different
transitions in a given host are found to depend exponentially on the energy gap
separating the upper and lower multiplets. This relation is known as the energy
gap law and is given by
Wmp = C exp(—aAE) (22)

where C and a are host material dependent and AF is the energy gap between

the upper and lower multiplets involved in the transition.
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Phenomenologically, the energy gap law can be understood using a single
frequency phonon model. An energy gap AE can be bridged by n high energy
phonons of frequency w so n = AE/hw. For an n* order perturbation approach

to be valid, the n™* order term must be smaller than the (n — 1) order term:

n

W= <1 (23)

If the ratio between W,, and W,,_.; is nearly constant for all n then
W, = Ce" (24)

which can be rewritten as

W, = Cexp(—aAE) (25)

Once C and « are known for a given host, the energy gap law can be used
to determine the rate for multiphonon transitions in the material. One important
factor to note, however, is that the energy gap law has been found to be valid
only for cases where large numbers of phonons are involved. For small energy
gaps, where only one or two high energy phonons are needed, the energy gap law
no longer holds and can significantly underestimate the decay rates. Investiga-
tion of non-radiative relaxation rates between closely spaced multiplets is still an

important area of research in rare-earth materials.[23-27]

Non-Radiative Decay: Ion-lon Energy Transfer

A third mechanism responsible for multiplet to multiplet transitions in rare-
earth ions is non-radiative energy transfer.(see Refs. [8,14-17]) In this type of
process an ion in an excited state transfers some or all of its energy to another
nearby ion which is originally in either its ground state or an excited state without
involving either emission or absorption of a photon. Three examples of energy
transfer processes are shown in Figure 2. Figure 2(a) shows an example of energy
transfer from an ion of type s, a sensitizer, to an ion of type a, an activator. The
sensitizer relaxes to its ground state promoting the activator to its excited state.

In situations where this process occurs, the fluorescence emission intensity and
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measured fluorescence lifetime of the sensitizer are both reduced (or quenched)
in the presence of activators. If the activators luminesce, this type of process is
referred to as sensitized luminescence since emission is seen from a type of ion
that does not directly absorb the pump energy. Early work in this field can be
found in Refs. [28-30]. Figure 2(b) shows a second energy transfer process in
which one excited sensitizer ion relaxes to the ground state transferring its energy
to another sensitizer ion that was initially in the ground state. This process does
not lead to luminescence quenching but it can be responsible for spatial energy
migration in which energy is transferred from one location in the crystal to another.
Long range energy transfer of this type can be studied using laser induced grating
spectroscopy.[31-33] The third type of process shown (Figure 2(c)) is an example of
an energy transfer upconversion process in which two ions in excited states interact,
one ion relaxing to the ground state and the other being promoted to a higher lying
level. This type of process can, for example, convert infrared excitation into visible
emission and is one process often present in upconversion laser systems.[34,35] The
processes represented in Figure 2(a) and Figure 2(c) are examples of spectral energy
transfer processes since their effects can be detected by monitoring changes in the
spectral content of the emission.

The study of energy transfer has been an extremely important part of the un-
derstanding of the optical properties of rare-earth doped materials.(see for example
Ref. [8,14,15,17] Two somewhat different mathematical approaches for studying
energy transfer have been developed and used: a macroscopic rate equation ap-
proach and a microscopic ion-ion interaction approach. The microscopic approach,
in which interactions between pairs of ions are considered, is discussed below while
the rate equation approach, which is formally the same as the rate equation ap-
proach used to describe laser systems, will be described in the next section. The
relationship between these two approaches and the limitations of each approach
are discussed in detail in Ref. [36].

A starting point for any discussion of the microscopic approach to non-

radiative energy transfer must be the pioneering work of Forster [28] and the
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(a) (b) (c)

Figure 2. Examples of Energy Transfer Processes. (a) Sensitizer to Activator
Energy Transfer (b) Senesitizer to Sensitizer Energy Transfer (c)
Upconversion Energy Tranfer.
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continuation of this work by Dexter [29]. Forster-Dexter theory provides a simple
method of calculating the energy transfer rate from a sensitizer ion to an activator
ion with a given spatial separation using the observed emission and absorption
spectra of the ions involved. Extensions to this basic theory provide a formalism
to understand to more complex systems with many sensitizer and activator ions
distributed in the host media [28,30,37] (Reviews in Refs.[8,14,15,17]). The brief
review of the Forster-Dexter theory given here parallels the development by Dexter
in [29].

A probability rate for energy transfer between two ions as shown in Figure2(a)

can be written as follows
2T 2
Py = W |< Ui | Hij | Ug >| ge. (26)
where | U; > is the wavefunction of the initial state given by
| U; >=| U(rs, Ese), U(ra, Eqy) > (27)

where the sensitizer ion at rs in the excited state (energy=E,.) is described
by the wavefunction ¥(rs, F,.) and the activator ion at rp in the ground state
(energy=E,,) is described by the wavefunction ¥(ra, E,;). The wavefunction of
the final state is |
| Uy >=| U(rs, Esy), U(ra, Ege) > (28)

where the sensitizer ion at rs in the ground state (energy=EFE,;) is described
by the wavefunction ¥(rs, F,;) and the activator ion at ra in the excited state
(energy=FE;,.) is described by the wavefunction ¥(ra, Es.). g is the density of
states of the final state and H;; is the Hamiltonian describing the interaction be-
tween the ¢*» and j** ions.

The form of H;; depends upon the type of interaction considered, electric
dipole-dipole, electric dipole-quadrupole, exchange, etc. For simplicity, consider
only the electric dipole-dipole interaction so

3(1‘5 * Rsa)(ra * Rsa) 62
Rsa2 Ria

Hij = |Fg-Ta — (29)
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where Rsy is the vector connecting the two ions. The matrix element involving this
interaction can be evaluated and, using the Einstein A and B coefficients, related

to the observed absorption and emission spectra. This yields

3Kt Q, s( dE
A \,g) [ HBEE) )

where @, is the absorption strength given by Q, = [ a(E)dE where o(E) is the

absorption cross section of the activator at energy E, f, is the normalized emission
spectrum of the sensitizer, F,(E) is the normalized absorption spectrum of the
activator, 7, is the radiative lifetime of the excited state of the sensitizer (in the
absence of the activator), £/€, is the ratio of the applied electric field intensity to
that in the crystal, and e is the dielectric constant. This is often written in terms

of a critical interaction distance, R,, as

=3 ()
Psa - Rsa A (31)

e (e (o) 12"

The critical interaction distance is the separation between a sensitizer and an

with

activator that produces an energy transfer rate equivalent to the intrinsic radiative
decay rate of the sensitizer. More importantly, the critical interaction distance can
be determined from experimentally measured spectra: the absorption spectrum of
the activator and the emission spectrum of the sensitizer.

As mentioned previously, the formalism above describes the energy transfer
rate between a pair of ions. The extension td a somewhat more realistic material
system, in which there are a large number of sensitizer and activator ions can
be found in the work of Forster [28] and of Inoukuti and Hirayama [30]. In this
approé,ch, each activator ion in the éystem contributes to the decay of the sensitizer.
The observed decay time, in the absence of other decay processes, is given by

) =op [-L - L5 (R (33)

Ts Ts =1
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where R; is the distance to the ¢** activator and N is the number of activators.
To determine the average decay rate of all the sensitizers in the system the rate is

averaged over a random distribution of activators, p,(R;), giving

(%j)spa(R,-)dV] (34)
=v

This can be evaluated in the limit as N&V — oo such that N/V — N,, the

concentration of activators. The average decay in this limit is then given by

A0 = exp | -2 - Rerqa [£]. )

where N, is the critical concentration given by N, = #£(R,)3. This type of decay
is known as static or Forster decay.

One of the assumptions in the derivation of the static decay is that no in-
teraction between sensitizer ions occurs, that is, there is no sensitizer to sensitizer
energy transfer. Although developed above for two different types of ions, Forster-
Dexter theory can be applied even if the ions are of the same type. In this case one
“sensitizer” ion transfers its energy to another “sensitizer” ion. In many systems
the concentration of sensitizers is large enough for sensitizer-sensitizer interaction
to be significant. R,,, the distance between two sensitizers which will replace R,,
in Equation (31), becomes small so the interaction rate for the process in Figure
2(b) is large. This may lead to spatial migration of energy in the excited state
of the sensitizer. A wide variety of methods for describing sensitizer to sensitizer
energy migration have been developed, including formalisms based on solving the
diffusion equation [38], random walk approaches [37,39] and a generalized master
equation approach [40].

To treat the most general case in which both energy migration and sensitizer-
activator energy transfer occurs, different formalisms have been developed.(see for
example Refs. [37,41] and the reviews) Often, these approaches yields results in
which each of the energy migration steps (sensitizer to sensitizer energy transfer
steps) is treated using Equation (31). Each of the approaches, however, is faced

with limitations on its applicability due to the assumptions that must be made,
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especially assumptions related to the distribution of ions in the host and the pdssi-
bility of energy transfer from “activators” to “sensitizers”, called back transfer. To
avoid these problems, numerical approaches using Monte Carlo simulations have
been carried out.[42] Overall the problem of energy transfer in rare-earth doped
materials is an extremely complex one and the brief discussion of some of the single-
step energy transfer processes above introduces the concepts and terminology used

in the discussions of the systems considered later in this work.
Rate Equationl Modeling

In the previous sections the various mechanisms for transitions between the
levels of rare-earths have been discussed. These rates describe the decay of and
excitation of ions from one state to another. A common approach for describing
population dynamics in multi-level systems, often used to describe laser systems
and energy transfer, involves the use of semiclassical rate equations. Formally, the
semiclassical rate equation approach is rela,téd to the population density matrix
formalism used in quantum mechanics in the limit that the dephasing time (or
dipole decay time) is short compared to the time scale on which the populations of
the levels evolve. Discussions of rate equations and their use in the study of laser
systems and energy transfer can be found in [5,14,15,36,43,44]

Using the rate equation approximation, the time evolution of the population

density of the 2** level of a multi-level system is written as

dn;
-dlt = z WE(ni,nj, @k, t) - z WR(ni,nj, q)k, t1 ) (36)
E R

where Wg(n;n;, ®,t,...) is the rate of the E** process that excites ions to the
level (a “pump” process) and Wr(nin;, ®s,t,...) is the rate of the R* relaxation
process that depopulates the level. The sums are carried out over all possible
excitation and relaxation processes. In general the rates may depend explicitly
on the population of the it* level (n;), the populations of other levels (the n;’s),
the intensities of any fields present (the ®;’s), and the time, t. The exact forms

and proportionality constants involved depend on type of process involved in each
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rate. The usefulness of the rate equations for describing a given system depe:nds
on determining the important mechanisms in the system and the knowledge of the
rate parameters (the proportionality constants) describing each process.

Figure 3 shows a simple system described by the following set of rate equa-

tions:

ny1 = —Rys + Rs + Asinz — ksansng + kzsnzn; + Aan, (37)
ng = +Aszns + Wszﬁs — Wasng — Azmz —‘k25n2n4 — ksansn, (38)
i3 = —73 'n3g — Waans + Wasna — Ray + Ris (39)

h4i = —ksansng + kasnang + Asans — Ras + Rsq (40)

ns = +ksgnsng — k2v5n2n4 — Assns — Rsy + Rys (41)

(i>1 = +Rsqy — Rys + wens — vP; . (42)

The terms in these equations describe the various pump, energy transfer,
relaxation and emission processes shown in Figure 3. The definitions of the symbols

used are as follows:

n;: population density of the ith level

R;;: stimulated radiative transition term

W;;: non-radiative multiphonon decay rate for a transition between levels ¢z and
J

;: radiative lifetime of the i** level

A;;: radiative decay rate for a transition between levels ¢ and 7
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Figure 3. Example of Multi-level System. Solid Lines Represent Radiative Transi-
tions, Dotted Line Represents Multiphonon Relaxation, and Dashed
Lines Represent Energy Transfer.
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ki;: rate constant for a cross relaxation process in which energy is transferred

from level ¢ to level 5
v: cavity decay ra;te at the output wavelength of the laser
w: factor describing spontaneous decay into the cavity at the laser wavelength
®;: flux at the laser wavelength.

Each of the terms in the rate equations consists of a rate multiplying a pop-
ulation density or rate parameters multiplying population densities. For sponta-
neous radiative decay, the term consists of the decay rate, the Einstein A coefficient
for the transition (the A;;) or 77! the total radiative decay rate, aﬁd the popula-
tion density of the upper level. Non-radiative multiphonon transitions are treated
similarly, using the non-radiative decay rate and the populatioh density of the level
in which the transition originates. Note that these equations allow for upward non-
radiative transitions along with non-radiative decay. The relation between these

rates is given by the Boltzman equation

W;i = Wijexp (—- AE‘q) .

T (43)
The terms describing the non-radiative ion-ion energy transfer processes depend
on two population densities, those of the initial levels in which the two ions are
found, and on a rate parameter, ki, giving the strength of the interaction. The [
and the m designate one of the original levels and one of the final levels, respec-
tively. Terms describing the stimulated radiative transitions, R;;, can be written
in many different forms. One common form is R;; = ®,0;;n; where ®, is the flux
at the resonant wavelength and o;; is the cross section for the transition. Further
discussion of stimulated transitions will be considered in Chapter III.

Often, the rate parameters can be determined from spectroscopic measure-
ments. Absorption and emission spectra can be used to determine the cross sections
for stimulated radiative transitions. The total radiative lifetime can be directly

found experimentally or can be predicted by a Judd-Ofelt analysis of the absorp-

tion spectra, which also gives the radiative decay rates for individual transitions.
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Multiphonon rates can be found using the energy gap law or from the difference
between the predicted and experimentally measured lifetimes. The rate parame-
ters for the ion-ion energy transfer processes, although in general more difficult to
determine, can be found for specific cases from spectroscopic measurements. One
of the major difficulties in determining these parameters is that the connection be-
tween the microscopic energy transfer models and the rate parameters in the rate
equation models is not well understood. The random nature of the distribution of
ions in the host material makes the calculation of transfer parameters from micro-
scopic parameters inipossible in the general case. If the energy transfer parameters
and the other parameters used in the above rate equation model are known, how-
ever, the equations can be solved and the population and laser dynamics can be
determined. Determining the important processes in the system and finding the
parameters describing them is an important step in understanding rare-earth ion

based laser systems.



CHAPTER III

SPECTROSCOPIC AND LASING PROPERTIES
OF Tm,Ho:YAG

Introduction

In a recent publication [45] the lasing properties of Y3Al50,,:Tm,Ho excited
by an alexandrite laser were reported. Several interesting effects were observed.
First, a notable (60- 200 us) time delay was observed between the end of the
pump pulse and the onset of laser emission. This delay was found to shorten as
the pump intensity was increased. In addition, under these excitation conditions,
fluorescence emission in the 530-565 nm spectral region was observed. The intensity
of this emission was found to be dependent upon the excitation wavelength. Since
this emission occurs at an energy higher than that of the pump photons it was
concluded that it arose from either a sequential multiple photon absorption process
or an ion-ion interaction process.

Although a significant amount of research has been done on this crystalline
laser system [46-50], there are still many important questions about its optical and
lasing properties that remain unanswered. Figure 4 shows the general processes
involved in the optical pumping of Tm-Ho lasers. Specific values have not yet
been determined for all of the physical parameters governing the optical pumping
dynamics of the system. Many of the values reported for the spectral parameters
have been determined using flashlamp pumping in crystals containing additional
dopants such as Cr®** ions.[49,51,52] Significant discrepancies exist in the litera-
ture for values of the lifetimes and rise times of various spectral features.[49-57)

Computer modeling of laser operation has been accomplished only by using rough

27
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estimates of the values of the rate parameters or by treating them as fitting Epa-

rameters.[54,58] » |

The purpose of the work described here is to determine the values of éthe
fundamental physical parameters necessary for a computer simulation of a ’I:‘m-
Ho laser system that can accurately predict the temporal properties of the léaser
emission. To accomplish this, results of a spectroscopic study of the dyna.micgs of
optically pumped Tm,Ho:YAG are presented. A rate equation model of this sys’éem
is used to establish values for the rate parameters governing two of the importiant
jon-ion interaction processes. These parameters are then used in a computer m(?)del
‘simulating an alexandrite laser pumped Tm,Ho:YAG laser system. Since the lé'ate
parameters are established from the spectroscopic data, the computer simulaéion

has no adjustable parameters. The results of this simulation are shown toé be

consistent with the experimental results found previously for this system.[45] |

Model . |

In order to understand and explain the optical dynamics of Tm-Ho dogped
laser materials, a model must be developed that includes several types of radiaitive
and nonradiative transitions among the various energy levels of the two tréiva-
lent rare earth ions. Figure 4 shows the model generally used to describe diéode
laser pumped operation of these systems[48,49] and Figure 5 shows more c;om—
plete energy level diagrams for the Tm3+ and Ho3* ions. In a diode laser pilmgped
Tm,Ho:YAG laser the pump laser directly excites the 3H, multiplet of Tm3*. Aéfter
this excitation, a number of different processes occur eventually resulting in eneé:rgy
being stored in the °I; state of Ho3+. These processes are as follows. The eneé:rgy
difference between the excited states of Tm3®* is such that an energy resonai,nce
occurs between the 3H,; —3F, and ®Hg —°3F, transitions. Thus a cross rela,xaf:cion
process involving these transitions can occur producing two Tm?* ions in the§3F4
metastable state for every ion initially excited by the pump laser. Alternatéely,

energy migration may occur in the 3Hj state followed by this cross relaxation ?ro-

cess. After the 3F, level is populated, fast energy migration among Tm3* ionés in
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the metastable state can occur. The details of this process have been described re-
cently.[59,60] Whether energy migration among Tm3* ions occurs both before and

after cross relaxation is presently unclear and will be investigated here. Eventually

the energy is transferred to a Ho®* ion via a 3F4 —Hs, ®Is —°1; cross relaxation
process. The 3I; multiplet is the Ho®* metastable state and the initial laser léevel
for the 2.09 pm emission seen in these syétems. |
Additional levels involved in transitions resulting in various loss mecha,niisms
are also shown in Figure 4. One of these, invol\«"ing the °F4 and 58S, multipljets,
is often cited to explain the origin of the green emission that is often obser\é«'ed.
In this case, an additional cross relaxation process involving the terminal levél of
the pumping transition and the Ho3* metastable state is considered.[50] A seciond
process that may populate the 5F4 and 3S, multiplets to produce the green emis;c,ion
is absorption of pump photons by ions in the Ho®* metastable state. The °I5 %a,nd

5T¢ multiplets of Ho3t are involved in another possible loss mechanism. Thif_s is
an upconversion process involving the metastable states of both the Tm3* éa,nd
Ho3* ions which populates the 515 level of Ho3*. Ions excited to the I; multilf)let
relax rapidly to the ®Ig multiplet followed by energy transfer to the *Hs multi;plet
of Tm3*+. This transfer process is considered to be instantaneous in the mcé)del
described below and further discussion of this assumption is given later. In%the
equations describing the transitions involved in this model, the levels are numbtgered
as follows: i=1 is 3Hg, i=2 is 3Fy, i=3 is 3Hs, i=4 is 3Hy, i=5 is %I, i=6 is °I7, §i=7
is 5T, and i=8 is °S; and 5Fs. |
The model outlined above can be mathematically described by a seriés of

rate equations. These equations are:

ny = —Ris + Ry — kgongny — keaneny + kagnsng (44)
+kygnang + karnane — neryt + nsz_l + Aqng — Asina |
Ny = 2kganyny + keaneny — kaensng — karnane :(45)

—7127‘{1 + Agng + Asons + Waong
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|
. \
N3 = +n.7yt — nats ' + Agsng + Wygng — Wagng (46)

|
fiy = +Rig — Ra1 + kganany — kagnane — naty" — Wisny (47)

v |
nis = +Res — Rse + keaneny — kasnsng + netg ! +npmy ! + ngry! <48)

ne = —Hes + Rsg + Rgs — Res — ke2neni1 + kognsna

—kagnang — kyznong — netg !
!
nr = +kynang — "77'7“l (50)
"f),s = +k48n4n6 - n8T8_1 . (51)
'hp = +R65 — R56 -— inc_l + newel (I52)

The terms in these equations describe the various pump, energy transferi re-
laxation, and emission processes shown in Figure 4. The definitions of the sym#)ols
used are the same as those defined in Chapter I. The density of lasing photons,§ Ny,
is used rather than the flux at the laser wavelength and 7. is the cavity lifetiéme.
Additionally, we; is given by

l

Wel = Tg5C7- 53)

I
Here o0g5 1s the stimulated emission cross section for the laser transition, c is the
speed of light, [ is the sample length, and I, is the cavity length. This factor
describes the stimulated emission due to one photon/cm?® and is used to seedéthe
cavity equation. E

The terms involving stimulated emission and absorption must be examined

in more detail to obtain the required expressions for the transition rates and cross
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sections. Optical transitions of rare earth ions in crystals occur between the crystal

field split Stark components of different multiplets. In many cases there are sev-

eral transitions between different combinations of Stark levels that are withinithe

frequency resolution of the experiment and thus can not be resolved spectroséop~
ically. Therefore the experimentally measured spectral properties are the rezsult
of the sum of all of the possible transitions at the particular frequency of inteérest
weighted by populafion and degeneracy factors. The population density ra,tze of

change due to absorption involving one of these transitions between a specific i)air

of Stark levels can be written as

Ry =®(v)ow(v)nid, (54)

|
where ®(v) is the photon flux at frequency v, o1,(v) is the absorption cross section

for the transition between the two Stark components, n; is the population in%the
lth Stark component of the lower multiplet, and d, is the degeneracy of the up:per
state. The total population density rate of change at a given frequency is the sium

over all Stark component transitions at that frequency

Ra(v) = 3 8(v) o (v)nud,. (55)
lu i
Note that the lineshape for the transition is contained within the cross sectiions

for the transitions between the individual Stark components. Although the sum is

carried out over all the Stark components of both the upper and lower mul_tiplets,

only those transitions with o, (v) # 0 make an effective contribution.

The absorption cross section at frequency v is given by[61] ;
|

Gase() = (1/2) 3" dyexp (= Eo/ k5 T) ora(v) d (56)

where E; is the energy of the lth Stark component (measured with respeci‘, to
the lowest Stark component in the multiplet), k is the Boltzmann consta,ntg, T

is temperature, d; is the degeneracy of the lth Stark component, and Z; isfthe
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partition function for the lower multiplet. The partition function for a rnultii)let
is given by |

Z =Y dnexp(—En/kgT) (57)

where the individual Stark components are indexed by m and the energiv is
measured with respect to the lowest Stark component of the multiplet. The

absorption cross section can be written in terms of the Boltzmann factor,f; =
i

diexp(—E/kBT)/Z,, as |

aabs(V) = lZflalu(V)du- (58)

Using n; = finy where ny is the total population of the lower multiplet, Equa.ﬁion

(55) can be written as |

Ra(v) = (1) 0use (v)na. (59)

The population density rate of change for stimulated emission can be written ‘as

Re(v) = ®(v)Oemi(v)ntu (60)

where n;, is the total upper multiplet population. The relationship between aab;(u)
and gemi(v) is |

aemi(V) =

Zl EZL—-hV

where Z, is the partition function of the upper multiplet defined as in Equaécion
(57) , Ezp is the separation between the lowest Stark components of the uli)per
and lower multiplets, and & is Planck’s constant. i

In situations where the transitions between different pairs of Stark corrilpo—
nents are well separated the summation in Equation (55) reduce to a single térrn.
The cross section for the transition is then found by dividing the absorption coéefﬁ'

cient by the population in the lower Stark component. For this situation Equa;tion

(54) is used to describe the effects of optically stimulated transitions in the :ra.te
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equations. However, for Tm,Ho:YAG, there are numerous closely spaced St%ark
components for the transitions of interest [62,63] and the more complicated éex—
pressions for R;; and o(v) must be used.(Equation (59),(60), and (61)) .

Using spectroscopic data and the expressions derived above, quantitatgive
values can be determined for the stimulated radiative transition rates appearing in
the rate equations. Specifically, for the 1—4 and 4—1 transitions of Tm3* in YEAG
as shown in Figure 4, there are a number of transitions occurring at nearly the
same (or in fact identical) frequencies. The individual Stark component to Stark
component transition cross sections cannot be determined and the terms appeaﬁng
in the rate equations for Ry4 and R4 are given by Equations (59) and (60). The
absorption cross section used in determining values for these rates is found: by
dividing the absorption coefficient by the total ground state population of Tm3+
ions. This cross section is a weighted sum of the individual Stark comporfent
transition cross sections (the o1,’s) and the weighting factors are the Boltzmann
factors. The stimulated emission cross section can be found from Equation (60)
using the measured absorption coefficient with Z; and Z, determined from :the
data in Refs. [62] and [63] and Equation (57).

Similarly, it is possible to determine values for the stimulated radiative tr:an-
sitions between levels 5 and 6 of Ho®*. Since this is the laser transition the photon
density at the laser frequency n,(vz), rather than photon flux at the frequehcy
of the transition ®r(vz) is uséd. These two quantities are related through ithe

expression

ny = ®p(v1)/c (62)

The parameters Rsg and Hegs are given by

R56 = npweanS (63)

and

RGS = NpWeiNg (64)
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where B is a factor given by B = o5¢/065. Since theré are numerous Stark lével
to Stark level transitions in this spectral range Equation (61) must be usedé to
determine the emission cross section from the measured absorption cross sectité)n.

Table I lists the cross sections determined from the procedures outlined abiove
and other cavity parameters used in the rate equations for the computer simulatiions
described later. Other known parameters needed for the rate equation model 5151ch
as relaxation times and transition branching ratios for this system are listedi in
Table II. The major unknown parameters required for solving the rate equatibns
(excluding the loss.mechanisms) are the ion-ion interaction rates describing éthe
Tm-Tm and Tm-Ho cross relaxation process. These parameters are determiiled
from analysis of the visible and near infra-red spectral properties as descrili)ed

below. ' ' ;
Experiment

A nitrogen laser pumped dye laser was used to excite the samples eitéher
via the Ho3t absorption line at 453.8 nm or the Tm3+ absorption lines at 459.1
and 780.0 nm. The pump beam had less than a 10 ns pulse duration and :less
than a 0.1 nm spectral bandwidth. This source was used for most of the speci;ral
dynamics studies. An alexandrite laser tunable from 700-800 nm with a 60 us
pulse train consisting of numerous 300 ns long pulses was used for laser pumpéing
and for some spectra measurements. Since this source directly excited the ;3H4
multiplet of Tm3*, comparison of the resulting emission spectra to that obtai%ﬂed
from the higher energy dye laser excitation was useful in determining whetgher
additional emission lines in the regions 6f interest were produced by the higéher
energy excitation. A third excitation source, a Cr,Tm,Ho:YAG laser was usetéi in
conjunction with the alexandrite laser to study the origin of the green emisszion
previously reported.

Three different samples were used in this study. The first sample, Tm(6.0§%),
Ho(0.5%):YAG, was cut from the same boule as the sample used for the investiga-
tion of laser properties in Ref.[45]. A second sample, Tm(10.0%):YAG, was uised



TABLE I

PARAMETERS USED IN RATE EQUATION MODEL
FOR Tm,Ho:YAG LASER SIMULATIONS

Pump Cross Sections
014 = 5.2 x 10~ cm?

o = 2.8 x107¢cm?

Cavity Parameters
T. = 33ns

we = 9.06 x 10712cm3/s

Laser Emission Cross Section
oes = 1.4 x 10~20¢m?

B=0.159
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TABLE 11

PARAMETERS USED IN Tm,Ho:YAG
RATE EQUATION MODEL

Radiative Decay Rates

A41 = 5783—1 e
A42 = 80s~! ¢
Apz = 3151
Az; = 299s71 ¢
A32 =5s"1¢a
A21 = 1103—1 e
Ags = 150s~1 b

Non-Radiative Decay Rates
Wiz = 580s~1 ¢
W32 =77 x 1043_1 a
W21 = 5.93-1 e
Effective Decay Times

s = 4.Tps ©
7 = 16.1ps ¢

a Ref. [64].
b Ref. [52].
c Ref. [65].

d Calculated From data in Refs. [63,64].
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to determine spectral properties of Tm3* ions in YAG. Similarly the third sa:;,m-
ple, Ho(0.5%):YAG, was used to determine spectral properties of the Ho®+ iions
and to investigate the origin of the green emission observed with alexandrite 1a;,ser
pumping. ‘
Emission from the samples was focused into one of two spectrometers aimd
monitored with various detectors depending on the emission wavelength. For job-
taining much of the visible emission spectra, a Spex 0.85 m double spectrométer
coupled to a Hammamatsu R943-02 photomultiplier tube was used. A Spex 022
m spectrometer with a 500 nm blazed grating and a Hammamatsu R446 phdto~
multiplier were used for detecting some of the visible spectra. This spectrométer
with a 2.0 gm blazed grating and an InSB detector were used for monitoring al§1 of
the near infra-red spectra. i
For all spectral measurements, the signal from the detector was averaged
using an EG&G series 4400 boxcar averager. The gate delay of the boxcar %Nas
varied to observe emission spectra at different times after the excitation pujjlse.
The output was digitized and stored on the spectrometer control computer. ;For
the fluorescence rise time and decay time measurements the signals were eit;her
averaged using the boxcar averager or were averaged using a Tektronix 2440 diéital
oscilloscope. In all cases the data were down-loaded for analysis on an Il%M-

compatible personal computer.
Results

The first problem is to correlate important spectral features with spe;:iﬁc
transitions of the Tm3+ and Ho** ions. Figures 6(a) and 6(b) show the eﬁs%ion
spectra in the 725-850 nm region for Tm,Ho:YAG after Tm?t (459.1 nm) and Ho”
(453.8 nm) excitation, respectively. The presence of only weak Ho3t emissio;ﬁl in
the 740-775 nm region under Tm3* excitation indicates little energy transfer oc?curs
between the upper states of the ions. The emission in the 780-850 nm regiojn is

due only to Tm3*.
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The observed differences between the emission spectra under different exfci-
tation conditions are used to establish the Tm3* transitions responsible for t?;he
emission in the 770-850 nm spectral range. Figures 7(a) and 7(b) show these spfec-
tra. Figure 7(a) shows Tm,Ho:YAG emission spectrum after 765 nm excitation
using the alexandrite laser while Figure 7(b) shows the Tm:YAG spectrum untj:ier
459.1 nm excitation. Since there is no significant Ho®** emission in this reg:llon
(Figure 6(b)), the emission present in Figure 6(a) and not present in Figure 71(&)
must be due to transitions in Tm3* originating from levels higher in energy tlélan
3H,, such as the 1G4 level which is the terminal state of the 459.1 nm absorptﬁion
transition. Thus the strong lines observed at 801.7 nm and between 810-815 ﬁm,
visible under 459.1 nm excitation but not observed under 765 nm excitation, jare
not due to emission from the 3H, multiplet.

Although the concentration dependence of the ®H, fluorescence lifetime }:Ias
been studied previously [55], discrepancies in literature values and differences in
sample concentration require the direct measurement of this lifetime in our saj,m-
ple.[50,52,54] The results of fluorescence lifetime measurements in the 800 nm
spectral region are consistent with the conclusions stated above. The measuﬁired
fluorescence lifetimes in this region are as follows: at 801.7 nm a double exponen-
tial decay is observed with time constants of 1.6 and 11.5 us. The lifetime at $22
nm, that of the 3Hy multiplet of Tm?*, is found to be 11.5 us. The shorter‘3 1.6
ps lifetime measured at 801.7 nm is attributed to a transition originating on the
1G4 multiplet that happens to overlap the 3H, emission. The lifetime of the 3H4
multiplet is a measure of the 3H; —3F,, 3Hg —3F, cross relaxation rate. Figu?e 8
shows the concentration dependence of the fluorescence quantum efficiency of ithe
3H, multiplet. The fluorescence quantum efficiency of emission from 3H, ca.ng be

determined from

n= Ar/Am (65)

where A is the predicted radiative relaxation rate and A,, is the measured radlatlve

rate. The predicted radiative lifetime is 790 us [64] giving a predicted rate of 1270

-1

s7! . The data represent a combination of the results obtained here and those
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citation at 459.1 nm.
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of several other research groups. [55,57] The solid and broken lines represent ;the
theoretical predictions described in the following section. ‘

The time evolution of the fluorescence emission in the 1.6-2.2 pm spectfra,l
region is needed to determine the interaction rate between the Tm® and Hj£)3+
ions in their metastable states. Figure 9 shows the emission from Tm,Ho:YAd in
the 1.6-2.2 pm region under excitation at 765 nm. The numerous emission ba%lds
in this region correspond to emission from the Tm3*+ 3F, and Ho3* ®°I; multipléts.
Measurement of the fluorescence decays of the peaks at 1.78 ym and 2.09 um éive
the values of the fluorescence lifetimes of the 3F4 and °I7 levels to be 5+1 ms z;,nd
741 ms, respectively.

The different dynamic behavior of the various emission bands in this region
is clearly shown by the results of the time resolved spectroscopic mea,suremerjlts.
Figure 10 shows a series of spectra from a Tm,Ho:YAG sample in the 1.5-2.2 um
spectral region taken at various time delays after excitation at 459.1 nm. At short
times after the excitation, the emission spectrum is broad and relatively fea,tureljess.
At successively longer delays, the emission spectrum changes significantly zjmd
additional lines at 1.88, 1.93, 2.02 and 2.09 gm become significant. The br;)a.d
band of peaks between 1.6-1.9 um remains essentially unchanged or decays slo(;vly.
At very long times (5 and 10 ms) the emission in the whole spectral range shbws ‘
signs of significant decay. }

To identify the origin of each of the bands seen in this region, the emission
spectrum of Tm:YAG is needed. Figures 11a and 11b show spectra takeri at
the same delay time, 300 us, in Tm:YAG and Tm,Ho:YAG, respectively. The
additional peaks at the longer delay times in Figurel0 must be associated V;Iith

Ho3* transitions since they are not present in the Tm:YAG spectrum.
Analysis

Although the concentration dependence of the fluorescence lifetime of the
3H4 multiplet of Tm3+ has been studied previously [55,57] further investigatidn of

can help is necessary to determine if energy migration occurs in the 3Hy multiﬁ)let.
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5
The observed concentration quenching is generally attributed to a cross relaxat%ion
process in which a Tm3+ ion initially in the 3H, state interacts with a neighbor%ng
Tm?3* ion initially in the ground state leaving both ions in the 3F, metastable stz%te.
However, a possible additional process for concentration quenching is migratjion
enhanced quenching with energy migration occurring within the *Hy level a&nd
eventual energy loss at a quenching site. The effect of each of these processe$ is
considered here. | |
Two possible types of ion-ion interactions leading to the quenching of ﬂu—
orescence from 3Hy are cross relaxation and migration enhanced cross—relaxation

mechanisms. The time evolution of the intensity of fluorescence emission from *H,

can be written as [66]
I(t) = I(0)exp[— (At + /2 + W) | (66)

where I(0) is the initial intensity, v is a parameter describing the ion-ion crgiss—
relaxation without migration and W is a migration assisted enhancement to the
cross-relaxation rate. The parameter v is of the form described by the Forster-

Dexter theory for static disordered decay [28,29]
7= (4/3)(m)* nrn R AL (67)

Here R., is the critical interaction distance between two Tm?3* ions for cross-
relaxation and nr,, is the concentration of Tm3* ions. The migration enhanced

cross-relaxation rate is of the form determined by Burshtein [37]

crttmig

W = n(2r/3)5?R3 R, nk A, (68)

where R, is the critical interaction distance between Tm?3* ions for energy jmi—
gration. Again it is assumed that electric dipole-dipole interaction is responsiible
for both the migration and the final cross relaxation quenching step. Equatibns

(67) and (68) above reflect the fact that, for the case of interest here, both the

sensitizers and activators are Tm ions.

|
t
|
b
1

f



49

Following the development in Ref. [66] Equation (66) can be used to obtain

an expression for the fluorescence quantum efficiency |

1= (A (A + WL = 725 exp(a?)(1 — erf(2)) (69)

where
o = 7/[2(A, + W) (70)

The only unknown quantities in Equations (67,69) are the critical interaction ais-
tances. These critical interaction distances can be determined from spectral overlap
data and Equation (32). Figure 12 shows the normalized emission and absorpfion
lineshapes of the 3Hg —3H, and 3H,; —3Hg transitions. These are the spe(;tra
needed to determine a migration rate for the 3H, migration process. Using the
spectra in Figure 12 and Equation (32), Rp, is found to be 10.3 A. The critiical
interaction distance for cross-relaxation can be found from Ref. {57], adjusted to
correspond to our Equation (32), giving R, = 6 A. Using these values in Equatgion
(69) gives the predicted values for the fluorescence quantum efficiency shows as
the solid line in Figure 8. The broken line in Figure 8 is obtained from Eciua-
tion (69) with W =0 and represents the theoretical prediction for 5 if the st%cmtic
cross-relaxation process is considered to be the only process responsible for ‘ithe _
quenching of the 3H, level. Both the theoretical curves are obtained with% no
adjustable parameters.

The differences in the experimental points from different research groups %md
from the prediction are partly associatéd with how accurately the Tm3+ conéen-
trations in the samples are known. It is not clear from references [55] and [57] }jlow
these concentrations are measured. If the results from all the research groups%are
treated equally the solid line in Figure 8 best agrees with the data. If the quéjted
concentrations are those in the initial melt used for crystal growth instead of j:the
values measured in the actual sample, they provide a high estimate of the conéen—
tration of Tm in the crystal. If this is the case then the solid line will be in much
better agreement than the broken line. In either case it appears that some enejmgy

migration is taking place in the 3H, level of Tm?3* and this migration enhances the

|
|
|
|
I
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cross-relaxation quenching of the luminescence from this level, especially at };ﬁgh

Tm ion concentrations. :
The decay dynamics of the fluorescence emission at 822 nm can be useh to

determine the effective cross relaxation rate pa.ra.meter for the 3Hy —3F4 ,3Hg —;3F4

process in the Tm3* ions, k4;. At long times after the excitation, the rate equdtion

for the *H4 multiplet becomes (ignoring the loss mechanisms)

’I:l4 = —k42n4n1 - Tl4T4_1 - Tl4W43. (71)

Solving for n4(t) yields

na(t) = exp(—t/mm) (12)

where 7, is the measured lifetime. In the limit of low excitation intensity jthen

most of the Tm3* population remains in the ground state, i.e. ny &~ N, and

Tl = koo Npm + 771 + Wi *(73)

The 3H, multiplet has a predicted lifetime (including radiative and multiphcf)non
decay),[62] of 790 us. Using this value, our measured lifetime of 11.5 us and ‘NTm
= 8.3x10% cm™3 yields a value for the rate constant k4 of 1.0x107¢ cm3/ s

Information about a second energy transfer process, the Tm3+ to Ho3* j‘%pro—
cess is obtained from the dynamics of the fluorescence emission in the near infr?a.red
spectral region. A relationship between the rate constants describing the foryﬁvard
and reverse energy transfer processes between the 3F(Tm3*) and °I;(Ho%t) fmul-
tiplets can be found. At some time ¢,,,., the excited state population ne(t) reé.ches
a maximum and begins to decay. At this time (ignoring stimulated emissionj and
|

the loss mechanisms)

ne = —keanen1 + kagnsng — nGTt;l = 0. :(74)

Solving for ko and using
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n = NTm — Ng — Ny (75)
ns = Ny, — ng (76)
yields
ne 1 7'6'1 No + 1y
k26 = — [1 + k62NTmT6 (1 -_ )] . (77)
e N (1 - 552) Na

At low levels of excitation, ng/Ny, = 0 and (nz + n4)/Nrm =0 so

Ng 7'6_1
k26 = —
na NHa

(]. + kszNTst) . (78)

By determining the ratio of the population of ng to ny at tg.z, it is possible to
relate the two unknown rate constants. Figure 13 shows the 2.09 ym emission peaks
~300 ps after the excitation pulse. Using the spectra taken at 300 us (Figurell),
correcting for detector and grating response, integrating to find the total emission
intensity and multiplying by the upper state lifetimes, the relative populations of
the two multiplets can be determined. Substituting this value into Equation (78)
gives the relationship between the rate constants for forward and backward energy

transfer,

k2 = 0.128kz — 1.4 x 107°cm3/s. - (79)

To establish values for the rate constants k,6 and ke, the following rate equa-
tions are solved with ko treated as an adjustable parameter and the results fit to

the observed spectroscopic data.

ny=—Ris+ Ry — ksangn, — keaneni + kzsnsnz (80)
+n27'2"1 + A41n4 - A31n3 '
ng = 2kgengng + keaneny — kagnsng (81)

—n27'2’1 + Asong + Asans + Wagns
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fi3 = —na7y | + Agang + Wizng — Wagns (82)
ng =+Ry4 — R4)1 — kyongnq — n4T4_l — Wiyany (83)
s = +keaneni — kosnsng + netg ! ’ (84)

ne = —keanegny + kzsnsng — ngTg (85)

The solutions to the rate equations are obtained numerically using a fourth
order adaptive step-size Runge-Kutta routine. The values of the parameters used
in the equations are listed in Tables II and III. Since no cavity was used in the
spectroscopic measurements, n, = 0 for all times. All loss mechanisms are ignored
and optically stimulated transitions between ®I; and ®Ig are ignored. The results of
these calculations are compared with the observed rise times of emission from the
Tm3* 3H4 and Ho** 3I; multiplets. Figure 13 shows the time evolution of the Tm3*
metastable state population calculated numerically overlaid on the oscilloscope
trace for the 1.77 um emission. Figure 13 also shows the time evolution of the Ho%+
metastable state population determined numerically overlaid on the trace for the
2.09 um emission. The experimental results are those obtained for excitation at
780.0 nm. The pump flux is 1.53 x 10%* photons/(cm? s) corresponding to a pulse
energy of 1 uJ with a 10 ns duration and a 290 pm beam radius. The numerical
predictions closely approximate the experimental results when kys = 2.0x10716

cm?®/s.

Modeling of Laser Operation

Now that the rate constants for this system are known, the rate equation
model can be used to qualitatively simulate laser operation. Table I lists the

additional parameters used in the laser simulation. The relaxation rates, branching



TABLE III

PARAMETERS USED IN RATE EQUATION MODEL
FOR DETERMINING kys AND ke

Pump Cross Sections
014 = 5.8 x 102 ¢m?

041 = 1.36 x 10_22Cm2

Energy Transfer Parameters
k4p = 1.0 x 107 8cm3s_,
kge = 2.0 x 10‘16cm33._1

kez = 2.6 x 10~17em3s_;
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ratios and energy transfer parameters are the same as those in Tables II and ?III.
The cavity lifetime is determined by considering only output coupler losses. The
emission cross sections are calculated from the absorption cross sections using
Equation (61). The alexandrite laser pump pulse at 785 nm is modeled using a 60
ps pulse train consisting of a series of 300 ns pulses 1 us apart.

The rate equations describe a macroscopic model dealing only with the pop-
ulations of the relevant states and the overall system dynamics. A uniform dis-
tribution of excitation within the excited volume of the sample is assumed with
this model. The model does not analyze the mode structure of the laser or treat
the detailed spatial distribution of excitation in the active medium. In addition,
only the emission at ~2.097 pym is modeled. The additional laser emission bands
observed at higher pump energies are not considered. Despite these simplifica-
tions, the model is a suitable description of the physical processes involved in this
laser system and is useful in elucidating how these processes affect some of the
properties of laser opera.tion;

Figure 14 shows the numerical predictions for the temporal characteristics of
the laser output for different pump energies and Figure 15 shows the experimental
results for the observed laser emission reported previously in Ref. [45]. The details
of the laser experiments are given in Ref. [45]. The similarities are striking. The
time delay between the pump pulse and the laser output at ~2.097 ym is modeled
quite accurately. The delay between the pump pulse and the laser emission is
observed to decrease with increased pump intensity. Additionally, the relaxation
oscillations present in the experimental results are also predicted by the numerical
model and the overall pulse shape is similar to that oBserved.

There are, however, some differences between the modeling and the exper-
imental results. The threshold energy predicted by the numerical simulation is
significantly lower than that found experimentally and the decay of the laser out-
put in the simulation is somewhat longer than that observed experimentally. These
effects may be attributed to additional loss mechanisms not included in the sim-

plified model, such as the mechanism leading to the green fluorescence from the
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Ho** 5S; and 5F; multiplets to the ground state and the Tm3+ 3F, —3Hg Ho3+
57 —°I5 cross relaxation process often considered in CW systems.[52,54,67] Some
of these loss mechanisms are discussed further in the following section. Addition-
ally, thermal effects and cavity losses due to scattering and absorption processes

not included in the model may affect the results.
Loss Mechanisms

The effects of three processes not considered above that can produce losses
in laser operation of Tm,Ho:YAG are investigated here. The first mechanism con-
sidered is the energy transfer process involving the interaction of Tm3* and Ho3*
ions that are both in their metastable states. This cross relaxation upconvefsion
process populates the 3Is multiplet of Ho®>*. However, since no emission has been
reported from the I or ®Ig [52] multiplets of Ho®* in YAG, any ion excited to the
515 multiplet must rapidly relax to the 3Is multiplet and then transfer its energy
to the 3H; level of Tm3*. Emission from 3Ig must be very efficiently quenched by
this energy transfer to Tm3+ since if the process was slow, then emission from I
would be detected. The mechanism is treated in the model as an infinitely fast
energy transfer process to simulate this very efficient quenching.

The value of the rate parameter»deécribing the interaction of Tm3t and Ho®*
ions in their metastable states has been found either by measuring the temperature
dependence of the gain of the *I; —°Ig transition [51,68] or by measuring the pump
power dependence of the emission intensity from the 3I; [49,67,69] level. Values
for kys in the range 2.4-14x107'7cm3/s have been found. Note that nearly all of
these measurements have been in flashlamp pumped systems and that the analysis
used ignored other loss mechanisms mentioned earlier. |

When the loss mechanism involving the metastable state interaction 1s n-
cluded in laser simulation model described above, the predicted laser threshold
increases by ~5-25%. The temporal dynamics of the simulated laser emission do

not change significantly.
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The loss mechanisms leading to green emission seen during laser operation
are not yet included in the model. There are at least two competing proceéses
that can produce this emission: a cross relaxation process involving a 3H,4 —>ng
transition of a Tm3*+ coupled with a I; —5F,,%S, transition of a Ho®** ion [50],
and the absorption of a pump photon by a Ho%* ion in the metastable state (see
Figure 4). The second of these processes is investigated here to determine what
excitation conditions will lead to excited state absorption of pump photons.

The excitation spectrum found by observing the 538 nm emission at various
alexandrite laser wavelengths is shown in Figure 16. Although the resolution is
limited to 2 nm, the essential feature is clearly present. Little or no green emission
is observed for alexandrite laser wavelengths greater than 770 nm. To supplement
the results of this excitation spectrum, fluorescence emission spectra in the green
region obtained for simultaneous excitation at 2.1 gm and each of the three alexan-
drite laser pump wavelengths used in Ref. [45] (765 nm, 780 nm and 785 nm) are
shown in Figure 17. The pump pulse energy is the same for each spectrum. Sig-
nificant green emission is present only with a 765 nm pump wavelength. If either
of the excitation beams is blocked during these measurements, the green emission
vanishes completely. Thus for these excitation conditions, the green emission is
not due to a complex Ho3* ion-ion upconversion process. Instead the green emis-
sion is due to the absorption of an alexandrite laser pump photon by a Ho3* ion
previously excited to the metastable state.

This experiment establishes the excited state absorption (ESA) of pump
photons by Ho®*" ions in the metastable state as one process leading to the green
emission often reported for Tm,Ho co-doped materials. However, the lack of green
emission for the 780 and 785 nm pump wavelengths in the Ho:YAG sample in-
vestigated in this experiment, combined with the observation of green emission
in Tm,Ho:YAG at identical pump wavelengths [45], indicates that an additional

process involving Tm-Ho ion-ion cross relaxation occurs in Tm,Ho:YAG.
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The effects of both of these mechanisms on the solutions to the rate equations
discussed in the previous section need to be considered. Since the rate parame-
ters governing these mechanisms are unknown, order of magnitude estimates ;a.re
used. Typical values of o6s=1x10"2°cm?and k4s=3x10""cm3/s are considefed.
No significant change in the laser threshold predicted by the computer simulation
is caused by either the ESA or the ion-ion upconversion mechanisms. In addition,
the overall laser output dynamics predicted by the model are not significantly
changed. The maximum population of level 8 (Figure 4), the origin of the green
emission, is predicted by the computer simulation to be only ~0.1 and 1% of the
metastable state populations for the excitation mechanisms of ion-ion interaction
and pump photon ESA, respectively. Thus it appears that both of these mecha-
nisms contribute to the observed green fluorescence of the Tm,Ho:YAG laser under
the pumping conditions used in [45], but neither significantly effects the overall be-
havior of the system.

None of the mechanisms described abéve significantly changed the dynamics
of the system predicted by the computer simulation. Specifically, these mechanisms
do not explain the large difference in the magnitude of the relaxation oscillations
predicted by the numerical model and those observed experimentally. One of the
possible causes of this discrepancy may be the spatial distribution of the excitation
energy. One of the assumptions in the rate equation model is that of uniform
pumping. |

Experimentally, nearly 63% of the incident energy was absorbed by the sam-
ple, so the pump beam intensity was reduced significantly as it passed through the
sample. [45] Thus the sample was not uniformly excited and regions not pumped
above threshold act as a loss for the laser emission. These losses have not been
accounted for in the model. ‘

Another possible effect of non-uniform pumping is that the upconversion
processes may be underestimated. Since these processes involve interactions be-
tween two ions in excited states, or an ion an excited state and a pump photon,

their effects scale as (®,)2. Thus regions more strongly excited than the average
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value used in the rate equations will have much larger upconversion losses. These
effects could be the cause of the differences in the magnitudes of the relaxation

oscillations.
Summary and Conclusions

The results of this work are three-fold. First, the values for the energy trans-
fer rate constants in the Tm,Ho:YAG are established from a spectroscopic study
of the spectral dynamics of the system. The value of the rate parameter ky¢ de-
termined here, combined with previous experimental work [59,60], gives a more
éomplete understanding of the overall energy migration and energy transfer pro-
cesses in Tm,Ho-doped materials. The Tm-Ho transfer time using the value for
ke is similar to that found by the simple Forster-Dexter[28,29] model of energy
transfer, utilizing spectral overlap integrals.[60] This result along with those of a
four-wave mixing study [59,60] of energy migration in Tm3*:YAG show conclu-
sively that the overall process consists of two ba.rts, a fast energy migration among
Tm3* ions followed by a process of energy transfer from Tm3+ to Ho®**. The con-
centration dependence of the quantum efficiency of the *H, emission indicates that
this migration occurs in both the initial pump level (the 3Hy multiplet) and in the
metastable state (the 3F, multiplet). A second rate parameter, the rate parameter
describing the Tm3t 3H, —3F; and 3Hg —3F; cross relaxation process, is also
found from the data presented here. Note, however, that the rate parameters are
determined only for the Tm3+ and Ho®* concentration used in this work, which is
similar to the optimum concentrations determined for Cr,Tm,Ho:YAG flashlamp
pumped lasers.[48]

The second result of this work is the development and use of a rate equa-
tion model for a computer simulation of Tm,Ho:YAG laser operation. Since: the
usefulness of such a simulation depends entirely on the accuracy of the parame-
ters used, all the parameters needed in the model are determined independently
through analysis of the spectroscopic results and no fitting parameters are used

in the simulation. The simulation accurately predicts temporal delays in the laser
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output and reproduces the relaxation oscillations seen in this system. Additional
effects due to various loss mechanisms in some cases change the predicted threshold
for lasing, but do not affect the overall dynamics of the laser output.

Finally, the existence of a second process leading to the green emission re-
ported in Tm,Ho:YAG (and in otherv hosts) is firmly established. For laser pumped
lasers, this process, identified as the excited state absorption of pump photons by
Ho?t ions in the metastable state, can be as important as the ion-ion cross re-
laxation process usually cited. This mechanism is needed to explain the green
emission dependence on pump wavelength while the ion-ion cross relaxation pro-
cess explains the existence of green emission even when no excited state absorption

of pump photons is present.



CHAPTER IV

SPECTROSCOPIC AND LASING PROPERTIES
OF Nd:YAG AND Nd:GSGG

Introduction

For many years Nd3* doped materials have played an important role in the
field of solid state lasers and recently much work has concentrated on diode pumped
laser operation [70-73] and simulating diode pumped laser operation with tunable
solid state lasers [74-78]. Interest in potential new laser host materials and de-
tailed examination of the dynamics involved in the pump process have spurred
many studies. Additionally, studies of upconversion and excited state absorption
processés leading to fluorescence [79-84] and laser operation from upper states
[34,35] have been undertaken.

Results of a study of the absorption and emission characteristics of two dif-
ferent host materials, yttrium aluminum garnet and gadolinium scandium galiium
garnet are presented here in an attempt to further understand the dynamics in-
volved in monochromatically pumped systems. Absorption, fluorescence emission
and excitation spectra are used to determine the origin and dynamics involved in
the emission of photons in the blue and green spectral regions. Analysis of ab-
sorption data using the Judd-Ofelt theory [9,10] is performed and used to predict
radiative lifetimes of excited states, branching ratios for radiative decay, and os-
cillator strengths for excited state absorption transitions. Mechanisms leading to

the blue emission often reported in these and similar materials are identified.
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Experimental Method

Absorption spectra and fluorescence spectra were obtained for two different
Nd3+ doped oxide crystals. The following samples were used in the study: yttrium
aluminum garnet doped with 1.0 % Nd3** (Nd:YAG) and gadolinium scandium
gallium garnet doped with 1.0% Nd3+ (Nd:GSGG). A Cary 2400 UV-VIS-NIR
spectrophotometer was used to find the absorption spectra. Data was acquired,
stored, and analyzed using an IBM-compatible personal computer.

Fluorescence spectra were obtained using a variety of excitation sources and
spectrometers. A 0.25 m spectrometer was used for the GSGG sample and some
preliminary work on the YAG sample. Additionally a 0.85 double spectrometer was
also used for the YAG sample. Various photomultiplier tubes, depending on the
spectral range of interest, were used. In all cases a PAR Model 162 boxcar averager
was used for signal processing. Qutput from the averager was then converted to a
digital signal and recorded on a computer data acquisition system. An alexandrite
laser, tunable from 720 nm-800 nm with a pulse train consisting of 20-40 300 ns
pulses, was used as the excitation source.

In addition to absorption and fluorescence spectra described above, excitation
spectra were recorded for the GSGG sample. A 0.25 m spectrometer was used to -
select one of the emission lines. The alexandrite laser was then scanned over the
range from 730-780 nm. A photomultiplier tube was used to detect the resulting
emission in the visible region and a PbS cell was used to detect the emission for
the near infrared emission. Again a PAR Model 162 boxcar averager was used for
signal processing and data was stored on a computer. The energy of the alexandrite

laser was monitored with a Laser Precision Model 7600 energy meter.
Results and Analysis

The absorption spectré and positions of some important multiplets are shown
for the region from 10000-30000 cm™! for Nd:YAG (Figure 18) and Nd:GSGG

(Figure 19). Assignment of the term values to the various absorption regions is
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based upon the crystal field analysis for Nd:YAG in Refs. [85,86] and for N d:GS:GG
in Ref. [87]. Absorption spectra for transitions to the 2P, /2 multiplet are shown
in Figure 20(a) (Nd:YAG) and Figure 20(b) (Nd:GSGG). The posifions of }the
Stark components of this multiplet may be important in determining the origin
of emission seen in this work and previous work, [74,76-79] so the identification
of their positions is extremely important. The extremely weak oscillator strength
of transitions to this multiplet makes assignment of spectral lines difficult and
the positions of both of the Stark components have been previously reported at
low temperatures only. [85-87] Here these positions of the Stark components are
identified from the splitting of the absorption spectrum as 26042 cm™=! and 25997
cm™! fqr Nd:GSGG. For Nd:YAG, although the peaks are not very well resolved,
the positions are identified as 25993 cm~! and 25934 cm~!. The other spectral
features are due to transitions from the Stark split components of the ground state
to the ?P3/, Stark levels. '

The oscilldtor strengths for transitions originating in the ground state mul-
tiplet, those experimentally determined (Equation (18)) and those found from the
Judd-Ofelt analysis (Equation (17)), are shown in Table IV for both samples. The
Judd-Ofelt parameters determined here and those found by others [{88-90] are listed
in Table V. In both tables there are two entries for this work, corresponding to
different integration limits on Equatioh (18). Two different groupings of certain
multiplets are used for each sa.rﬁple and the results are compared.

The Judd-Ofelt parameters can be used to determine transition probabilities
and oscillator strengths for excited state to excited state transitions using Equation
(13) and (17). This can be done for all those transitions for which the transition
matrix elements are available. For Nd3* [20] gives matrix elements for 21 multiplets
yielding 441 transitions. A portion of these results are shown in Tables VI, VII,
and VIIL

Fluorescence spectra under excitation at 748.6 nm for Nd:YAG and 734.9
nm for Nd:GSGG in the 375-475 nm region are shown in Figures 21(a) and 21(b)
and that in the 475-575 nm region is shown in Figures 22(a) and 22(b). The
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Figure 18. Absorption Spectrum of Nd:YAG. Positions of Lower Levels Taken
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TABLE IV

OSCILLATOR STRENGTHS FOR TRANSITIONS
FROM THE GROUND STATE
Nd:YAG AND Nd:GSGG

Band Multiplet Nd:YAG (1) Nd:YAG (2) Nd:GSGG (1) Nd:GSGG (2)
A f A f A f A
(nm) (x1078) (am) (x107%) (am) (x1078) (nm) (x10-%)
expt. calc. ‘expt. calc. expt. calc. expt. calc.
5 4Fa/2 879 126 183 | 879 126 183 | 878 139 175 [ 878 139 173
6 4Fs/2,°Hoy2 806 840 748 | 806 840 746 [ 806 677 645 | 806 677 643
7 4Fr/2,*S3/2 747 768 867 [ T47 768 865 [ 746 688 720 | 746 688 722
8 ‘Fo/2 683 69.5 629|683 69.5 628|681 640 533|681 64.0 53.3
9 *Hy1/2 636 340 1751636 34.0 175|641 26.0 149|641 26.0 14.8
10 4G5/2,2Gr/2 586 749 760 {586 749 761 [586 796 806 | 586 796 796
11 4G7/2(2),%Kiay2 | 525 598 459 | 525 598 458 | 527 552 429 [530 297 310
12 1Gy/a 514 258 116
13 2D3/2,2K15/2 473 220 78.2 481 118 55.71474 187 T71.1 1480 112 51.1
14 ‘G112 459 106 22.1 459 87.5 19.5
15 2Py/2 434 323 449|434 323 4481433 39.2 49.8|433 39.2 48.8
16 *Ds/2 423 2.85 4.14 (423 2385 4.13
17 P32 385 2.76 2.56 | 385 2.76 2.56 (385 2.14 242385 2.14 2.40
18 *Ds/2,* D32 355 890 931 (355 890 928 |354 935 961 |354 935 944

4131/2,2111/2

R



TABLE V

JUDD-OFELT PARAMETERS FOR
Nd:YAG AND Nd:GSGG

Material 0, Q4 %  RMS-Error
(x1072%) (x107%%) (x10-29)

Nd:YAG(1) 0.56 2.55 5.03 17
Nd:YAG(2) 0.57 2.54 5.02 15
Nd:YAG® 0.20 2.7 5.0 10
Nd:YAG? 0.37 2.29 5.97 -
Nd:GSGG(1)  0.65 2.33 3.79 13
Nd:GSGG(2)  0.66 2.29 3.73 9.3
Nd:GSGGe 0.35 2.35 3.23 14

a Ref. [88]

b Ref. [89)]

c Ref. [90]
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TABLE VI

TRANSITION PROBABILITIES AND BRANCHING
RATIOS FROM THE ?P3/, MULTIPLET
FOR Nd:YAG AND Nd:GSGG

Terminal Nd:YAG Nd:GSGG
Multiplet A A B A A B
(@m) (") (%)  (am) (s°) (%)
To/2 385 101 2.55 385 111 2.71
Ty1/2 419 652 16.5 420 774 189
Tya/2 459 556 14.1 455 570  13.9
Tys/2 501 127 3.21 519 110  2.68
4Fa 685 4.39  0.111 686 6.55  0.16
Fs/2 737 253 0.641 737  30.6  0.747
Hg/2 737 1140 289 737 1110 271
“Fr/s 794 409  0.104 796  4.78  0.117
4Sa/2 794  7.04  0.178 796 10.3  0.251
*Fo/2 882 638 16.1 886 648  15.8
2Hiz/2 976 131 3.31 964 142 347
1Gs/2 1120 2.37  0.0599 1120 3.47 0.0848
2Gyyq 1120 0.00  0.00 1120 0.00  0.00
1Gr/2 1440 564  0.143 1430 72  0.176
*Gy/q 1440 161 4.07 1430 171 4.7
K132 1440 392 9.92 1430 390  9.52
2Da; 2070 0.326 0.00825 2050 0.502 0.0122

4Gr1/2 2070 1.23  0.0311 2050 1.48  0.036
2Kis/2 2070 4.28 0.108 2050 4.24  0.104
2P1s2 3410 0.0755 0.00191 3470 0.109 0.00266
2Ds /2 4290 0.0513 0.00130 3470 0.151 0.00369




TABLE VII

SUMMARY OF RADIATIVE LIFETIMES AND
BRANCHING RATIOS TO THE 1,
MULTIPLETS FOR Nd:YAG

AND Nd:GSGG
Terminal Nd:YAG Nd:GSGG
Multiplet A T B A T B
- (om) ps (%) (om) ps ()

Ti1/2 4760 58600 4620 51700

T13/2 2380 15500 2510 19900

Tis/2 1670 19000 1490 10100

1Fs/, 879 270 100 878 264 100
Fs/2 - 806 200 99.8 806 197 100
Hy/y 806 1250 100 806 1300 100
Fz/2 747 180 100 746 190 100
4S3/2 747 152° 100 746 162 100
“Fo/2 683 230 99.7 681 239 99.7
*Hy1/2 636 3780 91.3 641 3830 92.3
1Gs/2 586 104 98.6 586 88  98.5
2Gr/e 586 237 97.2 586 212 974
4Gz 525 146 92 527 127 93
Ki3/2 525 915 479 527 968  48.9
1Go/2 525 131 94.6 527 119 95
D3/ 473 397 76.8 474 393 77.2
1G11/2 473  99.1  90.7 474 93.6 90.8
Ki1s/2 473 681 33.6 474 693 33
2P 434 235 64.7 433 202 62.2
D2 423 443  30.7 433 490 31.8

P32 385 253 36.3 385 244  38.2
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TABLE VIII

OSCILLATOR STRENGTHS FOR TRANSITIONS
TO THE 2P3;, MULTIPLET FOR
Nd:YAG AND Nd:GSGG

Nd:YAG Nd:GSGG
Initial A f AE A f AE

Multiplet (nm) (x107%) (em~!) (nm) (x1078) (em™1)

Fy, 685 0924 -1230 686 120  -972
Py, 737 411 200 737 433 -200
My 737 111 -200 737 944 -200
.y 9 0579 TT5 796 0598 1040

4S3/2 794 1.99 75 - 796 2.57 1040
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alexandrite pump wavelengths for the samples differ slightly but in both ca,sesz the
absorption band corresponding to the *Fr/; + 4S3/, is excited directly. The ﬂres—
ence of emission at higher energies than that of the pump photons indicates s}ome
type of multiple body process, ion-ion energy transfer upconversion, reabsorﬁtion
of emitted photons, or excited state absorption of pump photons, occurs. ‘
Determining the exac’f dynarrﬁcs involved in this process would be extrerhely
difficult considering the number and location of the multiplets present in the sys-
tem. To help in determining the processes involved, excitation spectra for sbme
of the emission peaks observed in the GSGG sample are presented in Figuré 23.
Excitation spectra for the 417 nm line, the 536 nm line, and the 1064 nm line
are shown along with the absorption spectrum for transitions originating on; the
ground state in this spectral region. The 417 nm excitation spectrum conﬁains
peaks not seen in the other spectra. Additionally, the spectrum for the 417 nm
emission line cuts off much more rapidly at wavelengths larger than 760 nm. jThe
536 nm and 1064 nm excitation spectra closely resemble the standard absorﬁtion

spectrum for the region. These results are similar to those previously reported for

Nd:YAG in [77].
Discussion of Results
Absorption

The results of the Judd-Ofelt analysis leads to some interesting conclusions.
Two different sets of results and parameters found in the analysis for each sample
along with previous results are listed in Tables IV and V. The two different sefs of-
results and parameters in this work correspond to different methods of grouping
the various multiplets when using Equation (18). For the entries labeled A the
term assignments used are those found in Hua et al.[85]. An alternative groui)ing
of the multiplets is used for the entries labeled B. In both cases for both samples

an error within the 5-20 % usually encountered in these calculations is found.
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The Judd-Ofelt parameters determined are very close to those found previousfy by
other authors. [88-90]

The grouping used for the results labeled A differs slightly from that used by
others, especially in the region of 440-500 nm. This region of the absorption spéctra
for both samples is shown in Figure 24. This region corresponds to absorption by
the 2D32, ?Ky5/2, and *Gyy /2 multiplets. ‘

In the past, the absorption in this region was-broken into two regions, one
below and one above &~ 470 nm. Term values were assigned to each of these regions
individually. ‘

These terms are not separated in the entries labeled A because of the exten-
sive mixing of the Stark components of the three multiplets in this region [85-87]
and the absorption spectra in the region. As seen from the spectra, determi-;ning
the exact location to place the limits on the integration found in Equation (18) is
difficult. The same problem is encountered in the 500-550 nm region for N d:GSGG.
For comparison. to previous work, the results of the analysis for the case in which
these bands are separated are also listed (case B).

Comparison of the results for both cases and to those found previously show
little difference. Although the rms-error is slightly reduced in case B, the differences
between the measured and predicted oscillator strengths remain essentially the
same. The increase in the number of tra@sitions used in the second method does not
lead to a significant reduction in the ovérall error associated with the calcul@tion
or lead to a significant change in the Judd-Ofelt parameters. When comparing
these results to those found for these materials by others, the only significant
difference is in the §); parameter. The value found here seems consistently lﬁrger
than that reported elsewhere. For Nd** doped materials, the 1; parameter is not
as reliable as the Q4 and ¢ parameters.[88] {2, only depends on one absorf)tion
band, the *Gs/2 + ?G7/2 band. The ratio of this oscillator strength to that of the
“Fs/2 + *S3/2 band found here is larger than that found by others: 1.18 vs. 0.79 for
GSGG and 0.89 vs 0.45 for YAG. This leads to a higher value for {2,. If this ba;hd is
completely eliminated from the analysis and €2, set to 0.00, as done by Krupke‘ [88],
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the results for {34 and ¢ remain essentially unchanged. Analysis of the varfous
doubly reduced unit tensor matrix elements indicates that slight differences 1n Q.
will not greatly affect any of the important transitions in the system. |

Tables VI-VIII summarize much of the information acquired through the
application of Equations (13, 16, and 17). In Table VI the transition probabiﬁty
rates for all transitions originating on the ?P3/, multiplet are listed along with
the predicted branching ratios. Analysis of these values shows that a significant
portion of the radiative emission occurs to states above the metastable state. Ffom
these states ions can either cascade non-radiatively to the metastable state or
radiatively decay to a still lower level. In all cases, only a fraction of the ions
excited to states above the metastable state bypasses the metastable state via
fluorescence to the *I; multiplets. Table VII summarizes the radiative lifetimes
and the branching ratio to states below the metastable state. For those cases in
which the lifetime has been experimentally measured [23-25,81,91] the measured
lifetimes are significantly shorter than those listed here. This indicates tha.t;the
non-radiative decay path for ions excited to these states is the dominant relaxafion
process.

In Table VIII the oscillator strengths for transitions between excited states
that may be responsible for the excited state absorption of pump photonsi are
listed. The AE noted is the energy deficiency (excess) involved in a transition
terminating on the P/, originating on one of these levels. It is interesting to note
that the oscillator strength for a transition originating on the *F5/; + 2Hg/s Hand
is 2100 times larger than that originating on the metastable state for both ma-
terials. A complexity in quantitatively determining the absorption cross sections
for transitions in the spectral corresponding to these transitions is that the aqfua.l
transition involved in an absorption process would be a Stark level to Stark Ievel
transition and not a multiplet to multiplet transition as calculated here. Calc%ula—
tion of Stark level to Stark level oscillator strengths is possible [92,93] but requires
detailed knowledge of the radial wavefunctions for individual Stark levels which is

not generally available.
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Fluorescence

Analysis of the emission spectra in Figures 21 and 22 can be used to estab}lish
the origin of the blue emission observed here. The emission is broken into three
main bands for each sample, corresponding to emission from the 2P3/, to the 411?3 /25
*111/2, and 419/2 multiplets. The vertical lines in Figure 21 are the wa,velength“‘s of
predicted emission from the ?P;, multiplet determined from the positions offthe
Stark levels identified earlier and the Stark level positions for the lower multiplets
in Ref. [85,87]. Most of the lines observed correspond well with the predicted emis-
sion. The absence of large numbers of additional lines indicates little contribution
from other higher lying multiplets, especially in the GSGG sampie.

Previous work [34,74,76-80,82,83] has attributed the blue fluorescence in:the
380 nm, 420 nm, 450 nm, and 460 nm regions to transitions originé,ting on ‘the
D52, D32, and ?P3/, multiplets. The mechanisms cited for populating the uéper
state was excited state absorption (ESA) from the metastable state (either of pump
or fluorescence photons) and ion-ion energy transfer upconversion (ETU) ihvolving
ions iﬁ the metastable state.

Some of these mechanisms are shown in Figure 25. Figure 25(a) shows possi-
ble ESA processes and Figure 25(b) shows possible ETU processes. The origin and
dynamics of the blue and green emission is difficult to determine exactly. Theré are
a number of different mechanisms which could lead to this emission and a number
of possible upper states that could be the origin level. From experimental evid%:nce
and energy considerations, a number of these are shown to be less probable than
others. Results indicate that processes invdlving the metastable state may not
be the important process and ETU involving the pump and intermediate levels
and/or ESA of pump photons from an intermediate state, process II in Figjures
25(a) and 25(b), are the dominant mechanisms leading to blue emission. |
| The spectra in Figure 21 shows emission in the 380 nrh region. The energy of
a 735 nm pump photon alone is not large enough to excite an ion in the metastable

state to the proposed upper state. (see AE in Table VIII) It is possible that the
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transition is phonon assisted but this requires absorption of a phonon witH an
energy of AE 1000 cm™' . Although such high ehergy phonons may be present,
at room temperature their number should be small. Additionally, the oscillej).tor
strength for the transition determined from the Judd-Ofelt analysis is much sm;iller
than that for other transitions (Table VIII). Energy conservation also indicates
that ETU involving ions in the metastable state is not the dominant process.
Energy conservation for a transition involving the interaction of a metastable state
ion with that of another metastable state ion or an ion in the intermediate band
or pump band requires phonons with energy between 1000-3000 cm~! . ‘

Energy transfer upconversion involving ions in the pump and intermediate
states could be a resonant process (Figure 25 II). Additionally, ESA of pump pho-
tons from the intermediate level (the *F5;; + 2Hg/; levels) is also a resonant process.
If energy transfer upconversion is the dominant process then dramatic diﬁere@ces
between the ground state absorption spectra and the excitation spectra for. the
emission are not expected. As long as ions are present in the Stark components of
the multiplets involved the process occurs and emission is present.

Excitation spectra for GSGG for the emission at 417 nm is found to be much
different than the ground state absorption spectra for the pump region (Figure;23).
This is similar to the behavior that was found in YAG [77]. In both cases there
are pump wavelengths for which there is strong absorption of the pump phofons
by the ground state but weak blue fluorescence and regions of weak ground sitate
absorption with strong blue fluorescence. This suggests that the process is ivery
sensitive to pump wavelength and indicates the dominant process is ESA of pljlmp
photons rather than ETU.

The Judd-Ofelt analysis can be used to help confirm the identity oﬂ the
upper level involved in the blue emission by comparing predicted and meas?ured
branching ratios. It is known from the Judd-Ofelt analysis that emission ifrom
the 2P3/, manifold occurs at wavelengths throughout the visible and near infrared
spectral regions. Emission from lower manifolds will overlap this emission in many
cases. Thus determining the total integrated intensity of emission and the absolﬁte



i87

branching ratios from the 2P,/, multiplet is not possible. The integrated inst’en-
sities and relative branching ratios for some of the transitions originating on ;;the
?P3/; multiplet can be determined from Figure 21 and 22. Table IX shows tlilese
results and the predicted branching ratios. Only the emission to the three 10\;\/est
multiplets found in Nd:YAG and Nd:GSGG is considered. It is assumed that the
emission to *I;3; is the amount predicted by the Judd-Ofelt analysis. This value
is then used to find the total integrated intensity allowing the branching ratios to
the other two lower multiplets to be calculated and compared to those determined
from the Judd-Ofelt analysis. Note that the results for GSGG are closer to those
predicted than those for YAG. Analysis of the emission from YAG (Figure 21 and
22 ) ) shows a number of lines that can not be assigned to the 2P/, multi?let.
The strong line near 401 nm is the best example of this and has been assigned
to the 2Ly7/, [94]. Additional lines in the spectrum not attributed to ?Ps/,. are
not included in the integrated intensity calculation. However, it is possible that
some of the emission in the regions associated with the 2P3/, emission is a,ctu:ally
originating on higher lying states and affects the results. The similarities, howéver,
between the predicted and experimentally determined branching ratios indicates
the accuracy of the assignrhent of the 2P3,, manifold as the origin level.

Figure 22 shows emission in the 475-575 nm region. The generation of fthis
green emission is usually attributed to ETU or ESA of NIR photons involving
metastable state ions. The excitation spectra of green emission does not show
the same wavelength dependence as the blue emission (Figure 21) and is néarly
identical to the excitation spectra for the NIR emission and ground state absor}ition
spectré. Energetically, ETU involving ions in the metastable state or ESA of
photons at the NIR laser wavelength by metastable state ions can produce excjited
ions in the multiplets from which green emission is likely to occur. The%fact
that this emission occurs at pump wavelengths where the blue emission is al;sent
indicates a separate mechanism than that yielding blue emission is responsible.
The number of possible upper states and processes involved is such that a detailed

assignment of the dynamics is not feasible.



TABLE IX

INTEGRATED INTENSITIES AND COMPARISON

OF BRANCHING RATIOS

Initial Multiplet: *Pays
Terminal Multiplet: Ig/2 | Ti1/2 Ty3/2
Nd:YAG
Integrated Intensity 13.4 119 84.3
Measured Branching Ratio 1.59 14.1 9.99
Predicted‘Branching Ratio 2.55 14.1 16.5
Nd:'GSGG
Integrated Intensity 34.2 255 233
Measured Branching Ratio 2.54 18.9 17.3
Predicﬁed Branching Ratio 2.71 18.9 13.9
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Summary and Conclusions

In summary, the combination of a detailed Judd-Ofelt analysis with fluores-
cence emission and excitation experiments allows for a more detailed analysié of
the dynamics involved in monochromatically pumped Nd3t materials. The results
of both methods of performing the band groupings in the Judd-Ofelt analysis are
similar. The analysis using the multiplet positions from the recent crystal field
study by [85-87] is as accurate as that performed previously. Separation of the
various manifolds in regions where the Stark components are highly interleaved is
shown to be unnecessary.

The origin of a significant portion of the blue emission seen under alexandrite
laser excitation is also established. Accurate positions of the Stark components for
the upper state and the terminal levels allow for a detailed comparison of observed
and predicted emission peaks. This infdrma,tion, combined with comparison of pre-
dicted to measured branching ratios, leads to the assignment of the *P3/, manifold
as the origin level for much of the blue emission. The observation of emissioﬁ at
wavelengths not able to be assigned to transitions originating in this state indicates
that additional levels and processes are also involved in some cases.

The dynamics involved in producing emission at energies greater than those
of the pump photons are also identified here. There are two separate mechaniéms,
one leading to emission in the 375-475 nm region and one leading to emission in
the 475-575 nm region. Emission in the 475-575 nm region shows little pump wiave—
length dependence and involves energies that are reachable by ion-ion interactions
involving metastable state ions or the absorption of photons at NIR wavelengths
by metastable state ions. The emission in the shorter wavelength region shows a
dramatically different pump wavelength dependence and the energies involved are
such that it is unlikely that the metastable state is involved. Additionally, thé os-
cillator strength for excited state absorption of pump photons from the *Fs;2,Hq/,

multiplets is found to be 100 times weaker than that from the level immediately
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above it. This transition is also found to be nearly resonant at the pump wave-
lengths producing blue emission and non-resonant for pump wavelengths not pro-
ducing blue emission. Thus it seems likely that the upconversion process involved

in generating blue emission originates on this intermediate band and not on.the

metastable state.



CHAPTER V

SPECTROSCOPIC AND LASING PROPERTIES
OF Nd:ZBAN

Introduction

Another material for use in diode pumped laser systems is Nd3* doped fluo-
ride glass. Although laser systems based on rare-earth doped heavy metal fluoride
glasses, both in bulk and fiber form, have been reported previously, [95-97] the
lasing properties of Nd3+ in this type of host have been reported only in a ﬁber
configuration. The results of a study of the spectroscopic and laser properties of
Nd3t doped heavy metal fluoride glass in bulk form, including the results Tof a
Judd-Ofelt analysis, are reported here. An alexandrite laser, to simulate diode
laser pumping, is used to investigate the laser operation of this material. Two dif-
ferent methods are used to determine the emission cross section of the 4F3/2-45111 /2
transition and the results are compared to those reported for an oxide glass, an
oxide crystal, and a fluoride crystal host.

Blue and green emission from levels above the metastable state, coﬁmon
in Nd3+ doped materials, is observed here and is found to be associated with
excited state absorption (ESA) of pump photons. The oscillator strengths for the
various excited state absorption transitions that could produce this emission are
determined from a Judd-Ofelt analysis in an effort to understand the proc?esses
producing this emission. The effect of one of these processes on the slope efficiency
is modeled using a rate equation approach [98] and the results provide information
on the importance of the excited state absorption on monochromatically pumped

Nd:ZBAN laser systems. This model is also used to qualitatively discuss the effects
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of the ESA mechanism on the efficiency of laser systems based on other Nd3*

materials.
Results and Analysis: Spectroscopic Properties

Spectroscopic measurements were made on a sample of Nd3t in ZBAN ﬂuo-
ride glass of dimensions 0.945 x 0.720 x 0.335 cm. The sample used in the study
had a mole % composition as folloWs.: 53.33% ZrF4; 19.84% BaF,; 3.14% AlF3;
18.70% NaF; and 5.0% NdF; (ZBAN:Nd). The room temperature absorption spec-
tra covering the spectral ranges of 250-2500 nm and 2500-3600 nm were measured
using a Perkin-Elmer 330 Spectrophotometer and a Beckman Model 4240 Spec-
trpphotometer, respectively. The absorption spectra and corresponding energy
levels are shown in Figure 26. They agree well with earlier results for Zr-Ba:—Nd
based fluoride glass [99]. The widths of the energy levels shown in Figure 26(c)
are determined from the full width half maximum (FWHM) of the correspond-
ing absorption ﬁeaks and are associated with the unresolved Stark levels of‘i the
upper and lower multiplets involved in the transition. Figure 26(b) is an enlarge-
ment of the room temperature absorption spectrum shown in Figure 26(a) iand
exhibits the positions of the 2P3/,, 2Ds/y, and *D3/, multiplets. These levels have
been found to be involved with excited state absorption of pump photons when
monochromatically pumping into the 433/2‘+4F7/2 and 2Hg/,+*F5/, levels of N 43+
doped materials [77,80,82-84]. The absorption spectrum of Nd** in ZBAN élass 4
covering the spectral range of 720-820 nm is shown in Figure 27. This correspbnds
to the spectral range of a tunable alexandrite laser.

Emission spectra and lifetime measurements were made using a nitrogen
laser-pumped dye laser system. The dye laser contained Rhodamine 590 dye lasing
at 575 nm and had a pulse duration of 10 ns. Emission from the sample :over
the spectral range of 760-1180 nm was focused into a 1 m Spex monochromator
and detected by an RCA 7102 photomultiplier tube. The emission spectrum was
recorded with the use of a PAR Model 164 Boxcar Integrator and a strip chart



93

23 I
30 + < _
: I 4
: a2 Ds/z
L _2
25 | Ps/z
[ - 2
—~ D5/2 P1/2
| - -
5 207 — e,
s Gv/z Ga/a
= e
> j ————— 7/2 5/2
@ 19 F R
o i 4 4
§ 1 — mm—r,, Sy
. - Fs/z Hs/z
10 | 4
] 4
5 _ I1'.5/2
- S 41
i 41:3/2
: _——
O - — 41
9/2

Figure 26. Absoption Spectra and Energy Level Diagram in Nd:ZBAN. (a) Ab-
sorption Spectrum of Nd:ZBAN.(b) The Absorption Spectrum in (a)
Expanded to Show Details. (c) Energy Level Diagram of Nd:ZBAN
with Widths Calculated from the FWHM of the Absorption Spectra.



94

W
&)
T

llllllllllllllll!lTllllll!lT
L1

—t N N
(@) o (6)]
lllllllLlllll

o
6)

Absorption Coefficient (cm™")
o

o
o

I 3 I L L 1 i '

S | 1 b3 l

720 740 760 780 800 820
Wavelength (nm)

Figure 27. Absorption Spectrum of Nd:ZBAN in the Spectral Region of Alexan-
drite Laser Qutput.



95

recorder. For lifetime measurements an EG&G Model 4402-4420 boxcar averager
signal processor combination was used.

The emission from the *Fj/; level of Nd3* is shown in Figure 28 and ¢an
be used to determine the spectral width of the ground state manifold and the
spectral location of the 41, /2 level shown in Figure 26. An effective linewidth of
the 4F3/,-*111, transition, Aveysy, can be determined by numerically integrating the
emission line shape. A value for Av sy of 278.8 cm~! is obtained. The temperature
dependence of the fluorescence lifetime is shown in Figure 29. The lifetime increases
from 130 us at room temperature to =~ 400 us at 10 K.

Table X contains the oscillator strengths determined experimentally and
those calculated using the Judd-Ofelt theory along with the Judd-Ofelt param-
eters. The value of n for each transition was based upon that in Ref. [16]. A value
of 1x107¢ was found for the rms deviation. For many of the-weaker transitions
the experimentally determined values differ significantly from those predicted from
the model and in most cases the measured v@lues for these transitions are larger
than those predicted. The Judd-Ofelt parameters found here correspond well with
those found in other fluoride glasses. [99-101] The Judd-Ofelt parameters can be
used to calculate the oscillator strengfhs for excited state to excited state transi-
tions also. Results of these calculations for transitions to the ?P3/, multiplet are
listed in Table XI. Table XII lists the transition rates and branching ratios for
emission from this multiplet. The lack of reduced matrix elements for transitions
between the *Ds/, and D3/, multiplets and other excited states prohibits similar
calculations for these multiplets. |

The stimulated emission cross section can be determined from spectroscopi-
cally determined parameters using

2
O, = Ay
. =
87n2c

g(v)A [4}7‘3/2§4 111/2] (86)

where ), is the peak emission wavelength, n is the index of refraction of the ma-
terial, g(v) is the lineshape of the transition, and A[*Fj3/9;* I11/9] is the radiative

transition probability for this transition. The radiative transition probability is
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TABLE X

OSCILLATOR STRENGTHS FOR TRANSITIONS
FROM THE GROUND STATE
- FOR Nd:ZBAN

Band Wavelength Oscillator Strength (x1078) Residuals
(nm) Measured Calculated (x107%)

1 868 2271 195.3 31.7
2 796 752.9 719.1 33.8
3 708 753.0 823.7 -70.7
4 677 102.2 58.6 43.5
3 624 354 16.4 19.0
6 576 1389.0 1401.0 -12.0
7 521 659.7 510.3 149.4
8 474 203.6 76.1 1274
9 427 89.2 53.9 5.3

10 380 11.2 2.5 8.6

11 353 -935.5 990.4 54.9
12 328 241.1 52.5 188.6

Q,= 3.09x 10-20
Q4= 3.65x1072°

Qe= 5.74x10~2°

Radiative Lifetime of the *F3/3-*I1;/2 Transition
Measured Calculated

420 ps 360 us




TABLE XI

TRANSITION PROBABILITIES AND BRANCHING
RATIOS FROM THE ?P;;, MULTIPLET

FOR Nd:ZBAN
Terminal A A B8
(nm) (s71) (%)
Tg/9 380 68.8 2.73
4111//2 411 3703 14.71
Lis/2 445  508.5 20.20
4115/2 491 813 323
Fy)y 675 13.6 0.54
Fs/2,°Ho/2 727 770.1 30.59
Fr/2,%S3/2 822 225 0.89
1Fy 866 457.4 18.17
2Hu/,2 972  88.3 3.51
4Gs/2,2Gr/2 1117 7.0 0.28
4Gr/2,Go2,2Kiajz 1404 123.7 4.91
Da/2,*Gi1/2,2Kisj2 1916 5.8 0.23
Py /2,°Dsa 3452 0.5 0.01

Total Transition Probablity Rate: 2517.8 s~1
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TABLE XII

OSCILLATOR STRENGTHS FOR TRANSITIONS TO
THE ?P3/; MULTIPLET

FOR Nd:ZBAN
Initial A f
Multiplet (nm) (x107%)
1F3/, 676 | 4.01
1Fs/s 727 6.32
Moy 127 | 101
b 820 : - 078

1S5, 820 8.26
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difficult to determine directly but the probability rate for an electric dipole transi-
tion from the | (S, L)J > manifold to the | (S, L')J’ > manifold can be obtained
from the results of the Judd-Ofelt analysis. From Equation (13) a value for the
radiative transition probability can be determined. For A, = 1048 nm the impor-
tant rate is A[*F3/2;* I11/2] and has a value of 1380 s=!. Using Equation (86) yields
a stimulated emission cross section of 3.2x107?° cm? at this wavelength.

The fluorescence lifetime at rodfn temperature is =130 ps which is much
shorter than that predicted by the Judd-Ofelt analysis using Equation (15). Con-
centration quenching in Nd doped heavy metal fluoride glasses, previously reported
[101-103], can account for this difference. The lifetime measured here at room
temperature corresponds well with that determined in others glasses with simi-
lar concentrations of Nd3+. The process responsible for this quenching is most
likely a cross relaxation process in which a metastable state ion relaxes to the
4115/, multiplet exciting a hearby ion from the ground sate to the *I,5/, multiplet.
The longer lifetime found at low temperatures, nearly that predicted by the Judd-
Ofelt theory and that found in low concentration glasses where cross relaxation is
less important, indicates that the cross relaxation process is less important at low
temperatures. |

The emission cross section reported here for a Nd:ZBAN glass is slightly
greater than that reported in ED-2, a standard oxide glass host, and much less
than that in either crystal.(Table XIII) It is typical of that previously reported in
a number of fluorozirconate glasses. [99,101,100,104] The radiative lifetime of the
metastable state, determined from the Judd-Ofelt analysis, is nearly that reported
for ED-2 and is close to that reported for other fluoride glasses.

Results and Analysis: Laser Properties

The emission of an alexandrite laser was used to side and end pump the
sample in an optical cavity. The 30 cm long cavity consisted of a high reflector with
a 50 cm radius of curvature and flat output couplers with varying transmittances.

When end pumping a high reflector coated for high transmission over the pumping



TABLE XIII

COMPARISON OF Nd3+ EMISSION CROSS SECTIONS
AND RADIATIVE LIFETIMES IN
DIFFERENT HOSTS

ED-2* YAG® YLF¢ ZBAN

Emission Cross Section (x10-2cm?2) 2.7 30.0 18 3.20

Raditive Lifetime s 359 250 570 420
Peak Wavelength (nm) 1062 1064 1047 1048
Effective Linewidth (cm™!) 305 - - 278

a From Ref. [105]
b From Ref. [5]
¢ From Ref. [106]
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range was used. Laser output was monitored while the alexandrite pump laser was
tuned over the range 735-760 nm. No lasing of the sample was detected for pump
wavelengths outside this spectral range. The transverse pump geometry shown in
Figure 30 was used to investigate the time resolved and emission properties of the
Nd:ZBAN sample under alexandrite pumping. Time-resolved measurements were
made of the output of the alexandrite laser and the output of the Nd:ZBAN glass
laser using photodiodes and a Tektronix Model 2440 Digital Oscilloscope. A 2.0
neutral density filter was used in order to avoid saturation of the detector by the
alexandrite pump pulse. The emission from the Nd:ZBAN sample was monitéred
while the material was lasing at 1.048 um using a 0.25 m spectrometer and a
C31034 photomultiplier tube which is sensitive in the visible spectral range. The
signal was analyzed with a PAR model 164 boxcar averager and recorded on a strip
chart recorder. Appropriate filters were used to eliminate scattered light from the
alexandrite laser.

Measurements of the threshold energies and slope efficiencies with various
output couplers were made using the experimental set-up shown in Figure 31. The
pump beam was focused within the lowest order cavity mode using a convex lens.
Simultaneous measurements of the average pulse energies of the alefcandrite laser
incident upon the sample and of the laser emission of the Nd3+ ions in the ZBAN
glass were made using a dual probe energy meter.

Figure 32(a) shows the results of the the time-resolved measurements of the
1.048 pm laser emission and the alexandrite laser emission averaged signal over
256 pulses. The upper trace is the alexandrite pump pulse and the lower trace
is the corresponding laser output of the Nd:ZBAN glass. Figure 32(b) shows the
behavior of both the pump laser and the laser output from the sample for a single
pump pulse. The short delay of the output from the sample with respect td the
pump pulse is the time needed to establish the population inversion. After the
short delay the traces show the relaxation oscillation and spiking characteristic of

many solid state laser systems.
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Figure 30. Experimental Set-Up for Transverse Laser Pumped Laser Experiments.
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Figure 31. Experimental Set-Up for Longitudinal Laser Pumped Laser Experi-
ments.
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Figure 33 shows examples of the results obtained for measurements of the
laser energy output as a function of pump energy absorbed. The deviation from a
straight line relationship at high levels of power absorbed is due to several effects
including saturation and thermal lensing.

The lasing thresholds and slope efficiencies can be obtained from the data
above. Table XIV summarizes the results for the various pump wavelengths and
output couplers. From these results, values for the passive losses in the system, the
emission cross section and the relative effects of excited state absorption of pump
photons on laser efficiency are determined. |

The emission cross section is related to the threshold energy and mirror

reflectivities by the expression [107,108]

—~In(R) = M.Ep - L (87)

where E7 is the absorbed energy at threshold, L is the passive loss per pass through
the cavity at the laser wavelength, R is the product of the effective reflectivities
of the cavity mirrors, and M, is the slope of the Ep vs.In1/R plot. R is given by
[107,109] .

R}ﬂ + R\/?
= Ry, |. oc 88
R=H (1+(R,«Roc)l/2 (88)

where R; is the Fresnel reflection coefficient of the sample surface, R, is the
reﬂecf,ivity of the output coupler and Ry, is the reflectivity of the high reflector.
The slope M, can be written as [108]

8fB0'eff77p
= " 89
M. hv,md? (89)

where 7, is the pump efficiency, fp is the fraction of the population in the lower
Stark component of the metastable state, 7d?/4 is the area of the pump beam, kv,
is the energy of a pump photon, and o,y is the effective emission cross section.
The effective emission cross section is defined as . — 64 where o, is the emission

cross section and o4 is the excited state absorption cross section for photons at
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TABLE XIV

SUMMARY OF THRESHOLD ENERGY AND

SLOPE EFFICIENCY MEASUREMENTS

Run Pump Wavelength Output R ET 1,
(nm) Coupler (md) %
1 752 2 093 1.08 364
2 752 3 085 2.73 20.8
3 752 1 093 149 322
4 752 2 093 1.74 31.8
5 736 1 093 295 20.2
6 736 2 0.93 2.28 33.1
7 736 3 085 4.44 16.0

109



110

the laser wavelength. Output couplers 1 and 2 have the same value of R,. to
within experimental error. Figure 34 shows a plot of —In R vs. threshold energy
absorbed. The lines drawn in Figure 34 pass through the average threshold energy
of runs 1, 3, and 4 for the 752 nm case and runs 5 and 6 for the 736 nm case. F1"0m
these plots values for M, of 72/J and 51/J and values for L of 0.034 and 0.063
were obtained for 752 nm and 736 nm pump wavelengths respectively.
Rewriting Equation (89) yields
MpOess = h_u,,;réﬂf | (90)

The fractional Boltzmann population of the lower Stark component of the 4F3/2

can be found from

= o (328) "

where AE is the Stark splitting of the metastable state, kg is Boltzmann’s con-

stant, and T is the temperature in Kelvin. AE was approximated as 90 cm~!,

typical of the crystal field splitting for the *F3/, multiplet. At room tempera-
ture kT is 207 cm™! giving a value for fg of 0.61. The area of the pump beam
was measured to be =0.001 cm?. The effective emission cross section and pump

efficiency for each wavelength used can be found from Equation (90)

N0 = 1.57 x 107 %cm? (92)

M C0ess = 1.13 x 107 cm? . (93)

where the superscripts label the pump wavelength.
It is possible to relate the measured slope efficiencies to 7,0.s¢. In the limit

of low output coupling [110,111]

Ap Mp0ess Co '
_ X MTesr Co 94
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where 7, is the slope efficiency, A, and A; are the pump and laser wavelengths
respectively, C, is the effective output coupling, C is the total transmission of the
mirrors and the other parameters have their previous meanings. Rewriting and

solving for o, gives

_Apbnpa'eff C,
e =3  O1L (95)

Restricting the analysis to the lower transmission output couplers (1 and 2) and
letting C = C, (Ry, = 1) values for o, of 2.25%107%° cm? and 1.56x10-% cm? are
found from the parameters for 752 nm and 736 nm respectively.

One possibility that would produce different emission cross sections for differ-
ent pump wavelengths is a change in pump efliciency with wavelength. Comparison
of the values for n,0.55 at the two different pump wavelengths indicates that the
pump efliciency at 736 nm is less than that at 752 nm if the cross sections are wave-
length independent. The effective emission cross section should be independeht of
pump wavelength giving 7,7¢ = 0.72 7,72 ‘An increase in the energy absorbed
for threshold and a lower slope efﬁciency at the 736 nm pump wavelength lead to
the calculation of a reduced pump efficiency for this wavelength using Equations
(87), (89), and (94).

Alternatively, the difference between the emission cross sections calculé,ted
from the slope efficiency measurements at the two wavelengths could be an indi-
cation of the uncertainties in the calculation. In this case the pump efficiencies
are similar. Since the emission cross section should be independent of pump wave-
length, differences between the values for 752 nm and 736 nm would be attributed
to the uncertainties in the measured slope efliciencies, threshold energies and in
the extrapolation used to find the paésive losses.

Figure 35(a) shows an example of the emission spectra with an excit:—imtion
wavelength of 755 nm and the emission spectra in Figure 35(b) is that for a pump
wavelength of 735 nm. Note the similarities to the spectra observed for Nd:YAG
and Nd:GSGG in Chapter IV. The analysis in this case is made more difficult by

the broadened absorption and emission peaks in the fluoride glass and the lack
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of detailed knowledge of the Stark level positions. The two green peaks centered
at 530 nm and 595 nm have been reported earlier in other Nd3*-doped materials
[77,80,82-84] and can be attributed to transitions from the G/, and 2Gg/, energy
levels to the ground state and the 2G7/; and *Gs /2 levels to the ground state, respec-
tively. The transitions leading to the blue (365-460 nm) emission spectra obsefved
under alexandrite laser excitation (Figure 35) cannot be deﬁhitély identified but
from conservation of energy arguments transitions from the 2Pg/,, *D3/5, and *Dj,
to the *I; levels seem to be the most probable. The upper state could be popu-
lated via resonant excited state absorption of pump photons from the 4F3/,, 4F5 /s,
*Hyg/; or *F7/, 4S5/, multiplets. The oscillator strength for ESA process involving
the 2P/, and the *F5/,, 2Hg/, multiplets is much larger than that for transitions
originating on either the metastable level or the pump level, similar to the resﬁlts
for Nd:YAG and Nd:GSGG. (Table XII) However, other transitions to D3/, and
“Ds/2 multiplets from the pump level and to the *P3/, from the metastable state
are nearly resonant for the 735 nm pump wavelength. Both of these transitions are
resonant to within 500 cm™!, the energy of a high energy phonon in fluoride glasses
[102,103], and will assist in populating the upper states. For the 755 nm pump
wavelength the transition from the pump level to the 2P3/;, multiplet is nearly
resonant but the other transitions are not.

A comparison of Figures 35a and 35b leads to the following conclusions. At
shorter pump wavelengths the blue emission is the most intense. As the excita-
tion wavelength is shifted to lower energies the blue emission decreases and the
green emission becomes more intense. This decreasé in the blue emission can be
attributed to the loss of resonance between the pump photon energy and the en-
ergy difference between the *F5/5,2Hg/2 and ?P3/, multiplets and between the D3/,
and *Ds/; multiplets and the pump level. The increase in intensity of the green
emission may be due to nonresonant excited state absdrption of pump photons
with the energy mismatch compensated for by phonon emission and to increased
output of the alexandrite laser at 755 nm as compared to 735 nm. The important

observation, however, is the pump wavelength dependence of the emission. ‘The
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relative intensities of the blue and green emission change with pump wavelength.
Therefore the process leading to the emission is pump wavelength dependent and,
of the processes that could lead to blue emission, only ESA of pump photons is

pump wavelength dependent.
Excited State Absorption Model

Excited state absorption of pump photons (ESA) may be a loss mecha.xiism
in Nd3* doped laser hosts.[77,84] Here a model which describes the effects of ESA
on both the metastable state population and the total energy circulating in the
cavity at the output wavelength is presénted. The rﬁodel used is a modified version
of the standard Nd3* four level model and is shown in Figure 36. Two additional
levels are added, an intermediate level between the pump level and the metasté.ble
state and a second level at a higher energy than the pump level. The second level
is located such that it is in resonance with the added intermediate level at the
pump energy. Since the transition between levels 4 and 6 is in resonance with the
pump laser it is possible for excited state absorption of pump photons to occur.

The rate equations describing this model are written as follows:

f),l = —R15v-|- R51 + A61n6 + A31n3 + W21n2 - Wl2n1 (96)

ng = +Rsa — Roz + Asang — Wong + Wiang + Wegpns (97)

fi3 = —Ray + Ros — 73 'n3 + Agane + Wagng — Wasng — Wessns (98)

fy = —Rys + Ros + Asang — Wasng + Wsang — Wagng + Wagns -~ (99)

ns = +Ri5 — Rs1 + Aesne + Wasng — Wiyns (100)



116

ESA

Laser
Pump Emission

Figure 36. Model of Nd:ZBAN Laser System.



117

ng = +R46_R64+7'6—1n6 (101)

fip = +Raz — Roz — 7.1y + wems (102)
For transitions resonant with either the pump laser wavelength or the output
| laser wavelength both stimulated emission and absorption are included. Fluores-
cence is allowed from the metastable state to both the groﬁnd state, level 1, and
the first excited state, level 2. Fluorescence from the upper excited state (6) can
occur to each of the excited states and the ground state. Levels 2, 4, and 5 are
assumed to decay only non-radiatively.

The population of each level and the photon density is determined from a
numerical solution of the rate equations by a fourth order adaptive Runge-Kutta
method. The parameters used are listed in Table XV and are representative of
those for Nd3t in a fluoride glass host. Non-radiative ion-ion cross relaxation,
which reduces the lifetime of the metastable state, is modeled simply as an addi-
tional relaxation process (W,ss) populating the terminal laser level. The emission
cross section for the pump transition is found from the measured absorption cross
section and Equation (61). This equation and the spectroscopically determined
emission cross section for the laser wavelength are used to find the absorption
cross section at the output laser wavelength. Since the exact positions of the Stark
levels are not known for the fluoride glass, Z; and Z, are approximated by their
values in other Nd®* materials.[5,86,87,112] Values for Z; for the lower level of the
pump transition vary from =2.1 to =2.7 and values for Z, for the upper level of
the pump transition vary from ~3.0 to ~3.8. A value for Z;/Z, for the pump
transition used here is 0.7. For the laser transition, values for Z; vary from é:3.0
to ~4.0 and values for Z, vary from =1.6 to =~1.8. This gives a value for Z,/ Z,
of 2 for the laser transition. The zero line energy, E,;, is approximated as‘ the
energy of the transition so that E,; — hv is zero for both cases. The non-radiative
rates listed in the table labeled by A are representati{fe non-radiative decay rates

in fluoride glasses found from the energy gap law, Equation (22), using valueé for



118

the parameters C and « found in Ref. [113]. The second set of rates, labeled
B, are representative of rates much faster than those predicted by the energy gap
law as suggested by recent measurements of small energy gap multiphonon rates.
[24,27,91] The relaxation rate for the lower laser level is approximated based on
recent measurements in a variety of materials. {24,26,27,91] The alexandrite pﬁrnp
laser pulse is modeled with a series of 300 ns pulses of constant flux separated by
~4 ps in a 40 ps envelope. The flux used used corresponds to an incident energy
of 17 mJ per 40 ‘ps pulse train focused within the lowest order mode of the cavity.

The results of the numerical solution for the metastable state population and
the photon density over the first 400 ns using the smaller multiphonon rates are
shown in Figure 37. The solid line and long-dashed line represent the metastable
state population for the cases g4 = 0 (no excited state absorption) and o4 =
5x10-18 cm?, respectively (for simplicity, the emission cross section for this tran-
sition is assumed to be equal to the absorption cross section). The photon density
with no ESA is shown by a short-dashed lihe' while that with ESA is shown by a
dotted line.

These results qualitatively display some of the effects of excited state absbrp-
tion of pump photons on laser dynamics. When ESA of pump photons is possible
the population of the metastable state grows significantly more slowly than when
there is no ESA possible. In Figure 37 the population of level 3 when ESA is
present rises more slowly than that when there is no ESA. The time at which
lasing occurs is also shifted due to excited state absorption. The photon density
in the cavity peaks at 298 ns when there is no ESA but doesh’t peak until 342
ns when ESA is allowed. There are no significant differences between the ESA
and no ESA cases when the larger multiphonon relaxation rates are used. For
excited state absorption to be important, the metastable state population and the
photon density must remain significantly below the values achieved when no ESA
is possible.

It is possible to determine the loss in available output energy from the photon

density. The stored energy in the cavity is related to the photon density by
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TABLE XV

PARAMETERS USED IN Nd:ZBAN
RATE EQUATION MODELING

A61 = 102951 Agz = 0s~1
A63 = 143_1 A64 = 7703-1
A65 = 70551 A31 = 978s~1

A32 = 18288_1

o015 = 1.37T x 1072°¢m? 35 = 5.00 x 10~2°cm?
‘046 = 5.00 x 10~-18cm?

A=0.7 B=0.5 C=1.0

=1 = 6.00 x 1071

®, = 4.0 x 10%®photons/cm?s

W21 =1x108s"1 W12 = 6.9 x 10451
We_f_f = 500051

A° B

W54 = 2.9 x 10751 W54 = 2.9 x 10951
W45 = 9.7 x 10551 W45 =97 x107s"!
W43 =19 x 107s1 W43 = 1.9 x 109571
Waq = 4.1 x 10%s71 Was = 4.1 x 107571

a From Ref. [113]
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Figure 37. Plot of Metastable State Population and Photon Densities Predicted by
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Energy A/np(t)dt

where A includes the energy per photon, the speed of light , and the area of :the
cavity mode. The value of [n,(t)dt is determined by numerically integrating the
photon density. For the case with the smaller non-radiative multiphonon rates,
excited state absorption causes this value to decrease from 9.64x 1013 to 8.32x 1013
photons s/cm3 , a reduction of = _14%, reducing the available energy by a similar
amount. Note that only one of the possible ESA processes is considered here and
the additional processes mentioned earlier will further reduce the energy at the
output wavelength.

The importance of ESA of pump photons is especially dependent on two
sets of system parameters. One of the these sets are the branching ratios for
emission from the upper state involved in the ESA transition. If the branching
ratio for transitions from this state to levels below the metastable state is larger
than that to levels above the metastable state the effects of ESA will be more
important. Those ions that participate in ESA are lost to the metastable state
since they radiatively decay to lower levels. If the reverse is true and transitions
to states above the metastable state are more likely then the effects of ESA will be
reduced since ions excited to upper states will relax back to the metastable state.
In Nd:ZBAN the 2Py, state is one of the upper state involved in ESA. The Judd-
Ofelt analysis performed (Table XII) predicts that nearly 60% of the emission
from the 2Pg/; state occurs to levels above the metastable state. The effects of
ESA in this system will be different in materials where these branching ratios are
significantly different. If more of the emission from the upper level occurs to lévels
below the metastable state then ESA may be more important while if more of the
emission occurs to levels above the metastable state ESA will be less important.
Also, if non-radiative multiphonon decay depopulates the upper state, the effects

of ESA will be reduced.
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The second set of parameters which determines the importance of ESA is the
combination of the non-radiative decay rate from the level from which ESA is oc-
curring and the product of the flux and the absorption cross section for the process.
This can easily be seen by examining Equation (99), governing the populatioh of
the intermediate level from which ESA is occurring and Equation (101) goverrjﬁng
the decay of the upper excited state. Although values for the non-radiative d(;,cay
rates Wi, and Wys are difficult to determine, the energy gap law can be used to
give approximate values. Using the energy gap law and one set of parameters for
C and a a non-radiative rate of 1.92 x 107 s~! is obtained for the 4F5/2-4F3/2
transition. The second set of parameters yields a much larger rate. For ESA to
be an important loss mechanism the product of ®, and 46 must be of at least the
same order of magnitude as W3, so the effects are expected to be smaller when
the non-radiative multiphonon rates are larger. The lack of significant changes in
the metastable state pbpulation density and photon density when the larger relax-
ation rates are used is evidence of this. Additionally, since more transitions are
resonant or nearly resonant for a 736 nm pump wavelength compared to 752 nm
pump wavelength the effective cross secﬁion for the former transition is expected
to be higher than that for the latter. Thus the effects of ESA are larger for a 736
nm pump wavelength than that for 752 nm. This seems to be indicated by the
analysis of the pumping efliciencies.

For reasonable values of thvev absorption cross section for the ESA transition,
the requirement that ®,046 ~Wy3 requires the high fluences encountered only when
using a high peak power pulsed laser as a pump source. As shown in Figure 32
the output of the alexandrite laser used here is not a smooth pulse. The spiking
in the pump laser due to relaxation oscillations provides the high fluences neces-
sary for ESA to be important. The non-radiative decay rates in fluoride glasses
are known to be lower than those in many other laser materials.[101-104] Thus
the requirement above is more easily met in fluoride glasses than in other mate-
rials, such as Nd:YAG. Previously reported wavelength dependent slope efficiency
changes in Nd:YAG [77] can be attributed to difficulties in determing the egergy
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absorbed in the cavity mode of the system. Even in the fluoride glasses, however,
if the actual non-radiative rates are closer to the larger values used here or are
much faster than those predicted by the energy gap law, as recently found in other
Nd** doped materials for small energy gaps, [24,27,91] then the effects of ESA will
“be reduced. In this case, additional mechanisms such as sequential two ph(;ton
absorption and non-resonant transitions originating on the metastable state will
be much more important in any explanation of a decrease in slope efficiency With

pump wavelength.
Summary and Conclusions

The two different methods used to calculate to stimulated emission cross
section yield different results, the spectroscopic method producing a result which
is larger than that found by using the measured laser properties. A very critical
factor in the latter method is the determination of fg. It is assumed here that
the upper level for the lasing transition is the lower Stark component of the *F3/,
manifold. If the laser transition actually originates on the upper Stark compoﬁent,
as found in many Nd®t doped systems, then the value of fg would be a factor of
two smaller, effectively doubling the values calculated using the method based on
laser efficiency measurements and bringing them closer to that determined spectro-
scopically. The difference between the emission cross sections calculated from the
slope efficiency measurements at the two wavelengths arises from two possibilities:
either uncertainties in the measured slope efficiencies, threshold energies and the
extrapolation used to find the passive losses or changes in pump efficiency With
wavelength. |

Excited state absorption of pump photons is identified as a possible mecha-
nism for reducing the pumping efficiency at certain wavelengths. The wavelength
dependence of the blue emission under alexandrite excitation provides evidence
for an ESA process. Although the exact transitions involved and the actual dy-
namics of the system are not definitively identified, evidence indicates that the

?P3/, multiplet is one of the multiplets involved in the blue emission. A model of
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the ESA process quantitatively shows that this process can be an important%loss
mechanism under certain conditions. If high peak power pulsed lasers are used as
pump sources, if the multiphonon decay rate from the intermediate level is $low
and if the branching ratios for emission from the upper state involved are such %nhat
much of the emission from the upper state bypasses the metastable state then ESA
is important. The results presented here indicate that excited state absorptio;n of
pump photons should be considered in thé selection of host materials to insure% the

criteria for this effect to be important are not met.



CHAPTER VI
SUMMARY AND FUTURE WORK
Summary

Problems relevant to three different rare-earth ion based laser materials have
been discussed. In the first material, Tm,Ho:YAG, the energy transfer procezsses
leading to 2.1 um laser emission after diode laser pumping were investigaéted.,
Two of the energy transfer processes, the Tm—Tm cross relaxation process ;'—md
the Tm—Ho energy transfer process, were characterized. Enhancement of ;the
Tm—Tm cross relaxation process by energy migration in the *H4 multiplet ?was
observed. The rate parametér for the overall process was established. Rate param-
eters describing the Tm—Ho energy transfer process were also determined. T}jlese
parameters were then used in a numerical solution of a rate equation model of
the laser system. Since the parameters were determined spectroscopically, there
were no adjustable parameters in the simulation. This model accurately predicted
the previously observed delay between the pump laser pulse and efnission atj 2.1
pm and the relaxation oscillations. Additionally, a new loss mechanism involiling
excited state absorption of pump photons was identified and found to contribute
significantly to the observed green emission.

Three Nd3* based laser materials were also investigated. In each mate;rial,
an excited state absorption mechanism leading to blue emission was identiﬁed.
For the crystalline systems studied, the 2P3/, multiplet was identified as the uf)per
multiplet involved in the emission from a comparison of the predicted and obse?rved
emission wavelengths. Energy conservation considerations led to the conclu%sion

that one of the processes populating the 2P3/, multiplet was a resonant ex¢ited
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state absorption process originating on the ‘Fs/; and ?Hg/, multiplets. A Judd-
Ofelt analysis was also performed and showed that this transition had a lafger
oscillator strength than transitions originating on either the pump or meta.sta;ble
levels. Although the situation involved in the fluoride glass was found to be much
more complex, the same transitions and processes were identified as contribufing
to the emission observed in this ma,terié,l. The overall effect of this excited state
absorption process on laser efficiency was also considered. A rate equation model
was used to identify the important parameters controlling the effects on the ene;rgy
stored in the metastable state. The relative sizes of the non-radiative decay ra%.tes
and the rate of excited state absorption were found to be very important. Excited
state absorption was found to be more important in materials with slower non-
radiative relaxation rates, such as fluoride glasses, than in materials with fast
non-radiative decay, such as garnets. Evidence from laser efficiency measurements
indicated a wavelength dependent pump efficiency in a Nd:ZBAN {fluoride glass

laser, possibly an effect of this excited state absorption process.
Future Work

Although the overall dynamics of the Tm,Ho:YAG laser system are now well
understood, a few questions still remain to be investigated. The concentrations
of Tm3®** and Ho®** for optimum diode laser pumped performance remain to be
determined. This will require a better understanding of the overall dependenqe of
Tm—Ho energy transfer process on the concentration of both dopants. Additi;'on-
ally, the effects of the loss mechanisms need to be considered carefully since ﬁtwo
of the loss mechanisms involve ion-ion interactions. The concentration dependen-
cies of both ion-ion energy transfer processes must be determined and ba.lanced
against the need for fast Tm—Tm cross relaxation and energy migration. The new
mechanism identified here, excited state absorption of pump photons by ionfs in
the Ho3* metastable state, may be important in systems where the excited state
population density is large, as in Q-switched systems. Further work also should

consider a more complex model of the system, accounting for emission at multiple
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wavelengths and spatial effects. The extension of the model to different méterial
systems would be worthwhile in the identification of potential new host mat%erials.

Further work in Nd3t laser materials includes a number of problemé that
must be addressed. The origin of the additional blue emission lines observed in
the Nd:YAG system, not attributable to emission originating on the Pz, multi-
plet, need to be identified. These lines are most likely due to emission from states at
higher energies than the P/, multiplet which cannot be excited by single photon
absorption from the pump, intermediate, or metastable levels. The non—raciiative
relaxation rates involving multiplets separated by small energy gaps need ;to be
determined much more accurately than presently known. These relaxation rates
play an important role in determining the effects of loss mechanisms that populate
states above the metastable state and need to be established before further équan—
tification of the effects of loss mechanisms. Additionally, their understandiﬁg will
lead to a more complete understanding of non-radiative relaxation in rare}-earth
ion laser materials. For the fluoride glass material, further study of the pro}:esses
leading to blue emission and the wavelength dependence of the pumping efficiency
need to be considered. In this material the non-radiative relaxation rates niay be
slow enough for excited state absorption to be a loss mechanism. Alternatively,
optimization of the excited stafe absorption process may prove to be useful for

diode pumped upconversion laser operation in the blue spectral region.
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