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Nonlinear Optical Spectroscopy of Ce* Ions in Insulating Crystals

by
David Matthew Piehler

Abstract

Coherent anti-Stokes Raman spectroscopy (CARS) involving electronic states of
rare earth ions in insulating crystals has shown only limited success, unlike CARS
involving vibrational transitions. The major problem is that x®), the contribution to the
third order susceptibility from the electronic states of the rare earth ions, is often obscured
by x®MR, the contribution from the bulk crystal which can be orders of magnitude larger.
Previous CARS experiments in pure rare earth crystals gave values of C = YR/ ORI
no greater than 0.5.

" The quantity xR increases as the frequencies of the input lasers approach the
energies of the parity-allowed 4f — 5d electric dipole transitions of the rare earth ions.
Among the trivalent rare earth ions, Ce>* with its single 4f electron has the lowest energy
excited 5d configuration. Electronic CARS resonances involving Stark components of the
2Fs, and 2F5;, manifolds of the Ce** ion have been measured in two crystals at liquid
helium temperature. In the pure crystal, CeF;, the levels of 5d configuration range from
about 40000 to 50000 cm'! and strong CARS resonances (C > 3) were seen when using
visible (A; = 476 nm, A, = 532 nm) or near ultraviolet (A; = 355 nm, A, = 385 nm) lasers.
Approximating the virtual intermediate states by a degenerate 5d level at 45000 cm'!
accounted for both the absolute magnitude and dispersion properties of Ix®|__ . Inthe

dilute crystal, LuPO, doped with 0.06 mol % Ce3*, strong CARS resonances (C > 15)
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were observed only when the anti-Stokes signal was nearly resonant with the onset of the
lowest 5d band at 30460 cm! (328 nm).

The applicability of these experiments to other rare earth systems as well as the
prospects for stimulated electronic Raman gain are discussed.

Additionally, polarized two-photon absorption spectra oﬁginaﬁng in the 4f ground
state and terminating in the 5d levels in the Ce3+:LuPOQ, crystal, gave the energies and
symmetries of the zero-phonon lines of the two lowest 5d bands. The zerb-phonon lines,
which are labeled by the irreducible representations of the D,, double group, are at 30460
cm! (T7) and 39715 cm! (T'y).
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Although he wrote to his brother Charles that the prospect of painting Peggy’s mural was
‘‘exciting as hell,”’ Jackson’s procrastination was evidence of his terror at the thought of
executing a work so large ‘‘with no strings attached as to what or how I paint.” He sat on
a keg and stared at the huge blank canvas for a month. ... After months of indecision
about the subject of his mural, Pollock decided to let his mode of creation constitute his
theme.

— Ellen G. Landau in Jackson Pollock (Harry N. Abrams Publishers, New York, 1989)
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Introduction

As a group, insulating crystals containing trivalent rare earth ions are noteworthy
for their unique optical properties, as well as their practical applications in such devices as
lasers.v Among these ions, (sometimes referred to as lanthanide or 4f" ions), tv;'o
properties of the trivalent cerium ion make it an especially attractive system to study. One
is that Ce3* has a single optically active electron (n = 1). This simplifies calculations, and
consideration of many-body interactions within the electronic configuration is unnecessary.
The other is that the first excited configuration (4f *1)54!) is lower in energy than for any
other trivalent rare earth ion. This relatively low 54 configuration creates experimental
opportunities not available in other trivalent rare earth systems. This dissertation reports' on
efforts to exploit these opportunities in two Ce>* systems — the dilute Ce3*:LuPQ,, and the
fully concentrated CeF;. |

Nonlinear wave mixing spectroscopy is a most appropriate method for studying the
electronic structure of trivalent cerium ions in insulating crystals. The electronic energy
levels of the ground 4f configuration lie in the infrared (0 — 3000 cm'!), while the states of
the first excited configuration, 5d, are usually in the ultraviolet (30000 — 50000 cm’!). An
insulating crystal containing the Ce>* ion usually remains transparent throughout the visible

region of the electromagnetic spectrum. Wave mixing spectroscopy enables access to these



high- and low-lying energy levels with visible lasers. The mixing of lightwaves at optical
frequencies is allowed. by the fact that the complex electronic susceptibility of a material
deviates from a linear relationship with the applied electric field at sufficiently high
intensities. In this dissertation, pulsed lasers produce these high intensities. As a form of
wave mixing, two-photon absorption enables a visible laser to probe ultraviolet electronic
levels by creating a material excitation wave whose frequency is twice that of the input
li ghtwa've, (See Figure 1.1 (b).) In another form of wave mixing, material resoﬁances are
detected when the difference in frequency between two input lightwaves is equal to the
energy of a low-lying state. This is known as coherent anti-Stokes Raman specﬁ‘oscopy
(CARS). (See Figure 1.1 (@.)
The experiments are: |

i

* Electronic Coherent Anti-Stokes Raman Spectroscopy. CARS is a

form of four-wave mixing in which two input lasers at frequencies ®, and ®, interact
within a nonlinear medium to produce a third coherent beam at frequency @5 = 2®; — ®,.
Resonances are observed in the signal at w5 as (w; — ®,) is swept through the electronic
energy. levels of .the Ce3*ion. For most rare earth crystals, these resonances are very weak
due to the inherently small cross section for vspomaneous electronic Raman scattering. The
strength of these resonances may be increased by using lasers near the strong 4f — 5d
parity allowed electric dipole transitions. When using near ultraviolet lasers (A, = 355 nm,
A, = 385 nm), Ce3*:LuPO, exhibits strong CARS resonances when the anti-Stokes signal
(w3) is nearly resonant with the lowest level of the 5d configuration at 30360 cm!, These
resonances are an order of magnitude greater than those seen in pure rare earth crystals
which contain 2000 times more rare earth ions per unit volume. Due to the relatively low
energy of the 5d configuration in CeFj;, electronic CARS experiments with visible lasers
(A, = 476 nm, A, = 532 nm) show resonances an order of magnitude greater ihan in other

rare earth crystals containing approximately the same number of rare earth ions per unit



volume. The absolute strengths of these resonances were accurately predicted using the
Axe theory of two-photoﬁ processes with 4f — 5d absorption data. These experiments are
detailed in chapters 2 and 4. v

* 4f = 5d Two-photon Absorption. The simplest and most direct way to
invéstigate the nature of the 5d configuration in Ce3*:LuPQ, is by two-photon absorption.
Although two-phdton trénsitions between the 4f and 5d configurations are formally parity
forbidden (Al = 1), they are allowed in second order by the odd parity éomponents of the
crystal field. The intensity of the resulting 5d — 4f fiorescence as a function of laser
frequency and polarization determines the energies and symmetries of zero-phonon lines of
the 5d configuration. Results are given in Chapter 3.

» Simulated Electronic Raman Scattering. One of the original motivétions
for this work was to determine if electronic Raman processes in rare earth crystals could be
strong enough for the observation of stimulated electronic Raman scattering. Stimulated
electronic Raman scattering has been observed in atomic vapors, but not never involvipg
ions in crystals. No stimulated electronic Raman processes were obsérved in CeF; . This

is discussed breifly in an appendix to Chapter 4.
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Figure I.1. Schematic diagram of wave mixing processes. (a) CARS. (b) Two-photon
absorption.



Chapter One

Optical Properties of Ce3+:LuPO4 and CeF

This chapter introduces the optical properties of Ce**:LuPO, and CeF; which are
the samples used in é;(.perimentS described in later chapters. A survey of the Ce3* free ion
begins the chapter followed by sections dealing with the effects of introducing the Ce* free
ion into a crystalline environment. Finally, the optical properties of two specific Ce3*

systems — the CeF; crystal and Ce** doped into the LuPO, crystal are given.

1.1 The Ce3+ Free Ion

In order to understanding the Ce3* ion in the cZ)ndensed state, it is informative to
first review the properties of the Ce3* free ion.

The rare earth elements span the pen'odic table from lanthanum (Z = 57) to lutetium
(Z=171). In a solid state system containing rare earth ions, the rare earth ion usually exists

in the trivalent state. The electronic configuration of the trivalent rare earth ion in its ground
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state is [Xe]4f ™ (n=0,...,13). The first excited configuration is 4f *-1)54! which usuaily
lies in the vacuum ultraviolet region (50000 cm™! — 100000 cm!). The 4f*-16s! and the
4f"-Dep! configurations usually lie above 100000 cm™. Figure 1.1 shows the lowest
levels of the various 4f 154! electronic configurations of the free trivalent rare earth ions
as one moves across the rare earth series. At the beginning of the series, the Ce3*ion has
the lowest energy excited 4f 154! configuration.

The Ce* ion has a single optically active electron and its behavior is described by a

single electron free ion Hamiltonian Hp; :
Hep = Hy+ §uy L - S (1.1)

where H, is the Hamiltonian which governs the interaction of the electron with the
spherically symmetric Xe core. H determines the relative energies of the configurations
labeled by nl. The term {, L-S characterizes the spin-orbit interaction. SinceA there is a
only a single electron to deal with, L-S coupling is valid, and the free ion states may be
labeled by the Russell-Saunders terms S+UL,

Lange [1] measured the energy levels of the Ce3* free ion and the results are in
Table 1.1. Note the fairly large spin-orbit interaction ({4p = 643.7 cml, {54 = 995.6 cm™),
as is typical for the heavier ions and atoms. For comparison, §3P = 11.5 cm'! for the
yellow D emission lines of Na.

Figure 1.2 shows the radial wavefunctions for the Ce3* free ion. The radial
wavefunctions are the key to understanding the behavior of rare earth ions in solids, as will
be discussed in this chapter. The 4f wavefunction lies primarily within the filled 5525p®
shells of the Xe core. The 5d electron, on the other hand, extends beyond the 5525p°® shells

of the Xe core. 5
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1.2 The Ce3+ Ion in a Crystalline Environment

The spectroscopy of the 4f " configuration of rare earth ions in crystals may be
divided into two parts — classical and modemn. Classical rare earth spectroscopy deals with
the rare earth ion in a static crystalline environment. Atomic-like free-ion wavefunctions
describe the quantum state of the rare earth ion. The addition of 'é crystal field Hamiltonian
to the free ion Hamiltonian accounts for the introduction of the rare earth ion into a crystal
lattice. This classical model successfully .explains energy levél structures as well as
intensities of one- and two-photon optical transitions. Books by Judd [2], Wybome [3],
and Dieke [4] review this classical approach which is essentially an extension of atomic
physics. Modern rare earth spectroscopy is a branch of solid state Iphysics. Such topics as
line broadening, electron-phonon interactions, energy transfer, and ion-ion interactions
view the rare earth ion as part of a collective solid state system. Books by Hufner [5], and
Kaplyanskii and Macfarlane [6] deal with these topics. The distinction between modern
é.nd classical spectroscopy is somewhat artificial. For the practicing experimentalist, both
aspects are relevant.

The spectroscopy of the excited 4f *~1)541 configuration of rare earth ions in
crystals is less well known. There are two reasons for this. First, Figure 1.1 indicates that
these levels are in the ultraviolet region where many crystals are opaque. Secondly, inter-
configurational 4f &> 5d transitions consist of broad (> 1000 cm'!), sometimes overlapping
bands making the exact location of 4f *~154! levels a difficult task. In fact, the Ce>* ion
with“n=1, has the only really tractable 4f 154! configuration. It has not only the lowest
energy configuration, but also is split into at most five levels by the effects of the crystalline
electric field. On the other hand, the number of levels in the 4f *~1)54! configuration

increases rapidly as one moves toward the center of the rare earth series. For example, a

7



crystalline electric field may split the 4f *"D54! configuration of the Pr3+ jon (n=2) into as

many as 140 levels.

1.2; 1 The 4f Configuration

Figure 1.2 shows the radial extent of the 4f wavefunction. The 4f electron exists
primarily within. the filled 552 and 5p® shells of the Xe core. This fact explains the success
of classical rare earth spectroscopy. Since the 4f electron is shieldéd from its local
environment, the effects of the crystal lattice are small, and the crystal field acts .as a small
~ perturbation on the free ion states.

The crystal field Hamiltonian models the effect of introducing the free ion into the
crystal lattice. In the crystal field model, the Ce®* ion is surrounded by a distribution of
charges which produce an electrostatic field at the site of the Ce3* ion. The binding

between the ion and the surrounding ligands is assumed to be purely ionic and the ion does
not share charge with the surrounding ligand. The energy levels of the free ion are split by
the Stark effect. The effect of the crystal field on the 4f electron is small. Typical Stark
splittings are on the order of hundreds of cm’l. This accounts for a remarkable property of
rare earth crystals. The energy levels of the 4f" electrons are approximately the same in
any crystal environment — with the exception of the small crystal field (Stark) splittings.

The crystal field Hamiltonian for a 4f electron may be written as [3]

Hqp = %B"I‘Cj k=24,6, g=—k, ...,k 12)
where B/; are the crystal field parameters, and the operator C:; is defined in terms of

spherical harmonics
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ko_ A k |
G = (Zk + 1) Y:(6,9) (1.3)

and only acts upon angular variables. The full Hamiltonian describing the system is now

H = HFI + Hcp (14)

The crystal field is presumed to be small, and H¢ is treated as a perturbation on the free
ion Hamiltonian. Since Hf does not commute with the total angﬁlar momentum, J is no
longer a good quantum number. Depending on the symmetry of the site of the Ce** ion in
the crystal, Hq-p will split and reduce the degeneracy of the (2J + 1)-fold degenerate free ion
states. The crystal field Hamiltonian transforms according to the the point group which
describes the point symmetry of the rare earth ion in the crystal. For systems such as Ce3*
with half-integral J, the Stark components are labeled by the irreducible representations of
double group of the point. group of the crystal field. The Stark components split from a
single free ion state are called a manifold. Additionally, since H-p connects states of
different J, the crystal field states are said to be J-mixed. Since each state no longer has
definite J values, the AJ =0, £1 (0—0 forbidden) selection rules for electronic transitions
are relaxed. Rigorous selection rules for electronic transitions are defined by the symmetry
labels of the crystal field states.

:I'he point group symmetry of the rare earth site restricts the number of non-zero
Bl;’s. Only two crystal field parameters, Bg and Bg are needed to describe the crystal field
at a site of cubic symmetry. At a site of very low symmetry, such as C,, 14 crystal field
parameters are needed to model the crystal field. The number of Stark components into
which the crystal field splits a (2/ + 1)-fold degenerate free ion state depends on the point

group of the crystal field and the value of J. Generally; the number of Stark components



increases as the symmetry of the crystal field is lowered. For systems with an odd number
of electrons (half-integral J) such as Ce3*, Kramers' theorem demands that Stark levels
have at least two-fold degeneracy in any crystal field. Hence, a crystal field may splitaJ
state of a Kramers ion into a maximum of (2J + 1)/2 doubly degenerate levels. These
doubly degenerate levels are called Kramers doublets. Only the application of a magnetic
field (which destroys time-rew)ersal symmetry) can splita Kmme;s doublet.

If the Ce3* ion lies at a site in a crystal with a point group symmetry lower than
cubic, the crystal field will split the free ion ground state, 2F 572> into three Kramers
doublets, and the 2F7,2 free ion state into four Kramers doublets. (See Figufe 1.3.) Even
though J is no longer a good quantum number (the wavefunctions of the Stark components
of the 2F 5, manifold may now be 98% J=5/2 and 2% J=7/2 in character), each manifold is
labeled by the dominant J-component. The irreducible representations of the double group
describing the crystal field label eéch Stark component.

Crystal field theory can explain the location, symmetries, and number of Stark
components in terms of the addition of a small crystal field Hamiltonian to the free ion
Hamiltonian. No ab initio method of calculating crystal field parameters has yet proved
satisfactory. Crystal field parameters are derived from a least squares fit of the crystal field .
Hamiltonian to experimental Qata. Using free ion wavefunctions as the basis set, the
crysta'l field> Hamiltonian is diagonalized yielding a set of crystal field parameters and
angular wavefunctions for the Stark components. In the crystal field theory, the 4f radial
wavefunction of the free ion is unchanged, since the crystal field does not act upon radial

variable§.
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1.2.2 The 5d Configuration

The radial wave function of the 5d electron extends much further beyond the filled
5525p0 shells of the Xe core than does the 4f electron. (See Figure 1.2.) This results in a
much stronger interaction between the 5d electron and the crystal lattice. Crystal field
theory may be applied to the 5d electron much as it is applied to the 4f electron.

_ kk ) - . - _
Hep = ngcq k=24, gq=—k, .., k (1.5)

(for a d electron k only goes as high as four since a spherical tensor of rank six cannot
connect two I = 2 states by the Wigner-Eckhart theorem). For the 5d electron, the crystal
field is the dominant interaction (Hcg > {,; L-S) and J-mixing of the free ion states is fairly
complete. The J labels of the free ion states are not even approximate quantum numbers for
the 5d crystal field levels. As with the 4f levels, the irreducible representations of the
double group which describes the syﬁmew at the site of the Ce3* ion in the host crystal
label the 5d states. If the symmetry of the Ce3* site is less than cubic, the combined effect
of the spin-orbit interaction and crystal field split the 5d configuration into five Kramers
doublets.
Figure 1.4 shows the 5d levels for a Ce3* ion in several different host crystals.

Four important features to notice are:

» The crystal field splitting of the 5d electron is quite large compared to the 4f

electron. The total splitting of the 54 configuration may be as great as 20000 cm’!,

about 50 times ;hat of the 4f configuration.

+» The energies of the 5d levels depend strongly on the host crystal. The crystal field

parameters of the particular crystal are now the dominant factor detefmining the

energy levels. These parameters are very sensitive to the host crystal and are
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responsible for the wide variation of 5d spectra. The onset of the 5d configuration

varies from about 21000 cm! in YAG (Y;AlL50,,) [7] to 38700 cm'! in LaF; [8].

 Unlike the 4f levels, the 5d levels are broad (> 1000 cm™!) bands. This is due to -

 the stronger coupling of the 5d electron to the phonons of the host crystal. This is
explained in detail in the next.section.
* In a simple model where a distribution of point charges represent the crystal lattice,
one expects the center of gravity of the 5d configuration to increase since the radially
extended 5d electron is attracted to the positively charged neighbors. In real rare earth
systems, the center of gravity of the 5d configuration is lower in a crystalline
‘environment than in the free ion. A key issue then is the inadequacy of the
description of the neighboring ligands by a purely electrostatic crystal field. The
interaction between the Ce3* ion and the neighboring ligands is actually a good deal
more complicated, and the reader is referred to articles by Aull and Jenssen [9, 10]

~for more details.

One may expect the crystal field model to be less satisfactory in descriﬁing the 5d
configuration than the 4f configuration. Ionic bonding is a good approximation for the
shielded 4f electron, but the radially extended 5d electron may share charge with the
surrounding ligands. For d electron systems (usually transition metal ions), ligand field
theory is often used and the electronic charge may transfer between the metal ion and the
neighboring ligands. In this case, the ligand field states are a linear combination of the d
electron and the ligand states, and the distinct / = 2 character of the crystal field state is lost
[11]. In this dissertation, the 5d states are modeled by the empirical crystal field theory
since it less compliéated, and it provides a cbnvenient starting point for the treatment of the

5d electron.

12
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1.2.3 4f < 5d Transitions

The two main differences between intra-configurational 4f «> 4f transitions and
inter-configurational 4f <& 5d transitions are in strength and linewidth. |

Electric dipole transitions between states in the same electronic configuration are
forbidden by parity. If a rare earth ion sits at a crystal site that lacks inversion symmetry,
the odd hc.omponents of the crystal field Hamiltonian can mix excited states of opposite
parity (such as the 5d) with the 4f states to allow relatively weak second-order ‘‘forced
electric dipole’’ transitions. Thesc transitions typically have oscillator suengthé on the
order of 10°% to 108 which are still large enough to dominate over magnetic dipole
transitions which have oscillator strengths on the order of 10°8. Electric dipole transitions
between the 4f and 5d configurations are parity allowed (Al = 1). Thus, 4f < 5d
transitions have large oscillator strengths (107! to 10°2) and the 54 states have a
correspondingly short radiative lifetime (~1078 s). 4f states have much loﬁger radiative
lifetimes (103 to 106 s) which make crystals containing rare earth ions good materials for
Q-switched lasers operating on 4f < 4f transitions;

The rest of this section deals with the spectral features of 4f <> 5d transitions.
Unlike 4f <> 4f transitions which are characterized by relatively narrow (< 10 cm'l)
spectral lines, 4f <> 5d txansitions are broad band (> 1000 cm™!) and exhibit a Stokes shift
between the peaks of the absorption and emission band. These features may be understood
in terms of the configurational coordinate model.

The configurational coordinate model takes into account the interaction betweén the
electronic states of the impurity ion and the vibrations (phonons) of the host crystal. For
simplicity, only the totally symmetric ‘‘breathing mode’’ of the lattice is considered. This

is the motion in which the surrounding lattice moves in and out about the impurity ion and
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may be described by a single normal coordinate Q. The interaction of the electronic states
with this mode is usually mu_ch greater than with the other vibrational modes [12].
Figure 1.5 shows the configurational coordinate diagram in which the electronic

and vibrational energy levels are shown. In the ground electronic state (4f ), the
_ configurational coordinate has an equilibrium value Qp- When the ion is in the 5d state, the

configurational coordinate average value is Qy". The difference between Q, and Q' is

related to the relative sensitivity of the 5d and 4f states to the motion of the host lattice. .

Again refer to Figure 1.2. The 4f electron is shielded, and it is not very sensitive to

changes in the crystal environment. Figures 1.2 and 1.4 indicate that the radially extended

5d electron is quite sensitive to changes in the local environment.

In the Bon-Oppenheimer approximation, l\y) | X,» describes the state of the ion-
lattice system. The ket | ) describes the electronic state and | X describes the vibrational
state of the lattice which may be treated as a harmonic oscillator with quantum number 7.
In this simple model, one assumes that the oscillator force constant is the same for both the
ground and excited states. In the Condon approximation, the electric dipole matrix element

maybéwrittenas
QfEXn I T Xm) | 5d) = (Af I | SaAXXA | Xm? (1.6)

If (Qg - Qp") = 0 (which is a good approximation for the case when both the ground and
excited states are in the 4f configuration), then (¥, | Xn) 1S non-zero only when n=m.
When Qg and Q' are different, (Y, | Xm) may be non-zero for a range of m and n values,
resulting in transitions between different vibrational quantum numbers.

If the temperature of the system is zero, only the |47y | Xn=0) State is populated.
Th(e absorption spectrum (Figure 1.5) shows a zero-phonon line corresponding to the

purely electronic (n = 0 — m = 0) transitions, and a vibronic sideband corresponding to n
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=0 — m > 0 transitions. The shape of the absorption band depends on the Franck-
Condon factors (Y, | Am)> Which depend on (Qy — @), which depends on the difference in
sensitivity between the electronic states to the vibrating local environment.

After absorption at zero temperature, the excitation rapidly decays to the lowest
vibrational level of the excited electronic state. The emission spectrum is the mirror image
of the absorption with a zero-phonon line and a vibronic sideband. The difference between
the peaks of the absorption and emission spectra is called the Stokes shift. The greater the
difference in vibronic coupling between the ground and excited states, the greater the
Stokes shift. |

. The vibrations of the totally symmetric mode usually dominate, but all even parity
phonons (both acoustic and optical, throughout the Brillouin zone) contribute to the 4f &
5d vibronic sideband. Thus, the use of a single breathing mode vibration to represent the
full spectrum of lattice phonons is crude. Actual vibronic sidebands are more complex (and
perhaps more interesting) than those shown in Figure 1.5, reflecting the richness of the full

phonon spectrum.

1.3 Line Broadening in Rare Earth Systems

The line broadening of the Stark levels occur due to mechanisms which have their
source in the nature of the crystal lattice. This section reviews both homogeneous and
inhomogeneous line broadening mechanisms since they will be important for interpreting
the results of later chapters. The reader is referred to review articles by Macfarlane [13],
and Macfarlane and Shelby [14] for further detail.

In systems which are inhomogeneously broadened, individual ions (or atoms) have

slightly different energy levels, thereby broadening the overall linewidth of the system as a
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whole without increasing the linewidth of the individual ions. A narrow band laser may
selectively excite only a subset of ions in the collection, and ‘‘burn a hole’’ in the
inhomogeneously broadened spectrum. The most familiar form of inhomogeneous
broadening is Doppler broadening, in which each atom has a different resonant frequency
deplending on its relative velocity.

Crystal imperfections are the major source of inhomogeneous broadening in rare
earth crystals. In an imperfect crystal, each rare eérth ion may see a slightly different
crystal field, and consequently undergo a slightly different Stark splitting. The extreme
case is an impurity ion in a glass. Here there is no long range order and each impurity may
be surrounded by a very different charge distribution. The resulting inhomogeneous
linewidths may be as great as hundreds of cm'! — greater than“the Stark splitting. The
random introduction of an impurity ion.into the host crystal actually destroys the crystal
symmetry. As the doping increases, some impurity ions may experience a crystal field
which may be perturbed by the presence of another nearby impurity ion. If the impurity
ion is not same size as the ion for which it sub)stitutes, the crystalline lattice may be
distorted at the site of the impurity. These effects may be minimized in very dilute crystals.
If nearest impurity neighbors are separated by several lattice sites, they have a small effect
on the crystal field, and the effect of random strain on the lattice by size mismatch is local
and constant. Typical inhomogeneous linewidths for 4f <> 4f transitions in dilute rare
earth crystals are 1 to 10 GHz (0703 to 0.3 cm’!). Since this inhomogeneous *‘strain”’
broadening is related to the strength of the-crystal field, 5d electrons should have much
larger (~ 50 times) inhomogeneous linewidths.

The prévious section indicates that 4f «» 4f electric dipole transitions have lifetimes
on the order of 1073 to 10%s. This implies a (homogeneous) lifetime broadening between 1
kHz and 1 MHz, much smaller than the inhomogeneous strain broadening. In real systems

at finite temperatures, non-radiative effects shorten the lifetimes. In fact, all experiments
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reported in this dissertation are performed at low temperature (~3.8 to 10 K) to minimize
line broadening due to non-radiative effects.

Consider the two levels system in Figure 1.6. If the system is coupled to a crystal
lattice, transitions between a and' b may occur via absorpti6n and emission of phonons.

For transitions from b to a the transition probability is
Wy, ,.=WT =0){n+1) (1.7

where 7 is the occupancy number of phonons with frequency ®, and W(T = 0) is the
spontaneous emission probability at zero temperature. For transitions from a to b the

transition probability is
W,o,po=WT =0)n (1.8)

" As T—0, n—0 and spontaneous emission from b to a dominates. State b is lifetime
broadened to a much greater extent than state a.

The factor W(T = 0) is proportional to the phonon density of states. The phonon
density of states has a major influence on non-radiative decay processes. In the Debye
approximation, the density of states for acoustic phonons has a cutoff, and W(T=0) is zero
for @ > wp,yy.. Typical Debye energies are in the range of hundreds of cm’l. Ifaandb
are separated by more than ®p.y,., the lifetime of b will be fairly long, since decay can
occur only by the simultaneous emission of two or more acoustic phonons, a rarer process.

Unlike the acoustic phonon density of states which is a continuum, the optical
phonons usually exist in several well defined energy ranges. Additionally, optical phonons
often have energies greater than the Debye energy. Optical phonons may have energies as

high as thousands of cm'!.
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Figure 1.7 illustrates the lifetimes for a generic rare earth system at low
temperature. Two manifolds @S+DL; and @*DL’.. may be separated by several thousand
cml, In each manifold the upper states decay rapidly to the lowest stéte by the
spontaneous emission of a phonon. Intra-manifold non-radiative decay is usuélly
dominzited by acoustic phonons. Inter-manifold non-radiative transitions are dominated by
the higher energy optical phonons. If the manifolds are separated by more than the energy
ot_' a single opﬁcal phonon, non-radiative decay may take place by the spontaneous emission
of two or more optical phonons. The decay rate is related to the effective number of optical
phonons involved in the transition. If the number is high then non-radiative decay is
unlikely, and radiative decay (fluorescence) dominates. If the number is low (usually
below three), then non-radiative decay dominates. In other words, fluorescence may only
be observed between manifolds that are separated by more than a few optical phono‘n
energies. The result is that the lowest state in a manifold will have little lifetime broadening
compared to the upper levels of the same manifold. Typical irihomogeneous linewidths for
the upper levels range from tenths to tcﬁs of cm’l. The lowest level in the manifold may
then be a rx;etastablé state, and primarily inhomogeneously broadened by crystal
imperfections.

As the concentration of rare earth ions in a crystal increase, ion-ion interactions
increase homogeneous broadening for all Stark levels. bThis type of broadening is similar
to collisional broadening in atomic systems. The_se ion-ion interactions, which arise from
magnetic dipole fluctuations among nearby rare earth ions, lead to homogeneous linewidths

on the order of one to five cm'! in pure rare earth crystals.
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1.4 Ce3+:LuPOy,

Ce>+:LuPQj, is the first cerium system which I investigated. Compared to other rare
earth crystals, relatively little work has been done on this system. Traditionally, Ce3+
doped crystals have not been of great interest to rare earth spectroscopists since they are
transparent in the visible. The host crystal, LuPO,, is uncommon since lutetium, one of its
constituent elements, is quite expensive. | More common is the naturally occurring xenotime
crystal (YPO,). The ionic radii of Y3* (0.93 A) and Lu3* (0.93 A) are nearly equal and the
| crystal structures are very nearly the same. Since the nearby POi' complexes have the most
influence on the crystal field experienced by the impurity ion, the electronic structure of the
Ce3+ ions in both host crystals is similar.

The host crystal, LuPO,, is uniaxial with the tetragonal zircon structure. The space
group of the lattice is Dﬁ and the point group symmetry of the Lu3* site is D, [15]. The z-
axis is parallel to the highest symmetry crystal axis. All Lu3* sites are equivalent. The
nearest neighbors of the Lu3* ion are eight O~ ions. (See Figure 1.8.) Four of the 0%~
ions are at a distance of 2.263 A, while the other four are at a disi:‘mce of 2.346 A [16].
‘The nearest neighbor Lu3* ion is 3.708 A away. The density of LuPO, is 6.508 g cm?
[17], and the number density of Lu3* ions is 1.465 x 1022 cm™3.

- Because LuPQ, is not a common crystal, the optical properties have not been
thoroughly studied. However, LuPO, should not be very different from the more common
YPO, and YVO, crystals. LuPQ, is an insulator with a band gap of ~ 70000 cm™! [18],
and is birefringent with n, (= n,) = 1.728 and n, (= n, = n)) = 1.694 at 520.8 nm [19].
TheAenergies of optical phonons in LuPO4 may be as high as ~ 1100 cm’!, due to the local
vibrational modes of the phosphate complex {20]. The Debye energy of LuPO, at 300 K is
300 cm™! [19].
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Early experiments by Hoshina and Kuboniwa [2>1] and Nakazawa and Shinoya [22]
measured the electronic structure of Ce3* doped into LuPO, from 5d — 4f emission and
excitation spectra. Since the emission bands to the various 4f Stark levels overlap, there
was some confusion as to the energies and symmetries of the 4f levels. More recently,
Williams, et al. [23-25] made a detailed examination of the ground 4f configuration by
electronic Raman scattering and the excited 5d configuration by absorption measurements.
Their results are shown in Table 1.2. They also fit the energy levels of the 4f and 54
configuration to the emp'irical crystal field Hamiltonian, and derived angular wavefunctions
for levels of both the 4f and 5d configurations. /

The Ce?* ion has a larger ionic radius (1.07 A) than Lu3*. Due to this size miss-
match the high doping. concentrations of the Ce>* ion tend to change the LuPO, crystal
structure. - The crystal Ce,Lu(;_,,PO, has the tetragonal zircon structure for small x and the
monoclinic ‘‘monazite’’ structure for x = 1. At low concentrations, the Ce3* ions substitute
for the Lu3* ions at sites of D,, symmetry. Since the Ce3* ion has an odd number (one) of
optically active electrons, the Stark components are labeled by the irreducible
representations of the double group of D5y, I'g and I';. Each Stark component is a
Kramers doublet.

Selection rules for electric dipole transitions between states in D,, symmetry are:

I'ye>I';  allowed when electric field is polarized in the x (= y) direction.
g T allowed when electric field is polarized in the x.(= y) direction.
g Iy allowed when electric field is polarized in the z or x (= y) direction.

The nature of the lowest 5d band is of primary importance in the experiment
described in Chapter 2. The absorption spéctrum is shown in Figure 1.9. This is very

similar to that recorded by Hoshina and Kuboniwa[21]. They measured the zero-phonon
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line at 30472 cm!, which compares well to measurements by Williams [23] and this ‘work
of 30460 cml. They also correlated the peaks in the vibronic sideband with the phonons
of host crystal. By the above selection rules, the 2F5,2 (T'g) = 5d (I';) is allowed in both z
and x polarizations. Only a small difference in the vibronic sideband between the x and z
polarizations is observed. (See Appendix 1.1 for experimental details of the absorption
data.) Chapter 3 describes measurements of the/two lowest 5d levels by two-photon
absorption.

Consistent with the strong oscillator strength of the 5d — 4f transition is a fast
radiative decay. The lifetime of the lovyest 5d band is 20 ns. Appendix 1.2 gives the
details of this measurement. _

M. M. Abraham and L. A. Boatner of Qak Ridge National Laboratory supplied the
crystals used in this work. The crystals are about 1 X 1 X 5 mm with the crystal (z) axis
parallel to the longest dimension. X-ray fluorescence analysis indicates that 0.0604 mol %
of the Lu3* ions have been replaced by Ce3* ions and the number density of Ce?* ions is
then 8.71 x 101° cm3. The natural crystal faces in the xz and yz planes are of good optical
quality, and/were not polished. There are no good crystal faces in the xy plane. All

experiments used light which propagated perpendicular to the z-axis.

1.5 CeF3

LaF; is among the most widely used host crystals for studies of trivalent rare earth
~ ions [26, 27]. It is an insulator with a band gap of ~ 80000 cm™! [28]. Ce and La lie next
to each other in the periodic table and their trivalent ionic radii are nearly the same. In the

crystal Ce,La(;_, F3, the cerium concentration may be varied from x = 0 to 1 without
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altering the crystal structure. Tysonite, a naturally occurring mineral, with x = 0.5 is found
in the Pikes Peak region in Colorado [29].

The crystal CeF; (as well as LaF;) has the trigonal space group D;d [30]. The site
symmetry of the Ce>* ion is C, with three two-fold C, axes perpendicular to the thre?:—fold
C; crystal axis. (See Figure 1.10.) All Ce3* ions experience the same C, crystal field,
however there are three distinct C, axes. The three-fold crystal axis defines the z direction
and the x and y axes are chosen arbitrarily. The Ce®* ion has nine F~ neighbors at
distances between 2.400 to 2.631 A [31]. The nearest Ce3+ neighbor is at 4.08 A. The
number density of Ce3* ions is 1.88 x 10?2 cm™ [17]. i

Along with the spin-orbit interaction, the C, crystal field should split the 5d
configuration into five levels and the 4f configuration into seven levels. The irreducible
representation of the C, double group of labels the levels which are all Kramers doublets.

Each level has the same symmetry label, and there are no selection rules for radiative
transitions. Therefore, all transitions are allowed.

In 1934, Vaﬁ Velck and Hebb [32] studied Faraday rotation in pure CeF;, and
assigned the broad absorption at ~ 250 nm to the 4f — 5d transition. Buchanan et al. [33]
measured the levels of the 4f configuration by infrared absorption at liquid helium
temperature. The four Stark components of the 2F5, manifold were located at 2180, 2240,
2635 and 2845 cm'! with the highest two levels having quite broad (~ 30 cm™!) spectra.
Higher temperature spectra indicated poésible absorption from an electronic level at ~ 150
cm'l, but a third 2F sn level was not found. Most reéently, experiments by Gerlinger and
Schaak [34] resolved the problem of the missing 2Fsj, Stark component. By coincidence,
the Stark components of the 2Fs, manifold are nearly resonant with the optical phonons of
the crystal. This results in a hybridization of the electronic states of the Ce3* ion with the
phonon states to form new vibronic states. The low temperature Raman spectrum in this

region shows broad (~ 100 cm!) features, where one might expect separate narrow Raman
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lines for the optical phonons and the electronic levels. Table 1.3 gives the energies of the
4f levels from the data of Geriinger and Schaak who also detected the levels of the 2F n
manifold by electronic Raman scattering.

The 5d configuration of Ce,La_,F3 has been studied with various Ce3* con-
centrations {8, 28, 35-38]. These investigations showed five 5d levels with the peaks of
the levels at roughly the same energies. As the concentration of Ce3* increases, the
absorption peaks remain approximately the same; howéver the 5d bands brdaden, and the
onset of the 5d band becomes lower. Presumably this additional broadening is due to the
ion-ion interaction. Note that the radial wavefunction of 5d electron may overlap with the
radial wavefunction of its nearest neighbor at 4.08 A. (See Figure 1.2.) Elias et al. [35],
showed that the 5d band begins at ~ 35000 cm™! in pure CeF; at 100 K. Unlike the diluté
crystals, the lowest 5d absorption band does not begin abruptly with a zero-phonon line,
but gradually. The peaks in the absorption of the 5d levels measured in a thin single crystal
Tilm of CeF; at room temperature are given in Table 1.3 [28].

CeF; is birefringent. Figure 1.11 shows the ordinary and extraordinary indices of
refraction from the near ultraviolet to the near infrared [39]. The nonlinear index of
refraction is between 1.3 and 1.55 x 1013 esu at 1.06 um [40, 41]. Raman scattering
shows that there are no optical phonons in the CeF; lattice with energies greater than ~350
cm! [42]. The Debye energy of CeF; is 272 cm1[43]. .

R. W. Sparfow of Optovac, Inc. (North Brookfield, Massachusets) supplied the
CeF; crystal. Itis a 1 cm? cube, polished on all six sides. The optic axis is parallel to the.

sides of the cube.
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Appendix 1.1 Measurement of the 2Fs, (T's) = 5d (T%)
Absorption Spectrum in Ce3+:LuPOy

Figure 1.12 shows the experimental apparatus used to measure the absorption
spectrum of the lowest 5d band from the ground state (2F spp Te) 0 cm'l). In order to
measure the lowest 5d band, a 60 W D, lamp illuminated the sample and the transmitted
light was directed into a SPEX 1403 double monochromator which operated in second
order. (The SPEX 1403 cannot scan beyond 31000 cm™! in first order.) A Corning 7-54
| filter (which passes the near ultraviolet, but cuts oi’f red) prevented the first order red
emission from the lamp from overlapping the second order ultraviolet signal. The sample
was masked so that all light had to pass through 1.1 mm of crystal. The crystal was cooled
to ~ 10 K in Janis Supertran cyrostat. A cooled Hamumatsu 943-02 photomultiplier tube
detected thé transmitted light. A personal compﬁter recorded the output from the photon
counting electronics, and controled the frequency scanning of the monochromator. The
transmfssion spectra of an undoped LuPO, crystal was used to obtain a background
spectrum and was used to subtract out the instrumental response. The intensity of light as a
function of wave number yielded the absorption spectrum of the first 54 band as shown in
Figure 1.9. The instrumental resolution was about 2 cml.

_ The x and z polarized spectra wefe nearly identical in both line shape and intensity.
The only asymmetry in the spectra is at the peak in the vibronic sideband at ~ 305 cm'!
above the zero-phonon line [23]. |

Figure 1.9 shows small peaks to the left of the zero-phonon line. At higher
resolution, the spectrum showed that these peaks have counterparts to the right of the zero
phonon line, with which they form symmetric pairs about the zero phonon line. Thus, the
(lower energy) peaks on the left are assigned to absorption from populated vibrational

levels of the ground electronic state. The mechanism for population may be from the 5d —
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4f fluorescence excited by the D, lamp or from the radiation of the D, lamp heating the
crystal. [No absorption losses wére seen in the CARS signal when the CARS output
frequency matched these peaks. Since the CARS process does not change the quantum
state of the system, there is no mechanism by which the vibrational levels may be

populated.]

Appendix 1.2 Measurement of the 5d— 4f Radiative
Lifetime in Ce3+:LuPOg4 |

A pulsed laser (Az = 5 ns), a fast photomultiplier tube (time resolution < 2 ns) and a
500 MHz oscilloscope allowed measurement of the 20 ns lifetime of the lowest 5d level in
Ce3+:LuPO,,

Figure 1.13 shows schematically the setup used to measure the lifetime of the
lowest 5d state. The output of a Q-switched Nd:YAG laser is doubled and used to pump a
pulsed dye laser. The dye medium is DCM and the dye laser produces tunable radiation in
the 15000 cm! to 16000 cmr! range. The output of the dye laser is frequency doubled in a
KD*P crystal to produce tunable radiation in the near ultraviolet. The 5d band is pumped
above the zero-phonon line and the'system non-radiatively decays to the lowest vibrational
state of the excited electronic states as shown in Figure 1.5. A portion of the Sd—4f
emission is focused on the slits of the double monochromator. The monochromator was
set to the frequency of the 54 — 2F sp emission band, and the signal from the RCA 1P28A
photomultiplier tube was recorded on a Tektronix 11302 analog oscilloscope with a 500
MHz Tektronix 11A71 amplifier. A digitizing camera (Tektronix DCS~01) recorded the
fluorescence output from each laser shot. Figure 1.14 shows the averaged signal from 100

laser shots. Also shown is the exciting laser pulse in the time domain. The fluorescence-
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decay is fit to an exponential curve giving a lifetime of 20 ns. The accuracy of this
measurement is about * 1 ns.

The crystal was held in a cyrostat at - 10 K. Measurements of the ﬁubrescence
lifctirhe did not change at room temperature. |

At ~ 10K, 5d — 4f stimulated emission oﬁginating from the 30460 cm! zero-
phonon line was observed. As the pump energy reached a threshold (~ 100 p/pulse), the
5d(T7) = 2F3,(Tg, 2179 cm'l) transition (at 28281 cm'!) suddenly increased greatly in
intensity, and no longer showed a 20 ns exponential decay, but was a 5 ns pulse just as the
exciting laser pulse. The stimulated emission was highly directional in the direction of the
~ input pulse. The stimulated emission could be collimated, separated from the pump pulse
by a quartz prism, and projected on a fluorescent screen. At higher pump intensities, the
glow on the fluorescent screen resulting from the stimulated emission was visible to the
naked eye. The energy of the stimulate emission was estimated to be about 0.1 % of the
pump pulse. The stimulated emission at 28281 cm'\1 was polarized parallel to the z axis. At
a higher threshold, x polarizea stimulated emission was observed on the 5d(I'7) —
2F;15(T'4, 2220 cm!) transition at 28240 cm'!. No attempt was made to enclose the sample
in a laser cavity (with the exception of the natural faces of the crystal). For the purposes of
this section (lifetime measurement), stimulated emission is a parasitic effect.

Some interest has been focused upon the possibility of lasers based on 4f *154! —
4f"™ transitions in trivalent rare earth crystals. These transitions are broad band, and might
lead to tunable ultraviolet solid state lasers. Stimulated emission and/or laser action.has
been observed in Ce3+ﬁLiYF4 at 326 nm [44, 45], Ce**:LaF; at 286 nm [38] and
Nd3*:LaF; at 172 nm [46]. Other Ce3* systems do not show stimulated emission due to
excited state absorption (Ce**:YAG [47]), or the production of photochromic centers by the

ultraviolet pump (Ce**:CaF, [48]). Thus, Ce**:LuPQy is the third cerium system to exhibit
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5d — 4f stimulated emission. A more quantitative investigation is needed to determine the

suitability of Ce3*:LuPO, as a (room temperature) solid state laser material. |
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configuration

6s
5d
5d
4f
af

energy
(cml)

86600
52226
49737
2253

degeneracy

N 00 A~ NN

TABLE 1.1. Energy levels of the Ce* free ion. From Ref [1].
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configuration energy (cm'?) symmetry note
50290 I,
44040 Ts -

5d 41620 Iy

39715 T : a

30460 Iy b
2676 Is
Fin 2620 T;

2220 Iy c
af 2179 T
429 |
Fsp 240 I
e O r6

TABLE 1.2. Energy levels for Ce3*:LuPO,. All levels are labeled by the irreducible
representations of the double group of D,;. Energy values for the 5d levels refer to the
zero-phonon lines. From Williams [23, 25] unless otherwise noted. Notes: (a) Measured
by two-photon absorption (Chapter 3), disagrees with Williams’ vatue of 39930 cm™. (b)

Measured by two-photon absorption, agrees with Williams’ value. (c) Williams’ value is
2221 cm'l.
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configuration energy (cm') note

50400
48400
5d ' 45600
42300
39900

2860
Fin 2640

) 2239

4f 2161

~ 280 a
Fsp ~ 160 a
0

TABLE 1.3. Energy levels of Ce** in CeF;. All levels have the same symmetry label.
Energy levels of the 5d configuration refer to the peaks of the absorption bands.
Absorption for the lowest 5d band begins at ~ 35000 cm™!. Energy levels for the 5d
configuration are from Ref. [28], and the 4f from Ref. [34]. Note: (a) The states of the
2Fs r» manifold are coupled to the near-resonant optical phonons, giving very broad vibronic
states.
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FIGURE 1.1. The energy levels of the lowest states of the first excited configurations
(4 D541 of the trivalent rare earth ions. From the data of Ref. [49].
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FIGURE 1.2. Radial distribution for the 4f, 5s, 5p and 5d orbitals of the Ce3* free ion
(From a Hartree-Fock calculation [50].) (P,(r) = P Krlnl)?)
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FIGURE 1.3. Schematic diagram illustrating the spin-orbit and Stark splitting of a 4f
electron. The irreducible representations of the double group of the crystal field label each
Stark component.
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FIGURE 1.4, Locations of the 5d crystal field levels of the Ce3* ion in several different
crystal matrices. Only four of the five 5d levels are observed below the band gap of
Y3Al50,, which begins at ~ 50000 cm’!. References: LuPQO, [23, 25]; LaF; [38];
Y3Als045 [7]; YAIO; [51]; BaY,Fg [52].
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FIGURE 1.5. Configurational coordinate model which shows vibronic energies with
respect to a single normal coordinate. At right are the absorption and emission spectra at T
=0 K.
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FIGURE 1.6. Model illustrating dephasing in a two level system. For simplicity, both
states are degenerate. n = phonon occupancy number.
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FIGURE 1.7. Generic 4f levels of a rare earth ion in a crystal at low temperature. Dashed
lines represent non-radiative decay (spontaneous phonon emission). (After Ref. [13].)
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FIGURE 1.8. Model illustrating D,, symmetry at the site of the Lu* ion in LuPO,. The
Lu3* ion is at the center of the model, and the circles represent the oxygen ions of the
phosphate complexes. The z-axis is parallel to the LuPOy crystal axis. The local axes (x’,

y',z) are transformed to the macroscopic crystal axes (x, y, z) by a 45° rotation in the xy

plane.

36



ZPL

40

Absorption (cm” 1)

20

31500 32000

PR |

L . N | R

30500 31000
®/2nc (cm 1)

FIGURE 1.9. Low temperature absorption spectrum of the lowest 5d level in
Ce3*:LuPO,. The small peaks to the left of the zero-phonon line (ZPL) are due to

absorption from excited vibrational states.
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(@)

(b)

FIGURE 1.10. Partial view of the CeF; structure. Only the Ce3* ions are shown. The

smaller circles indicate depth. Each Ce3* ion is surrounded by F- ions in such a way that
there is a C, symmetry axis perpendicular to the C; axis. (a) Looking down the C; crystal

axis. White ions are on the top layer, grey on the bottom. (b) View from the side.
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FIGURE 1.11. Indices of refraction for birefringent CeF;. From a Sellmei/er equation fit

to the data of Ref. [39]. These data are used for the phase matching calculations of Chapter
4, |
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FIGURE 1.12. Schematic diagram of the 4f — 5d absorption measurement apparatus.
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FIGURE 1.14. Intensity of 5d — 4f fluorescence as a function of time. Also shown are

the temporal profile of the exciting laser pulse and a convolution of the laser pulse with a 20
ns decaying exponential functon.
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Chapter Two

Doubly Resonant Coherent Anti-Stokes
Raman Spectroscopy of Ce3+ in LuPO4

This chapter describes a doubly resonant four-wave mixing experiment in a dilute
rare earth doped crystal — Ce3* in LuPO,.

I measured coherent anti-Stokes Raman spectra between Stark components of the
2Fs, and 2F;;, manifolds of the Ce>* ion diluted in LuPO,. The anti-Stokes signal is
nearly resonant with the lowest level of the 5d configuration at 30460 cm™l. (See Figure
2.1.) For a LuPOj crystal doped with 0.06 mol % Ce>*, enhancements of the third order
susceptibility Ix®R/xR) are as high as 15. This enhancement is over 30 times larger than
seen previously in singly resonant experiments in pure rare earth crystals which contain
2000 times as many rare earth ions per unit volume.

The reader is invited to review section 1.5 which specifies the optical properties of
Ce3*:LuPQ,. This chapter is organized as follows:

Section 2.1 introduces nonlinear optical wave mixing proc,;esses in general, and

coherent anti-Stokes Raman spectroscopy (CARS) in particular. Allthough a physically
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distinct process, CARS is related to spontaneous Raman scattering. Section 2.2 discusses
spontaneous Raman scattering involving the electronic states of rare earth ions in crystals.
Section 2.3 contains estimates for the magnitudes of electronic CARS processes in rare
earth cfystals based upon spontaneous electronic Raman scattering crdss sections. A brief
examination of CARS selection rules may be found in section 2.4. The experimental
apparatus and procedure used to measure CARS resonances are given section 2.5. Section
2.6 presents the experimental results. Finally, section 2.7 contains a discussion and

analysis of the experimental results.

2.1 Wave Mixing Spectroscopy

2.1.1 Optical Wave Mixing

Wave mixing involves the interaction of one or more modes of an electromagnetic
field within a material which possesses optical properties which vary with the strength of
the electromagnetic field. In the linear optical approximation, one plane wave with a
definite polarization, wavevector, and frequency will propagate freely and independently of
another distinct plane wave which may differ in polarization, wavevector, or frequency.
(Any érbitrar); electromagnetic wave may be decomposed into a linear superposition of
plane waves.) The fact that the dielectric constant is.nor a linear function of the electric field
intensity will couple the Maxwell equations for the individual plane waves. Hence one can
no longer speak of truly distinct plane waves. Now the behaviors of all waves are tied to
each other. Where waves overlap in time and space they will influence the behavior of each
other. Even a single plane wave may interact with itself.

The polarization of a medium depends on the applied field as:
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P= 4P .E+7#?:.EE + 3 :EEE + ... @.1)

The first term in the above equation is the usual linear electronic susceptibility € = (1 +
4mx(D). The real part is related to the linear index of refraction, and the imaginary part
corresponds to the linear absorption coefficient. The quantity %(1) is dimensionless and
typical values in transparent condensed matter are in the 10°! range. The second order
~ susceptibility, %2, is responsible for such phenomena as second harmonic generation, and
in a commercial nonlinear crystal such a§ KD'P (K,D,PO,), %‘» has a magnitude of ~ 108
esu. The third term is responsible for effects such as the nonlinear index of refraction
(optical Kerr effect), two-photon absorption and four-wave mixing. In transparent solids,
% is on the order of 104 esu [53]. Nonlinear effects become important when the electric
field is sufficiently intense or when lightwaves are allowed to interact coherently over long
distances. A pulsed laser (A¢ = 10 ns) with an energy of 1 mJ per pulse focused on a 100
um diameter spot produces an electric field of IE! = 3 x 103 esu (= 107 V/m). With this
intensity the second and third order induced polarizations, while still not as large as the first
order polarization, are now large enough to produce measurable effects.

This chapter reports on experiments which involve the intera}ction of three light
waves which produce a nonlinear polarization at optical frequencies via the third order
susceptibility. Under the right circumstances, this induced polarization may generate a
fourth lightwave. This process is called four-wave mixing. This process may be explained
by applying the Maxwell equations to a medium with a third order nonlinear polarization.
The reader is directed to books by Shen [54], and Levenson and Kano [55] for a more in
depth discussion of wave propagation in nonlinear media.

In general, a closed form solution of the coupled wave equations in a nonlinear

medium is not possible. Some approximations are necessary to demonstrate wave mixing.
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The first approximation is treating all interacting waves as plane waves. One begins by
assuming that one or more input waves induce a nonlinear polarization according to
equation (2.1). Generally, the nonlinear polarization is a traveling wave with frequency ),
and wave vector k,:

NL _ 1 pNL i(ky - r ~ @pt)
P (r, 1) > P (r, w,) e + c.c. 2.2)

The next approximation is that of negligible pump depletion. The intensity of the
generated wave is small compared to the input waves, and energy transfer between the
pump waves and generated wave may be neglected. In this case, the input waves
propagate without interference, and the amplitude of the induced polarization is constant
throughout the medium. (PVE(r,0,) = PM(w,) ) The behavior of the generated signal
wave, E, may be described by the wave equation with the nonlinear polarization as a
source term: -

n*(w,) 0* 41 9?

_ _Amo N
c? azE (r, = c2 atzp (r, 7) (2.3)

VX VXE(,? +

The frequency of the generated wave is that of the induced polarization (@; = ®,). The z

direction may be chosen to lie in the direction of the generated wave such that

E (r, 0 = %Es(z) ekt = @) ¢ ¢,

(2.4)
Then equation (2.3) may be written as
a ik,z 2((0 )0)12’ ik,z 4”0)2 NL ikp -
SaE @) + —2LE (2)e —2P(@,)e 25
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- The next simplification is the slowly varying amplitude approximation, in which one

assumes that E(z) does not change much over distances on the scale of a wavelength. This

is equivalent to the inequality
d? 14
—E,(z)| << |——E,
dz2 (2) k, dz 2) (2.6)

Now equation (2.5) is transformed into an easily solved first order differential equation:

aiEs(z) - LM, PV (@,)e™k -
A

n(@,) ¢ 2.7

where Ak =k, — k;. Integration of the above equation with the boundary condition E(z =

0) =0 gives
E(2) = 2riw, , PN-L((OP) sin(Ak - z /2)
n(w,) c Ak -z /2 (2.8)

The above equation indicates that IE | is a maximum when Ak = 0 and falls to zero when
Ak-z = 2r. The requirement that Ak = 0 is called phase matching. As will be discussed in
the next section, phase matching often presents the greatest experimental challenge in wave
mixing. Physically, phase matching insures that the electric field generated throughout the
nonlinear medium adds coherently to the signal wave. If phase matching is not achieved,
{he generated wave can interfere. destructively with itself and the signal may be low.
Assuming phase matchin g, the intensity of the output wave after it has traversed a distance /

in the nonlinear medium is
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=28 g % ppprggyp
8w 2n(w,) c (2.9)

Again note that the above equation is valid only in the smali signal regime, since the signal
intensity cannot exceed the intensity of the input lightwaves as [ — oo. The above
description illustrates how an induced polarization at optical frequencies may generéte a
new lightwave. No mention has been given to the relatidnship between the induced>

polarization and the input lightwaves. This point is considered in the next section.

'2.1.2 Coherent Anti-Stokes Raman Spectroscopy (CARS)

The above section has shown how wave mixing in a nonlinear medium can generate
a signal wave from the nonlinear polarization generated from one or more input waves.
When the generated wave is derived from a third-order noniinear ;olan’zation, the‘pro'cessA
is called four-wave mixing. Coherent anti-Stokes Raman spectroscopy (CARS) is one
form of four-wave mixing. (The origin of fhe name will follow.) In CARS, two input

lightwaves at frequencies ®; and ®, generate a third order polarization at frequency w; =

2m; — w, via the third order susceptibility tensor:

PO(@s) 7' = 3y} (-5, @y, 0y, —03) |
X E;(0)E;(a)E;(63,) e~ @ (2.10)

In the Maker-Terhune notation [56], the frequency arguments of x® add to zero and the

factor of three in the equation results from the permutation degeneracy of the input
frequencies. Figure 2.2 shows schematic diagrams of the CARS process in the frequency

and spatial domains. Only if the index of refraction is independent of frequency, can
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phase matching bé satisfied by collinear beams. That is, w3 = 20, — @, implies that Ikl =
2lkql — Ik,l. Generally, the index of refraction is dispersive, and the phase matching
condition is satisfied when the input beams cross at an angle 0. (See Figure 2.2(c).)

Thus far I'have focused on the fact that wave mixing produces new lightwaves at
new frequencies. The most common application of wave mixing is second harmonic
generation in which light may be frequency doubled by wave mixing in a medium with a
non-zero %2,

Four-wave mixing may be used as a spectroscopic tool when the intensity of the
signal wave is dependent on the frequencies of the input lightwaves. According to

eqqations (2.9) and (2.10)
I < & |x?P 121, @.11)

where 7, is the intensity of the nth lightwave. Note that the intensity of the signal‘,. I,
varies linearly with the intensity of ®w, and quadratically with the intensity of ®;. A
measurement of /5 as a function of w; and W, yields the frequency dependence of the
quantity ]x(gl)d(—m3, ®;, ®;, —0,)I2. This quantity may contain useful spectroscopic
information.

Both the linear and nonlinear susceptibilities are characteristic properties of a
material, and may be calculated from quantum mechanical principles. The macroscopic

polarization of a material is
(P) = N(u) = =Ne(r) (2.12)

where N is the number density of constituents (atoms, ions, molecules, etc.) of the

material, and W is the dipole moment of each constituent. The brackets indicate that the
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ensemble average of the dipole moment is used. The density matrix, p, is used to calculate

the ensemble average [571:
(P) = Tr(pP) | | | : | (2.13)

The Liouville equation governs the behavior of the density matrix.

ap 1

P - 2 [H, p]

> g U Pl | 2.14)
- where

H = Hy+erE+H, | 2.15)

Hy is the Hamiltonian for the material, er -E describes the interaction of light and matter in
the electric dipole approximation, and H,,, is a phenomenological Hamiltonian added to
account for relaxation effects (e.g. lifetime broadening).

Typically, p is expanded in a power sériés in the electric field, and (2.14) is solved

by successive perturbations [54]. (P) is derived from equation (2.13).

P, ] |
1D (-0, 0, 0, -o,) = Py .
: D E(w,)E (w,)E, (w,) (2.16)

where D is the Maker-Terhune degeneracy factor. The full expression for x(s,)d has 48

terms. |
For a particular wave mixing experiment, the 48 terms may be divided into two
parts. The nonresonant part, X(ZZVR, has negligible frequency dependence, while the

resonant part, x(ng , varies considerably over the frequency domain of the éxperiment.

50



The resonant third order susceptibility tensor governing singly resonant CARS

(shown schematically in Figure 2.3(a)) is [54, 58]

(3)R

-NA < o;(ws, 0)ay,(w,,
ukz( s, WO, O, —0,) = 2 (003, @)y (0;, ©,)

128 7 (0 — @, — @y — iT) (2.17)

where

0 (@, @,) = 12[@ lerl ) ler,1 /) _ (g ler| n)n |eru|f>]
] n (wx - wgn) (wy + wgn)
(2.18)

is the usual (non-resonant) Raman tensor. The indices i, j, k and ! denote the polarizations
of the w3, ®;, ®;, and ®, beams respectively. The kets Ig), If ), and In) correspond to the
ground, low lying, and intermediate states with energies zero, fi,,, and Ecog,,. The
number density of scatterers is N, andvl'gf is the Lorentzian linewidth (HWHM) of the Ig)
— If) transition. The term A = ((n2 + 2)/3)*, where n is the refractive index, contains the
locﬂ field corrections.

Note that xu ,d varies rapidly in both magnitude and phase as ®w; — ®, is scanned
through @, The other terms vary only slightly with ch}angin'g ; — W, , and are collected
into xf ],ZV R , which is treated as a (real) constant.

The fact that the matrix element for this wave mixing process is related to the
spontaneous Raman tensor is responsible for the name of this process — Coherent Anti-
Stokes Raman Spectroscopy (CARS). Anti-Stokes comes from the right two arrows in
Figure 2.2(a) which look like a diagram for spontaneous anti-Stokes Raman scattering. It

is important to emphasize at this point that CARS and spontaneous Raman scattering are

physically distinct processes. As a form of wave mixing, CARS may be understood in
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terms of classical electromagnetic waves. Spontahebus Raman scattering may be explained |
~only within the frameworkvof a quantized electromagnetic field [59]. | _
The intensity of the CARS signal, I3, at w3 = 2w; — ®, is proportional to the square
of the induced polarization (equation (2.9)), which is proportional to the the total fhird

ordei' susceptibility tensor (equation (2.10)).

Iy = |[x®F + x OV (2.19)

where for simplicity, the tensor indices are suppressed. In addition, the factor 42 in
equation (2.9) may be treated as a constant since 0)32 does not change much over a typical
CARS scan. If one considers only a single low lying level, If ), and notes that the Raman

tensors are essentially independent of ®, and ®, as (®; — ®,) is swept through 5 one

may write equation (2.17) as

ZOR —A

¥®NR T § T (2.20)

where A is a constant, and 6 = W; — ®, — @z The intensity of the CARS signal normalized
to the off-resonance intensity is

I, _ |x®R 4 yONR2 | 248 . A2

INR P R TR R T ) @.21)

Figure 2.4 shows each term in the above equation. At § =0, Ix®R/x3NR| reaches a
maximum value of A/T". One sees that as A/I" — 0, the first term dominates and the CARS

signal is constant and frequency independent. In order to observe the resonance against the

background, the quantity .C = lx®R/y3NR| = A/T should be greater than the
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experimental noise to signal ratio. One may consider the quantity C to be a figure of merit
- for CARS experiments. Systems with larger values of C yield better information. Figure
2.5 shows the CARS signal in a system with C = 0.05. Here the weak resonance may be
unobservable if the background signal is noisy. Figure 2.6 shows the calculated CARS
spectrum for the 992 cm'! vibrational mode in benzene (C = 18.8). Here the resonance
peak is about 350 times as intense as the non-resonant background. The dynamic range
(I max/Imin) Of the signal is about 10°. This large dynamic range is one of the most
. appealing aspects of CARS experiments. N

As discussed above, the CARS susceptibilify is related the spontaneous Raman
tensor. According to equations. (2.17) and (2.18), when the laser frequencies are far

below the intermediate states, Ix‘>2| takes a maximum value

Ix(3)Rl - NA lalZ
" 128T (2.22)

The Raman tensor is related to the total Raman cross section, G, by

o= 8rAwt |al?
T T34 (2.23)

where ; is the Stokes frequency (the frequency of the scattered light). The fotal Raman

cross section is proportional to the differential Raman cross section:

8

o= — 6 = 90°
3 ( )

5§

(2.24)

The above equations allow a knowledge of the spontaneous Raman cross section, the

linewidth and the magnitude of x®™R 1o predict the CARS figure of merit, C. Conversely,
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if A and T are measured in a CARS experiment, and xR is known, the spontaneous |
Raman cross section may be determined. This is done in Chapter 4.

Since the size of the CARS resonance is related to the spont_aneoﬁs Raman cross
section, the next section deals with spontaneous Raman scattering involving electronic
- states of rare earth ions in crystals. | |

~An historical note: Maker and Terhune [56] performed the first four-wave mixing
experiment in which lasers at frequenbies ®, and o, produced light at 2®, — ®,. Wynne
[60] first demonstrated that this process could be used as a spectroscopic tooi when the
four-wave mixing signal is measured és a function of (®; — ®,). In rare earth crystals,
there have been many degenefate wave mixing experiments, ‘but relatively few
experimenters have reported wave mixing wiih lasers of two or'more colors. The work of
Shand [61] and Traar [62] involvéd singly resonant CARS in pure rare earth crystals and
will be discussed in section 2.3.1. Cone and co-workers have measured multiresonant
two-photon absorption induced four-wave mixing in Tb(OH)3, LiTbF,, and TbFj crystals
-[63-66]. Recently, Mosharay et al. observed three-level photon echoes in Pr3+ :LaF; [67].

2.2 Electronic Raman Scattering in Rare Earth Crystals

Spontaneous Raman scattering is an inelastic light scattering process. An incident
photon with energy fiw; produces.a scattered photon ,@ith energy fiw,, and the material
undergoes a change in energy of f(w; — w,). If w; > w,, then oy is called the Stokes
frequency and the system absorbs an energy of f(®; — ®,). If ®,> ®, then «, is called
the anti-Stokes frequency and the system is put into a lower energy state. (See Figure
2.7) Thé excitation may be electronic, vibrational, or rotational in nature. Raman and

Krishnan first discovered yibraiional Raman scattering in liquid solutions in 1928 [68].
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Independently, Landsberg and Mandelstamm discovered vibrational Raman scattering in
transparent crystals in the same year [69].

Hougen and Singh [70] first reported Raman scattering between electronic states of
rare earth ions in a crystal in 1963. Unlike‘ electric dipole transitions between crystal field
states of the ground 4f™ configuration, which are parity forbidden in first order, Raman
transitions between states of the same electronicb configuration are parity allowed. The
primary use of electronic Raman scattering (ERS) has been to locate and determine the
symmetry of low-lying Stark levels [71]. The main experimental problem associated with
ERS in rare earth crystals is due to the magnitude of ERS cross sections which are usually ‘
much smaller than those encountered in vibrational Raman scattering. For example: the
total Raman cross section of the 992 cm™! vibrational mode in benzene [72] is 2.7 x 10-28
cm?/ molecule while electronic Raman cross sections for rare ez;nh ions in crystals [73, 74] .
range from 5 x 1022 to 1 x 1033 cm?/ ion. Crystals with dilute concentrations of rare
earth ions will have even smaller effective cross sections. If the energies of the electronic
levels are close to the optical phonons of the crystal, the phonon Raman signal may
overwhelm the ERS signal.. In addition, electronic 1iné§vidths increase rapidly with
temperaturé, necessitating the use of a cryogenic cooling system for the crystals.

For these reasons, coherent electronic Raman spectroscopy in rare earth crystals
[61, 62] has shown only limited success unlike coherent vibrational Raman spectroscopy
[75, 76]. The intensity of the signal from coherent anti-Stokes Raman spectroscopy
(CARS) is proportional to the square of the third order electronic susceptibility, Ix)?
(equation (2.19)). The complex quantity x® is the sum of a non-resonant part (xMR)
which is due to the bulk crystal, and a resonant, frequency dependent part (x®) which

contains the spectroscopic information (equation (2.17)). Since xR is roughly

proportional to the spontaneous Raman cross section, one has
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€)1

L1 1s often so small that it is obscured

The resonant susceptibility for electronic CARS,
by x3¥R which can be orders of magnitude larger. This is especially true for dilute rare
earth crystals, since x(i),R is proportional to the number density of rare earth ions in the
crystal.' |

Experiments [77-83] have shown that ERS cross sections in rare earth crystals can
be resonantly enhanced when the frequency of the exciting laser is near the energy of an
electronic level of the rare earth ion. These Istudiés included inter- and imra-conﬁgurational
resonances. In the case of intra-configurational resonant ERS, the intermediate state is
within the same electronic configuration as the initial and final state, i.e., 4f " for the rare
earth ions. The ERS cross sections involve electric dipole matrix elements between the
initial and final states to the intermediate states. Electric dipole 4f”* — 4f " transitions are
parity forbidden in first order, but the odd components of the crystal field mix excited states
of opposite parity (such as the 4f (*-1D541) v;/ith the 4f " crystal field states to allow
- relatively weak second order ‘‘forced electric dipole’’ transitions. Inter-configurational
resonant ERS directly use excited states of opposite parity (4f ("~1)541), and the
enhancement of the ERS signal is much stronger. As indicated in Chapter 1, most of these
excited configurations of the trivalent rare e;).rtl) ions have energies greater than 50,000
cm’l, and are inaccessible to conventional speétroscopic sources.

Due fo the small ERS cross sections, studies in very dilute crystals involve inter-
configurational resonances. Keil and Scott [77] observed ERS between levels of the
ground 4f 5d configuration of 10~ mol % Ce2+ in CaF, crystals. They used a laser in
resonance with the excited 4f 2 configuration. Piehler, et al. [83] detected ERS between

Stark components of the 5f configuration of ~ 0.1 mol% Pa** in Cs,ZrClg crystals using a

laser 525 cm'! below the lowest level of the 6d configuration. Most recently, Cone et al.
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[84] observed ERS in Tb3+:LiYF4 and LiTbF, using a laser in near resonance with the
4f'5d configuration of the Tb>* ion at about 39000 cm’!.
Among the trivalent rare earth ions, the Ce>* ion with its single 4f electron, is not
only the simplest ion to analyze, but also has the lowest energy 4f 154! configuration.
‘In Ce**:LuPQ,, the lowest crystal field level of the 54 configuration begins at 30460 cm’!.
Williams et al. [23, 25] took advantage of the relatively low energy of the 5d
cohﬁguration in a 0.6 mol% Ce**:LuPO, crystal and measured ERS intensities between the
ground state and excited crystal field states of the 2Fs/, and 2F;,, manifolds. They
perfonned this experiment with lasers at 354.7 nm (28192 cm’!) and 514.5 nm (19430
cml). A change of laser source from 514.5 nm to 354.7 nm resulted in the enhancement
of the ERS intensity by a factor an order of magnitude larger than could be accounted fo;
by tile «* dependence of the Raman cross section.
In the spirit of resonant ERS, this chapter reports on doubly resonant electronic
CARS experiments on a 0.06 mol% Ce3*:LuPQ, crystal. Use of a frequency—tripledv
Nd3*:YAG laser (28192 cm1) and a tunable dye laser operating in the 26000 cm! range,
satisfies two resonance conditions. When the difference in energy between the two la/sers
is equal to the energy of the lower cfystal field levels of the 2F 71, manifold, the CARS
signal will be in the the 30400 cm™! range, less than 100 cm! below the lowest 5d band.
(See Figure 2.1.) With this extra resonance, the resonant susceptibility is large enough to

compete with MR even in a dilute crystal.
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2.3 Estimating the Magnitude of Electronic CARS
Resonances

In this section, the figures of merit are estimated for singly resonant electronic

CARS in rare earth crystals, and doubly resonant electronic CARS in Ce3*:LuPO,.

2.3.1 Singly Resonant CARS

The size of singly resonant CARS resonances in rare earth crystals méy be
estimated by using equations (2.23) and (2.24), and a knowledge of the both the
spontaneous Raman cross section and the non-resonant susceptibility. For a typical pure
rare earth crystal at low temperature, N = 1022 cm™, ['/2mc = 2 em?, and the intermediate
states of opposite éarity lie above 50000 cml. (A pure rare earth crystal is one in which
the rare earth ion is a full stoichiometric component, e.g. PrFz;, Tb;AlsO,, etc.) A typical
Stokes frequency is @/2nc = 20000 cm-l. Using the earlier cited figures for ERS cross
sections (section 2.2), one finds that X1 ax for singly resonant electronic CARS should
vary between 5 x 10"14 esu and 5 x 10-'8 esu. For a dilute rare earth crystal such as the
crystal discussed in this chapter, N = 10!® cm™3 and I'/2nt¢c = 0.2 cm'l. This implies that
X @R ax Will vary from 5 x 10716 esu to 5 x 10720 esu. For most transparent solids
A ONMR= 1014 esu [53}, and Ix®RI,,,, will be the same order of magnitude or smaller than
YR One may conclude that in singly resonant CARS, the enhancement of X due to
resonances between electronic states of rare earth ions will be modest at best. For dilute
rare earth crystals, C %< 1, and detection of singly fesonant CARS will be difficult, if not
impossible.

Experiments by Shand [61] and Traar [62] are consistent with this conclusion.

Both selected favorable rare earth systems to obtain the highest values of C. Shand
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measured electronic CARS resonances between Stark components of the ground 7Fg
manifold and the 7F5 manifold of the Tb3* ion in Tb3Al50;, at 80 K, and found C < 0.4.
Traar investigated electronic CARS resonances from the 3H, <> 3F, transitions of Pr3* in
PrF; at 2 K, and found C < 0.5. Figure 2.8 shows the results of their experiments.

Additionally, Shand [61] reported that no CARS resonances were detected for Nd*+ doped
into several host crystals (Gd3GasO,,, Y3Als0),, and La,BeyOs.)

2.3.2 Doubly Resonant CARS

For doubly resonant CARS, the resonant third order susceptibility tensor

corresponding to Figure 2.3 (b) is [54]

3)R :
fjk)l (-, o, wl’ -@;) =

-NA 1
=D
128 f(wl—a)z—w —zI“gf)

2 (g ler| n)(n Ierlﬁ x Y (8 |erk| n’Xn' len| f)
(3 = @y, — i) w — Wy — L) (2.26)

In the above equation, both summations, n and ', are over all intermediate states. Double
resonance is a route by which xR may be increased to compete favorably with xR,
Equation (2.26) indicates that ly®R| . will increase as i and fiw, approach the energies
of the intermediate states, ﬁ(ng,, and 10 J) For this reason, I chose to work with a crystal
containing Ce3* ions whose 5d configuration lies in the near ultraviolet. Using the 514.5
nm line of an argon ion laser (19430 cm'!), Williams, ez al. [23, 25] measured absolute
values for the ERS cross sections between the ground state and the crystal field levels of
the 2F;;, manifold. These ranged from (0.14 to 2.5) x 10°%° cm? / ion which are on the

high end of the range of rare earth ERS cross-sections. The low lying 5d configuration in
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Ce3+:LuPO, accounted for its large spontaneous ERS cross section. Using the methods of
the section 2.3.1, I estimate that for singly resonant CARS in dilute Ce**:LuPOy, xR,
= 2.5 x 1016 esu.

The lowest 5d band in Ce3*:LuPO, begins at 30460 cm'l. (See Figure 1.9.) By
using the frequency tripled output of a Nd*>*:YAG laser (28192 cm'!) and a tunable light
source in the 26000 cm™! region, a CARS resonance between the ground state and the
lowest level of the 2F;, manifold at 2179 cm! produces a signal at w,;/2ntc = 30371 cmL.
(See Figure 2.1.) If one assumes that the lowest 5d level is most important for the Raman
Cross section, one can estimate the enhancement of /lx(3)lea'x relative to its singly resonant

‘value. (i.e. at ®;/2n¢ =19430 cm'!) According to Equation (2.26),

1 1 :
2 . = = X 2 - |
rgf n ((03 ) n’ (wl - (Dg,,') (227)

| if lod3 — @l » I'gr Since the entire lowest 5d band contributes, I replace the summations in
the above equation by integrals weighted by the absorption data of Figure 19 Numerical
integration gives an enhancement factor of about 97. Now Ix®R|__ . may be as great as
2.5 x 10" esu for the dilute Ce>*:LuPO, crystal. By going from singAly to doubly
resonant CARS, the figure of merit changes from C << 1to C 2 1 for a dilute rare earth

crystal. This is the primary point of this chapter.

2.4 Selection Rules

The symmetry of the crystal field levels imposes selection rules on the electronic
Raman tensors [73]. The symmetry properties of the tensor XE‘?’/Z:R are that of the product of

Raman tensors a; - oty In the experiments described in th_is chapter, all polarizations are
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parallel so that x 7. is of interest. For electronic CARS resonances ( 1g) ¢ If)), the

following selection rules apply: (Recall that the ground state has symmetry Ig.)

3
I's & T xf~.-3-R

Teol;  xOF allowedfori=x,y (x

allowed fori =1x, y, z.
O% =0).

2222
N

2.5 The Experimental Apparatus and Procedure

The experimental CARS setup is displayed schematically in Figure 2.9.

2.5.1 The Light Sources

The ultimate source of coherent radiation in this experiment is a Q-switched
Spectra-Physics DCR-1 Nd3*:YAG laser. The Nd3+:YAG laser generates laser pulses
which are about 10 ns in length with energies up to 0.5 J at a wavelength of 1.064 pm
(9379.2 cm'!). The laser operates at a repetition rate of 10 Hz. The pulses may be
frequency doubled in a type I KD*P crystal to produce green li/ght at 532.1 nm (18794.3
~ cml). (KDP is an abbreviation for potassium di-hydrogen phosphate, a common nonlinear
material. The star indicates that deuterium substitutes for hydrogen.) This green light may
_ be frequency mixed in another type II KD*P crystal with the original 1.064 um beam to
generate frequency-triplcd light at 355.6 nm (28191.5 cm™!). The energy of the 10 ns 355
nm pulse may be as high as 22 mJ. The output is linearly polarized.

Individual laser shots could be measured in the time domain by digitizing the shoté
as they appeared on an oscilloscbpe screen (as in Appendix 1.2.) Figure 2.10 shows

oscilloscope tracings of five individual laser shots along with the average of 100 laser
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shots. The RCA 1P28A photorriultiplier tube (PMT) has a listed time response of < 2 ns.
- The PMT produces electronic pulses which were viewed on a Tektronix 11302 analog
oscilloscope with a 11A71 plug-in amplifier. The frequency response of the oscilloscopev-
ampliﬁer combination is 500 MHz (2 ns). Therefore, the time resolution in Figure 2.10 is
between 2 and 3 ns. The temporal shape of the individual pulses vary greatly, but the
average pulse length (deﬁnéd as the FWHM of the averaged pulse envelope) is about 10
ns. Rankin et al. [85] have studied the 355 nm output from a Q-switched Nd3*:YAG laser
with a streak camera with 40 ps resolution. The results show a Complex temporal structure
not detectable on a nanosecond scale. The output consists of irregular bursts of pulses with
widths of 100 to 700 ps. N

Measurement of the emission lines from a low pressure Hg lamp showed that the
bandwidth of SPEX 1403 double monochromator was about 0.25 cm! when the entrance
and exit slits were opened to 10 pm and the intermediate slits were open to 20 um. The
line profile is approximately gaussian with a FWHM bandwidth of 0.8 + 0.1 cm™! (2413
GHz). Immediately evident is the fact that the pulses are not fourier trénsform limited. A
cursory inspection shows that Awy, ., Afy,e., = 2000. |

The fundamental, doubled, and tripled laser output are more or less collinear after
passing through the KD*P crystals. This beam passes through a series of dispersing
prisms which separate the frequencies. The 1.06 um and 532 'nm beams head toward a
beam dump while the 355 nm beam is saved for further use. The beam from the prism
harmonic separator passes through a quartz plate as shown in figure 2.9. About 8% of the
beam is picked off at a right angle while the rest of the beam pumps a Spectra-Physics
PDL-1 dye lasér. This laser operates with Quinolon 390 laser dye to provide a source of
radiation continuouslry tunable from 382-396 nm (~26200 to 25250 cm'l). The dye laser
oscillator is of the Littman design where a grating in the seventh order is used as the tuning

element. As with the Nd3*:YAG laser, the pulsed dye laser is multimode. The average
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pulse length is 5 ns and the linewidth is 0.6 £ 0.1 cm'l. When operated at full power (with
both pre-amplifier and amplifier operational) the pulsed dye laser is 'capablc of producing

500 WJ pulses at 384 nm (=26000 cm'!).

2.5.2 The CARS Setup

The polarizations of both ®; and w, were parallel. An optical delay line insured that
the pulses from both the Nd3+:_YAG laser and the dye laser overlaped in time at the sample.
A 25 cm focal length lens focused both beams onto a 100 um spot on the sample. The
sample size was about 1x 2 x 5 mm with the laser light passing through about 1 mm of
material. The crystal was mounted in a Janis liquid helium Supertran Cyroétat, and cooled
to about 10 K. The sample could be oriented such that the z-axis was either parallel or

perpendicular to the polarization of the input beams w,; and ®,. This facilitated measurement

®) 2 ®) .3

3 2 e . . . _
e and Iy~ 1. Since the crystal is uniaxial ¥, . =X YY"

of Iy The energy per pulse
was 200 pJ for each beam.

The prism which directs ®, into the 25 cm lens was mounted on a translation stage
in order to adjust the phase matching angle. Optimal signal was detected when the angle
between w; and w, was 48 mrad outside of the crystal. At this angle phase matching was
satisfied for (@, — )/27c = 2000 to 2400 cm'!.

A SPEX 1403 double monochromator analyzed the CARS signal at w3 = 20, — ,,
and an RCA 1P28A photomultiplier tube detected the signal. The slits on the
monochromator were opened such that bandwidth was about 10 cm™!. In addition, a biased
silicon photodiode (EG&G SCG-100A) detected attenuated light from beam w,. A pair of

Stanford Research Systems SR250 boxcar integrators measured the pulses from both the

photomultiplier and the photodiode.
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A IBM-PC clonevpersonal computer collected individual measurements of vthe
CARS signal, normalized this signal to w, for each laser shot, and averaged thes¢ values
over 75 laser shots. After collecting each set of data, thé comput_ér scanned the dye laser to
a new value of @, and adjusted the monochromator to maintain the relationship
OMONOCHROMATOR = 2®; — @,. The data were saved on floppy disks and transfered to

Macintosh IIx computer for analysis.

2.5.3 Noise

For any experiment, one would prefer to have a signal to noise ratio that is as great
as possible. In this experiment, the overwhelming cause of noise in the data is the laser
source. The Nd3*:YAG laser operated on more than one longitudinal mode. This affects
both the temporal and frequency characteristics of the laser pulse [86]. Figure 2.10 shows
that the output from the Nd**:YAG laser varies both in energy and pluse shape from shot to
shot. The complex temporal structure of the laser pulses ®; and ®, are uncorrelated, and
vafy randomly from pulse to pulse. The CARS signal for a given pulse is vproportional to
the integral of 12(0)1, DxI(w,, 1) over time. In other words, the main source of noise is the
fact that the random spiking in botﬁ pulses causes the temporal overlap of the two pulses to
vary wildly from shot to shot. The normalization procedure cannot account for the random
variation in the signal since the signal is normalized to the time im‘egraied intensity of I(w,,
1) over each shot. In fact, the shot to shot norrnalization does not improve the signal to |
noise ratio much. Normalization does, however, account for the variation in the gain of the
~ dye laser over the spectral range of the experiment. Averaging the signal over a large

number (~ 75) of laser shots helps to improve the signal to noise ratio.



| 2.6 The Data

I measured enhancements in the third order susceptibility due to electronic

transitions between the ground I state and the two lower levels of the 2F, manifold at
2179 cm-l (T') and 2220 cm}(T";). 1 did not observe the two upper levels of the 2F;,
manifold because the CARS signals from these two levels are within the 5d absorption
band. Figures 2.11 and 2.12 show the intensities of the signals normalized to the off

resonance intensities as a function of frequency and polarization. As expected from the

selection rules, I observed no resonance between the I'g ground state and the I'; level at

2220 cm! in the z polarization.

2.7 Analysis

2.7.1 Calculation of ¥R

In order to fit the observed spectra, the form of xR as a function of ®;, @, and
must be known. I assﬁme the same form x®R/yGWR = _A/(3 - iT') (equation (2.20)) as
used for singly resonant CARS with a single low lying level. Since this is a doubly
resonant experiment with a number of Raman active electrbnic levels, this choice must be
justified with respect to Equation (2.26). . .

The two lowest crystal field levels of the 2F: 11 manifold afe separated by 41 cm™.,

Since this separation is much greater than the linewidths of either level, I may treat these

levels separately, and the susceptiblities for cach level will not interfere with each other.
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In a doubly resonant CARS experiment [87], the line shape of the signal changes as
3 moves through resonance with the intermediate state In). In terms of equation (2.26)
this occurs for two reasons. First, i, may become comparable in magnitude to (03 — @,,)
adding an additional phase to x>, In addition, the quantity (w; — ®,,) may vary
considerably throughout the scan, shifting both the magnitude and phase of ¥R, For the
conditions of the experiment reported here, both of these effects are small and may be
safely ignored as demonstrated below.

All 5d bands (zero phonon lines and vibronic sidebands) act as intermediate states
for the CARS process, and one must sum over the entire 5d configuration in equation
(2.26). If the coupling between the Ce3* ion and the host lattice is not too strong, the
intermediate states may be described by the Bom;Oppenheimer approximation, and written

as the product
In) — In,) | 2,) (2.28)

where in) labels the nth 5d band (n=1 to 5), In,) labels the nth électronic state of the Ce3*
ion 5d configuration, and Iy, labels the vibrational state of the crystal. Then

a,, —> O

an 87 + 0

(2.29)

where fioo,,, is the energy of the nth zero phonon line (purely electronic transition), and
fiw, corresponds to the phonon states. The Stark components of the 4f configuration
involved in the CARS experiment-all have same vibrational quantum number, namely 10,).

In the Condon approximation

(8 leril n)(n ler| fy = (g, lenl n)n, lenl £ x Kx, 1 007 (230
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If @, is far enough below the 54 bands, the following approximation holds for the final

summation in Equation (2.26)

Z (8 Ierl n )(n lenl /) v (8. ler| nXn, |en] fo)

- all 54 bands (0 — @) (2.31)

where fi3,,- are the centers of gravity of the five 5d bands. Since only qu is of interest,
all tensor indices are the same.

For the second summation in Equation (2.26), only the lowest 5d band contributes

appreciably. The absorption coefficient, a(®,,), for the ground state to the lowest 54 level

is
a(w,,) < (g, ler] 1)*x Kx, | 0,) (2.32)

The intensity of the absorption spectrum of the lowest 5d band shows very little

polarization behavior. Hence, i{g ler;/1,)? may be treated as a constant, independent of i.
Then equations (2.30) and (2.32) allow the following change to be made to the second

summation in equation (2.26):

¥ (g leri| n)n |er;| )

—— o< (g, ler;| n,Xn, ler| f.)
(0)3 - wgn - lrgn)

x | _ @) 4

first 5d band (@3 — @) 5" (2.33)

Note that the iT'g, term has been disregarded. This is justified in our experiment because
lws — gl / 2me is always 2 50 cm’l, which is much larger than T gn/2c for the individual

levels which make up the 54 band.
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Now Equation (2.26) may be written as

1
‘.(3‘.)’* € ——— X er:| n, Xn, |er
5 _ ir <ge I lI 8>< (4 | tl-ﬁ)
Ao n)
X jf —2 _do,

irst 5d band (3 — @,,)

w3 (Belenl m)ng leri £)

all 5d bands (0, — @,,) (2.34)

The frequéncy-tripled Nd3*:YAG laser provides w; which is a constant. The absorption
coefficient, a(®,,), is plotted in Figure 1.9. Numerical evaluation of the above integral
shows that its value changes only slightly as w, varies throughout each resonance. The
value of the integral varies by only 1% over the line profiles in Figure 2.12 and by about

5% over Figure 2.11. For this reason, I treat the integral as a constant over each resonance.

I therefore fit the data to
DR
i(iii) — —A
3)NR ;
x‘.(‘.l.l.) o~ ’F, _ (2.35)
(3NR , . (3NR_

Measurement of X, = /X';,,, = 148 £0.15 ina pure LuPO, crystal allows
comparison of all observed resonances. Williams, er al. [23, 24] have calculated angular
wavefunctions for all electronic levels of the 4f and 54- configurations. Using the
absorption data of Figure 1.9, relative values of A may be calculated according to Equation
(2.34) and compared with experiment. Since the features to the left of the zero phonon line

in Figure 1.9 are not connected to the ground state, I did not include them in the
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calculation. The results of the calculation are given in Table 2.2. The basis of the
calculations rests on the assumption that the 5d states may be described by the Bomn-
Oppenheimer approximation. The Born-Oppenheimer approximation does not, however,

affect the choice of Equation (2.35) as an appropriate functional form for xR,

2.7.2  Deconvolution of the Spectra

Ideally, one would like to fit the data of Figures 2.11 and 2.12 to equation (2.21).
However, the actual spectra must be deconvolved, in order to take into account the finite

bandwidths of the input lasers. The output intensity is written as [88]

Ias) < [ 1Py, @, o1, ~0) + xP -0, 0, 0, o)’

X g1(w))g,(@))g,(w,) d(w; — 0 — 0, + @) dodwdw, 2.36)

where g;(w) is the normalized intensity of beam ; centered at a)?. Since the input lasers
‘have finite linewidths, the output /(w,) will have a frequency distribution centered at mg =

20)? - cog. The detector Bandwidth is greater than that of /(t;) so the data corresponds to

I3 = 200 — @) = [ I(wy)dw, (2.37)

Our lasers have approximately gaussian lineshapes with FWHM 0.8 cm™! for o,
and 0.6 cm’! for @,. The accuracy of the laser line width measurements is + 0.1 cm™..
With gaussian intensity profiles for the input lasers, the above equations cannot be

evaluated in closed form. The CARS signals in Figures 2.11 and 2.12 may be fit by
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numgrically c;>mputing I (0)(3) ). A least squares fit is obtained by freating A and I as variable
parameters. Table 2.1 summarizes these results. The fitted curves are drawn as solid lines
‘in Figures 2.11 and 2.12. The major effect of using lésers with linewidths greater than the
Ce3+ linewidths is a general broadening of the spectra, especially when AmlaS;, > 2T,
Perhaps most noticeable is the suppression of the ‘‘dip’’ in the CARS signal in Figures
2.12(a) and (b). Here the normalized intensity does not fall far below one as in a typical )
CARS intensity profile. In Figure 2.11(b), Aco']aserk 2I', and the effect is less.

According to Teets [88], the above convolution (equation (2.36)).is superior to that
introduced by Yuratiéh‘ [89] which iS the standard equation used in the field. In a
publication based on. the work in this chapter [90], the Yuratich convolution was used and

gave similar results.

2.77.3  Analysis

Although the above analysis strictly applies only to homogeneously broadened
lines, I view I" as a phenomenological parameter which may include contributions from
both homogenedus and inhomogeneous broadening. Théa use of broad band lasers
hampers the ability to accurately measure these quantities. The fourth column of Table 2.1
lists the linewidths for the various levels. The linewidth of the lowest crystal field level in
the 2F 772 manifold is much narrower than the higher level. This is expected since the higher
level inay decay by the spontaneous emission of a phonon. . Reed and Moos [91]
investigated multi-phonon inter-manifold relaxation in YPO4 crystals doped witﬁ various
rare earth ions. (The phonon spectra of LuPO4 and YPO, are very similar.) They foﬁnd
that manifolds with energy gaps < 2500 cm™! do not fluoresce but decay non-radiatively.

An extrapolation of their data indicates that the nonradiative decay rate from the 2179 cm’! |
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level to the 429 cm! level should be less than 107 s-!. This rate corresponds to
homogeneous linewidths less than 10 MHz (3 x 104 cm!). As a consequence, the 2220
cm! state is lifetime broadened, while the linewidth of the 2179 cm! level may be
primarily attributed to crystal strain broadening. These measured linewidths are typical of
those found in dilute rare earth crystals at low temperatures as discussed in Chapter 1.

The fifth column of Table 2.1 gives the value of C for the different resonances.
The bandwidths and noise levels of the lasers place limits on how weak a resonance can be
detected. The experimental noise to signal ratio is about 5%. For a resonance with I'/2nc
= 0.045 cm’!, the lower limit ofi detection is C <0.5. For a resoné.nce with I'/2ntc = 0.45
cm'l, the lower limit of detection is C < 0.05. When I performed this experiment with
visible lasers (®,/21c = 18792 cml, @,/2nc = 16600 cm'!), I observed no CARS
resonances. Therefore, by going from singly to doubly resonant éARS, C increases by at
I;east a factor of 31.

The third column of of Table 2.1 give the experimental values of A. Table 2.2
compares the ratios of the A values for both calculation and experiment. Agreement is fair
éince both the calculation and experiment predict that the 2220 em! oo and 2179 cm'!
zzzz -polarized resonances will be several times larger than the 2179 cm! xxxx polarized
resonance.

~ The use of broad band lasers masks the true size of the resonance for narrow lines.
Had I used lasers with sub-gigahertz bandwidths, the signal peak in Figure 2.12(a) would
be about 150 times as large as the off resonance intensity. Figure 2.13 shows the data of
Figur/e 2.12(a) along with the CARS signal calculated from equation (2.21) (which
neglécts the finite laser linewidths) using the parameters in Table 2.1. The use of broad
band lasers has a smaller effect on the 2220 cm’! resonance, and the CARS “dip”\ is

visible.
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2.7.4 Summary

_ Calculations in section 2.3 indicated that the figure of merit (C) for singly resonant
electronic CARS experiments in pure rare earth crystals may be expected to be modest at
best. By going from singly resonant CARS to doubly resonant CARS (where the second
resonance involves the strong 4f — 5d transition) the figure of merit may be enhanced to
such an extent that C' may be large even for a dilute rare earth crystal. N

I have demonstrated doubly resonant CARS involving electronic’states in a dilute
rare earth crystal — Ce3*:LuPO,. The signéls produced are an order of magnitude larger
than those seen previously in singly resonant CARS in pure rare earth crystals which
contain 2000 times as many rare earth ions per unit volume. Two factors account for the
large values of C = [y®R/yGWR| = AT. First and most important is the enhancement
due to the signal being in near resonance with the lowest 5d band. In addition, the narrow
linewidth of the lowest level of the 2F.;, manifold gives C an extra boost.

The use of doubly resonant CARS should be applicable to high resolution
spectroscopy of other dilute rare earth systems. Requirements are, in order of importance,
accessible 5d levels, electropic transitions with narrow linewidths, and 1aser§ with
bandwidths narrower than the material resonances. Crystals doped with divalent rare earth
ions are attractive candidates. The 5d bands of divalent rare earths are in the visible and
near infrared. At low temperatures electronic linewidths of metastable states in dilute
crystals are ultimately limited by inhomogeneous broadening. Dilute single crystals usually
have inhomogeneous broadening (FWHM) in the 1 to 10 GHz rdnge [13]. Finally, in
order to accurately measure the resonance, and to avoid deconvolution of spéch*a, narrow

band lasers should be employed.
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polarization w/2nc A2nc I'/2rc HWHM) C

- (cm?) (cm?) (cm™)
2222 2179 0.70+0.20 0.045+0.015 15.5
2222 2220 <0.03 _ <0.05 .
xxxX 2179 0.18+0.04 0.040+0.015 4.5
XXXX 2220 0.55%0.10 - 0.40£0.10 1.4
TABLE 2.1 Summary of data with estimated uncerainties. C = R 1y ONR) o = AT

A ONR [y OWR_ 1 48 + 0.15.

222z

o2nc (cm?) 2220 2179 2220 2179
polarization 2222 XXXX xxxx 7222
calculated 0 : 1 . 567 : 833
experiment 0 © 1 : 3.1£1.0 : 3.8%1.3

TABLE 2.2. Ratios of A values for the different CARS resonances in different
polarizations calculated from Equation (2.34). ’
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FIGURE 2.1. Schematic diagram of doubly resonant CARS in Ce3*:LuPOQy. @,/27c =
28192 cml, w,/2nc = 26013 cm'l, R, — @,)/21c =30371 cm!,A=89cm’and D =
2268 cm’l.
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FIGURE 2.2. Schematic diagrams of CARS in frequency and spatial domains. (a)
Relation between the input (straight arrows) and output (curved arrow) in frequency. (b)
Relationship between input and output beams. (subscripts indicate polarization.) (c) Phase
matching condition. For small 6, ¢ = 6.
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FIGURE 2.3. Schematic diagram of singly (a) and doubly (b) resonant CARS. The
dashed lines are not real states, and are drawn to aid the eye.
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FIGURE 2.4. Individual terms in equation (2.21) Calculated with A/2%c = 1 cm’! and

IRrc=1cml. (C=1)
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FIGURE 2.5 CARS signal calculated from equation (2.21) with low figure of merit (C =
0.05, A/2rc = 0.05 cm™!, and T'/2nc = 1 cm™!) Note the small dynamic range of the signal
(I max/Tmin) = 1.1.
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FIGURE 2.6. Normalized CARS signal for the 992 cm'! vibrational mode in benzene.
Calculated using the parameters xR = 1.6 x 1014 esu, I'/2nc = 1.2 cm’!, and Iy®Rl__ =
30.0 x 1014 esu from Ref. [92]. (C = 18.8.) Note that the signal has a dynamic range of ~
10°.
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" FIGURE 2.7. Schematic diagrams of spontaneous Raman scattering. The frequency of
the exciting laser is ;. (a) Stokes scattering. (b) Anti-Stokes scattering.
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FIGURE 2.8. Previously detected electronic CARS resonances in (a) Tb3AlsO;, at 80K
(from Ref. [61]) and (b) PrF; at 2 K (from Ref. [62]). Note that the signal does not exceed

1.5 times the backgrouhd. Figures of merit: (a) C <0.4, (b) C =0.5.
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FIGURE 2.9. Schematic diagram of the CARS apparatus.
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FIGURE 2.10. Temporal profiles of individual shots from the frequency tripled Nd**:
YAG laser and the average of 100 shots. Time resolution is between two and three ns.
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FIGURE 2.11 (a).
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Intensity of CARS signal at frequency ®; as a function of ®; — ®,

with the lasers polarized in the z direction. No resonance is seen because me = 0 for

resonances between the I' ground state and the I’y level at 2220 cm'.
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FIGURE 2.11 (b). Intensity of CARS signal at frequency w5 as a function of (W, — w,)
normalized to the off resonance intensity. The solid line is a fitted curve with the
parameters listed in Table 2.1. The lasers are polarized in the x direction.
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FIGURE 2.12 (a). Intensity of CARS signal at frequency w; as a function of (0 — )
normalized to the off resonance intensity. The solid line is a fitted curve with the
parameters listed in Table 2.1. The lasers are polarized in the z direction.
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FIGURE 2.12 (b). Intensity of CARS signal at frequency ®; as a function of (®; — @,)
normalized to the off resonance intensity. The solid line is a fitted curve with the
parameters listed in Table 2.1. The lasers are polarized in the x direction.
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assuming that the input lasers have zero linewidth. For comparison, the data of Figure

2.12 (a) are also shown.
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Chapter Three

4f — 5d Two-photon Absorption in
Ce3+:LuPOq4

—

My motivation for investigating the 4f — Sd two-photon absorption (TPA) spectra
of the Ce3* ion in the LuPO, crystal was to locate and determine the symmetry of the
crystal field components of the 5d conﬁguratioﬁ. Knowledge of the nature of the 5d states
is vital to understanding electronic Raman processes. The calculations of relative CARS
intensities in Chapter 2 (Table 2.2) require accurate electronic wavefunctions for the 5d
levels. Williams et al. calculated electronic wavefunctions from a crystal field fit of the 5d
configuration. They used single-photon absorption spectra to locate the 5d levels.. They
experimentally located the zero-phonon line and determined its symmetry for only lowest
5d level. The energies of zero-phonon lines in the higher crystal field levels were not
observed — they were estimated, and the symmetries of the higher levels were derived from

the crystal field fit.
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| By .measurin g polarized TPA spectra, I confirmed that the zero-phonon line of the
lowest 5d level is at 30460.cm’!, and its symmetry is I’;. This is consistent with results
from single-photon absorption spectra. Additionally the two-photon spectra shows the
next crystal field level has its zero-phonon line at 39715 cm'!, with symmetry is T. The
two-photon spectra of higher lying levels do not reveal any information.

This chapter is organized as follows: Section 3.1 introduces the theory of two-
photon absorption in the context of four-wave mixing. Section 3.2 reviews previous 4f -
5d TPA experiments. Section 3.3 bn'éﬂy reviews TPA selection rul_esi The apparatus for
detection of TPA is described in section 3.4. Section 3.5 presents and discusses fhe

results.

3.1 Theory of Two-photon Absorption

In 1931 Goeppert-Mayer predicted the TPA process using time-dependent
perturbatioﬁ theory [93]. In the TPA process, a state with energy 2£o is populated by the
simultaneous absorption of two quanta of energy fiw. The two-photon absorption
coefficient is prdportional to the square of the intensity of the incident light. As a result of
this nonlinear intensity dependence, it was not until after the invention of the laser that this
process was actually observed [94]. TPA allows access to energy levels which may be out
of the frequency range of available light sources. (See Figure 3.1.) In addition, selection
ruics for two-photon Uan§itions may differ from those 6f single photon transitions. As a
consequence, TPA spectroscopy may be used to compliment single photon spectroscopy,
and to determine the symmetry labels of energy levels.

TPA may also be described within the framework of four-wave mixing as in section

2.1. Assume that a plane wave, polarized in the i direction, is traveling in the z direction.
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_ 1 .i(kz - i)
E(, o) = 5 E(z) e + c.cC (3.1)

and that the plane defined by z = 0 is the boundary between vacuum and a nonlinear
medium. Within the medium, there is a nonlinear polarization generated via the third-order

susceptibility tensor xg‘.)‘.(—(o, W, W, —W):
NL 3 i(kz —
Pi = i(iii) (“‘(D, W, O, "0)) ElElE: el( 2 - en 3.2)

Note that the induced polarization travels in phase with the incident wave. This means that
phase matching is automatically satisfied. Use of the same methods and approximations as

in section 2.1.1 yields

%E@ = f—(’;—j—)“ic (£ -0, 0, 0, -0) |E[* E] 53
(Compare with equation (2.7).) Since the intensity, /, of the wave is given by

1= 220 g (3.4)
equation (3.3) may be rearranged as

g;I(z) = - [%@ Imy 3 (-0, o, o, -w)} o I*(z) 53)

Thus for TPA, attenuation of the intensity is proportional to the square of the intensity and

the imaginary part of the susceptibility. Since the nonresonant part of the susceptibility is a
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real number, one only needs to be concerned with the resonant susceptibility. From Ref.

(541,

Im ziil" = N7 |Ml* g(520 - @) S (3.6)
where

Mo =3 %[(g le(ral) f)ﬁ;zgl;rlf)] .

and g (2w - cogf)) is a normalized Lorenztian function with linewidth A" of The kets Ig),
If ), and In) correspond to the ground, final, and intermediate states with energies zero,
f®gp, and fw,,. (See Figure 3.1.) The number density of ions is N, and I' ¢ is the
Lorentzian linewidth (HWHM) of the Ig) — If ) transition. Equation (3.6) predicts that the
TPA will peak when 20 = .. Note that the TPA matrix element M; is very similar to the
Raman tensor in equation (2.18). It is evident from equation (3.7) that if the states Ig) and
If ) are parity eigenstates, then TPA from Ig) to If ) can occur only if both states have the

same parity.

3.2 4f—5d Two-photon Absorption

In the first order, two-photon transitions between the 4f and 5d configurations are

parity forbidden (A/ = 1). In a crystal, the odd parity components of a non-

centrosymmetric crystal field or the odd parity lattice vibrations may relax the parity

selection rules, and 4f — 5d two-photon absorption may be observed. Gayen, et al. have
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extensively studied 4f — 5d two-photon transitions in Ce**+:CaF, [95-98]. The)} measured
the TPA cross section for the zero-phonon line of the lowest 5d level to be 5 x 104 cm?s.
Typical TPA cross sections for parity allowed two-photon transitions range from 10 to
1071 cm®*s.  Leavitt [99] and Sztucki and Strek [100] have contributed to a theoretical
. understanding of 4f — 5d two-photon absorption.

The first observation of TPA involved the 4f7 — 4f 65d transition in Eu?*:CaF,
[94]. With the exception of the work by Gayen, et al. and Bayer and Schaak [101], most

subsequent TPA experiments in rare earth crystals [102] concentrated on the sharp, parity

allowed 4™ — 4f™ transitions.

3.3 Selection Rules

The TPA matrix element in equation (3.7) has the same selection rules as the Raman
tensor. Therefore, the selection rules for the TPA susceptibility tensor are the same as the

CARS selection rules (section 2.4):

T¢—T 25X allowed fori=x,y, z.
T¢—T; x5F allowedfori=x,y (SR =0).

2222

In this case i is the polarization of the incident radiation. Recall that the ground state in

Ce3*:LuPO, has symmetry .

3.4 Experimental Details

Figure 3.2 shows the experimental apparatus.

93



» A frequency doubled (tripled) Nd*+:YAG laser (Spectra—Physws DCR-1) pumped a
pulsed dye laser which used DCM (LD489) laser dye to prov1de tunable radiation in the
© 14900 to 16500 cm! (18800 to 21200 cm'!) range. The pulsed dye laser linewidth was
about 0.5 cm’l. These frequency ranges ailowed the two-photon investigation of the
lowest 5d level (DCM) and the next t§vo higher 5d levels (LD489). (Table 1.2 lists the 54 |
levels of Ce**:LuPO,.) The energy per pulse of the incident radiation was about 500 uJ .
The light from the pulsed dye laser wae focused on the sample by a 15 cm'lens. The
focused laser light passed through about 2 mm of the sample. A Spectra-Physics 310-21
broadband polarization rotator allowed measurements to be made with the incident light
| polarized in the z and x directions. The transmitted light waS attenuated énd detected by a
biased photodiode (EG&G 100A). The semple ‘was cooled to ~ 10 K in a Janis Supertran
cryostat as in Chapter 2. |
Two-photon absorption can be a weak process. Ratﬁer than attempt to detect the
minute attenuation in the laser/ beam as it passes through the sample, the 5d — 4f
fluorescence which results from the two-photon excitation was measured. (See Figure
3.3.) This actually is a much more sensitive measure of absorpnon since the background
is zero. The fluorescence from the lowest 5d level to the 4f levels is-in the ultraviqlet
- (27000 - -3O(V)OO cm'!) while the laser excitation is in the visible. 'Therefore, two ultraviolet
filters (Corning 7-54) which pass ultraviolet, while blocking the visible were used to
discriminate the fluorescence from the excitation.. An RCA 1P28A photomultilplier tube
covered with the two filters was placed at the window of the cryostat in order to collect the
greatesi amount of light. The 5d — 4f fluorescence has a lifetime of 20 ns. The signal
| from the PMT was detected with a SRS 250 boxcar averager with>a 30 ns gate. The boxcar
gate was delayed by 10 ns after the 5 ns laser pulse to further discriminate the florescence

signal from the laser (see Figure 3.4). Another boxcar measured the signal from

photodiode. As in Chapter 2, a personal computer collected individual measurements of -
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the 5d — 4f fluorescence signal, normalized this signal to the square of the intensity for
each laser shot, and averaged these values over 75 laser shots. After collecting each set of
data, the computer scanned the dye laser to a new frequency. This yielded the two-photon

excitation spectra in Figures 3.5, 3.6 and 3.Y7.

3.5 Results and Discussion

3.5.1 2Fs, (Ts) — 5d (Ty)

Figure 3.5 shows the two-photon excitation spectra of the lowest 5d level in both
the x and z polarizations. The x polarized spectrum is much more intensé than the z
polarized spectra leading to the assignment of this level as I';. The z polarized spectra is -
probably due to some polarization leakage. The single photon spectra [23] shows very
little polarization dependence and is also consistent with the assignment of I';. Figure 3.6
shows the x polarized two-photon spectrum along with the single photon spectrum from
Figure 1.9. Note that both spectra show the zero-phonon line at 30460 cm'l. Additionally,
many peaks in the two-photon vibronic sidebands correlate with the single photon
sideband. Probably the most interesting feature is the intensity of the zero-phonon line
compared to the vibronic sideband. The zero-phoﬁon line is much more prominent in the

two-photon spectrum than in the single photon spectrum. Gayen et al. observed the same

feature in Cc3+:CaF2 [95, 97].
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3.5.1 2Fsp (Te) = 5d (T)
{

The two-photon spectra of the higher 5d levels differed from the lowest 5d levels.
Figure 3.7 shows the only distinct feature in the excitation spectra from scanning the laser
from 18800 to 21200 cm™! (corresponding to two-photon energies of 37600 to 42400
cml). Iinterpret this as the zero-phonon line of the of the second 5d level. Since it was
detected in both z and x polarizations, the I'g symmetry label is assigned to this level.

Another possible explanation for this feature is as follows: If an impurity ion with
an energy level at 19857 cm'! exists within the host crystal, an incident photon may
populate this level. With this level populated, the higher 5d level of the Ce3* ion may be
populated by a the absorption of another 19857 cm™! photon in an energy transfer process.
There are two reasons to doubt this. Both the Ce** and the impurity ion have very low
concentrations making energy transfer unlikely. Additionally, no rare earth ion doped inio
LuPO, has an energy level at 19857 cml,

The signal for the two-photon spectra of the zero-phonon line at 39715 cm'! was
weaker than the zero-phonon line of the lowest 5d level, and there was a non-zero -
background. This non-zero background may be a continuation of the vibronic sideband of
the lov_vest 5d level, or, alternatively, ultraviolet fluorescence may be excited by multi-
(greater than two)-photon absorption into the crystal band gap.

Using calibrated filters, I determined that the florescence resulting from the two-
photon excitation of the higher levels originates in the lowest 5d level. Therefore,
excitation noh-radiatively decays from the higher 5d levels to the lowest 5d level. (see
Figure 3.2(b).) The zero-phonon line of the third 5d »level was not observed. Presumably,
this level is extremely broadened by non-radiative decay to second 5d level. It is not
surprising that no vibronic sideband was observed in the second 5d level since the peaks of

the sideband are probably much weaker than the zero-phonon line.
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The symmetry assignments for the two lowest 5d levels are at odds with those
reported by Karanjikar and Niak [103] for Ce>* in YPO,. Since the structure of YPO, and -
LuPO, are nearly identical, one expects the spectra of Ce3+:LuPO, and Ce3*:YPO, to be
very similar. Indeed, the 5d energy levels reported for Ce3+:YPQ, are quite close to those
listed for Ce3+:LuPO, in Table 1.2. The symmetry assignments of Karanjikar and Niak are
extrapolated from the work of Nakazawa and Shinoya [22] and are probably in error. The
symmetry assignments of the two lowest 5d levels in this work rely on the fact that the
ground state has symmetry I's. The electronic Raman work of Williams et al. [23, 25] has

demonstrated this to be the case with no ambiguity.

3.6 Summary

I have demonstrated the use of two photon absorption to locate and determine the

symmetry of 4f — 5d zero-phonon lines in Ce3*:LuPO, at low temperature. Two-photon
absorption has some advantages over single photon absorption. (1) Ultraviolet levels can
be easily accessed with visible lasers. (2) Zero-phonon lines seem to be easily

distinguished from the vibronic sideband.

97



FIGURE 3.1. Schematic diagram of two-photon absorption.
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FIGURE 3.2. Apparatus for measuring two-photon spectra.
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FIGURE 3.3. Schematic diagram illustrating inter-configurational TPA. - (Compare to

Figure 1.5 which illustrates 4f — 5d single photon absorption.) The dashed line indicates

non-radiative decay. (a) TPA to the lowest 5d level. (b) TPA to the second 5d level.
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FIGURE 3.5. Polarized two-photon excitation spectra of lowest 5d level of Ce3*:LuPQ,
at~ 10 K. (Intensity of the 54 — 4f ultraviolet fluorescence intensity as a function of the

wave number and polarization of the incident radiation.)
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FIGURE 3.7. Two-photon excitation spectra of the zero-phonon line of the second 5d
level. Note that the horizontal scale differs greatly greatly from Figures 3.5 and 3.6. This
peak was the only feature seen in the 18800 to 21200 cm'! spectral region.
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Chapter Four

Electronic Coherent Anti-Stokes Raman
Spectroscopy in CeFs3

This chapter reports on CARS resonances detected between the 2Fs, ground state
and the 2161 cm! and 2239 cm'! Stark components of the 2F5, manifold of the Ce>* ion in
the CeF; crystal at 3.8 K. The reader is invited to review section 1.6 which discusses the
properties of the CeF;. In Chapter 2; I demonstrated that strong electronic CARS
resonances (C > 15) could be detected in a dilute crystal (0.06 mol % Ce3* doped into
LuPQ,) only when the anti-Stokes signal was nearly resonant with the onset of the lowest
5d level at 30460 cm'!. This chapter reports the observatioﬁ of singly resonant electronic
CARS in a fully concentrated cerium crystal — CeF;. In CeFs, the levels of 5d
configuration range from about 40000 to 50000 cm™l. This rather low energy 5d
configuration is responsible for a relatively large electronic Raman cross section. This
large cross section leads to a high figure of merit, and the detection of strong CARS

resonances (C > 1) with visible lasers should be possible.
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MeaSurcmems were made with both the visible (A; = 476 nm, A, =532 nm) and -
near ultraviolet (A, = 355nm, A, = 385 nm) lasers. The enﬁancément. of the third order
susceptibility due to the electronic resonances C = [yR/yGWVR| is as great as 4.8. This
represents an order of magnitude increase over singly resonant elcctroriic CARS
expériments in other pure rare earth érystals. The CARS data ;ﬂso allowed accurate.
" measurement of the Ce>* electronic Raman cross sections. In the visible region, 6,, (2161
cml) = (5.0£1.1) x 10-3% cm?, and 6,, (2239 cm'!) = (1.940.7) x 10:3% cm?. Both the
absolute magnitude and vdispersion of IxR|___ could be calculated by modeling the virtual
intermediate states as a single degenerate 54 state at 45000 cm!. |

In the CeF; crystal, the spectra of both the ground 4f and excited 5d configurations
(8, .28, 32-38] as well as the Hnear [39] and nonlinear [40, 41] refractive indices have been
characterized. From the linear and nonlinear refractive indices, x**YR may be estimated.
Experimental CARS measurements yield [x®R/x@NR| __ which lead to an absolute
measurement of lx®R|__ .. The épontaneous Raman cross section may be derived from
Ix(3)RI,;m. o |

In the appendix of this chapter, Ix®®|__ is calculated using the Axe [104] theory of
two-photon prbcesses which follows the Judd-Ofelt [105, 106] theory for 4f"—4f"™ single
photon intensities. Both involve summations over intennediate states of excited electronic
configurations whose parity is opposite that of the ground 4f" configuration. In both
theories, calculations are simplified.by assuming that all electronic states within each
excited éonﬁgpration are degenerate in energy. Absolute two-photon intensities may be
calcﬁlated if the energies Aw,, of the excited nl configurations and radial integrals K4f irinl )
are known. Usually, the 4.f("‘1)Sd1 configuration is expected make the major contribution
to the intensity since other excited states of opposite parity (e. g. 4f " Dngl) are too high
in energy to contribute appreciably. Most previous work [102] on two-photon 4f"—4f "

transitions (two-photon absorption and electronic Raman scattering) in rare earth crystals
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measured relative intensities, and application of the Axe theory did not require knowledge
of Bws, and {4f1n5d ). Chase and Payne [107], however, measured absolute two-photon
absorption cross sections of the Nd3* ion in YAG and LiYF, crystals. They found a
| signiﬁcant difference in cross sections between the host crystals which suggested that fiws,
and K(4f1r5d )| differ from their free ion values and vary according to the host crystal.

For most trivalent rare earth ions, the 41 154! configuration lies in the vacuum
ultraviolet. When the ion is introduced into a crystal lattice, these states are often well
above the crystal band gap, and experimental evaluation of fims, and I(4f1r15d )l is
impossible. For Ce3+ systems, however, the states the 5d configuration are usually in the
20000 to 60000 cm'! range, and fiws, and {4f1rl5d )| may be derived from absorption
measurements. This allows an independent test of the Axe theory, which uses the same
approximations as the more familiar Judd-Ofelt theory. (The quantities which characterize
absolute single photon intensities in the Judd-Ofelt theory are related to the odd parity

'components of the crystal field, and cannot be measured in an independent experiment.)

Williams ez al. [23, 24] studied the Ce3* ion in LuPQO,, and related the observed
absolute electronic Raman cross sections to observed 4f — 5d oscillator strengths and a
reduction of (4f1A5d )| relative to its free ion value.

| In this chapter, both 4f1n5d )| and fios, for CeF3 have been derived from 4f — 5d
-absorption measurements. Iy®R|__ is then calculated from the Axe theory, and compared
with‘experimcntal measurements. In Ce3*:LuPOQ, the 5d configuration is split into five
levels which range from |

There are two main conclusions to be drawn from this chapter. One is that the
electronic CARS signals in rare earth crystals may be significantly greater than reported in
earlier experiments. Additionally, both the magnitude and dispersion of IR . agree
with the predictions of the Axe theory in which the states of the excited 5d configuration are

the dominate intermediate states.-
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Section 4.1 compares the resonant and nonresonant third-order susceptibilities for
electronic CARS in CeF;, and gives an estimate of C. Section 4.2 outlines the
experimental procedure which is esSentially that of Chapter 2, with a few modifications.
Section 4.3 presents the experimental data and analysis. Section 4.4 summarizes the }
CARS experiment. Section 4.5 discusses the applicability of these results to stimulated
electronic Raman scattering. In the appendix to this chapter, Iy®R/y 3R] s calculatedv
using the Axe theory of two-photon transition intensities in atomic systems. The second

appendix to this chapter deals with stimulated electronic Raman gain.

4.1 The Resonant and the Nonresonant Susceptibility

The optical properties of the CeF; crystal outlined in section 1.6 allow the
(3R (3R

2222 zzzz °

calculation of both %~’ " and

4.1.1 The Resonant Susceptibility

For the CARS measurements with visible lasers, a frequency-doubled Nd3*:YAG
laser provides ,/2rc = 18794.3 cm'l. A tunable laser operating in the 21000 cm! region
provides @;. The CARS signal at w3 = 20, — @, is then in the w3/2nc = 23200 cm'!
region. (See Figure 4.1.) The magnitude of the resonant third-order susceptibility tensor.

peaks when fi(w; — ;) is equal to fw,, the energy of the Raman transition. In the

3R

appendix, the maximum vatue of I~

(w5, ®y, @y, —0,)|, is calculated using the Axe
theory of two-photon processes. This calculation is based on the following assumptions:
» The 5d intermediate states are the dominant intermediate states for the calculation

of the Raman tensor. Additionally, the 5d intermediate states are treated as if all
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have the same energy (following the work of Judd [105], Ofelt [106] and Axe

[104]).

* The 4f levels are treated in the zero crystal field limit, meaning that the states have

spherical (i. e. atomic) symmetry.

* The quantity {4f1r | 5d) is derived from oscillator strength measurements in

~Ce**:LaFs,

In~addition, the methods used in the appendix are also used to calculate the total
spontaneous electronic Raman cross section, 6,,. (The indices correspond to the
polarizations of the incident and scattered light, respectively.)

The results given in the the appendix show that for a CARS resonance between the
ground state of the 2F 5/2 manifold and one of the four Stark components of the 2F;, -

manifold, the maximum of resonant third-order susceptibility is

1.3 x 107 "% esu
I’ 4.1

3R 2 ' 2r
|xz(zz)z |max ( F5(2 © F7/2) =

where I'” is the linewidth (HWHM) of the Raman transition in cm'!. The linewidths for
electronic Raman transitions between Stark components in rare earth crystals at low
temperature should range from about 0.5 to 10 cm'l. The lowest (metastable) level in a
manifold usually has the smallest linewidth. As discussed in section 2.3.1, the value in
equation (4.1) is on the high end for electronic CARS in fully concentrated rare earth

crystals.
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4.1.2 The Nonresonant Susceptibility

In a CARS experiment the nonresonant susceptibility is responsible for the constant
background in the signal. The nonresonant susceptibility is related to the product of the

linear.(n) and nonlinear (n,) indices of refraction [108]:

{(3)NR (3)NR

n(@,) ny(w,)
2222 (_(037 @, Wy, -(02) = Azz22 (_w12 oy, @, —'0)1) = '

12x
(4.2)

Using the data of Ref. [39] for » and that of Refs. [40] and [41] for n, yields xR
= 6.1 x 10’3 esu at 1.06 um. The quantity xR is slightly dispersive, and changes

(slowly) with increasing frequency. Sheik-Bahae, er al. [109] have shown that the

dispersion of n, is a consequence of two-photon absorption to the crystal band gap, just as
the dispersion of n is a consequence of single photon absorption. They applied a Kramers-

Kronig analysis toa two-parabolic-band model to arrive at

- G,(fw/ E,)

n, -
nE; (4.3)

where

G, (x) =2+ 6x - 3x% - 2x* - 3% + 2(1 - 2x)*?O(1 - 2x)

64 x6
(4.4)

E, is the energy of the crystal band gap, and © is the unit step function. Empirically, they

have shown that this model is applicable to a wide range of solids, from wide-gap

insulating crystals to semiconductors. One may be tempted to use the energy of the 4f —
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5d band gap in CeF3 as E ¢~ However, as discussed in Chapter 3, 4f — 5d two-photon
absorption is forbidden in first order since Al = 1. Gayen et al. have measured the 4f — 5d
two-photon absorption cross section of Ce3* in CaF, [95]. Assuming that 4f — 5d two-

- photon cross section of Ce3* in CeF; is similar to Ce3* in CaF,, the two-photon absorption
contribution to n, due to the Ce3* 4f — 5d band gap should be negligible. Ultraviolet
reflectance spectra shows the onset of the valence band to conduction band transition at ~
10 eV in CeF; [28]. (LaF;, which has nearly the same linear and nonlinear refractive -
indices as CeF3 [39-41], also shares nearly identical optical properties in the 8 — 34 eV

range.) Using E, = 10 eV, and the measured value of n, at 1.06 pum, VR has the

following values in the following spectral regions:

9397 cm!  (1.06 pum) AR = 6.1 x 1015 esu
21000 cm! (476 nm) AEMR = 8.0 1015 esu
28192cm? (355 nm) AOMR ~97x 1015 esu :

Therefore, one may expect from equation (4.1) a figure of merit of C =
IRy BWR| =2 in the visible region if the linewidths are about 1 cm'l. While there is
some uncertainty in this figure, one can expect that electronic CARS resonances in CeF; at

low temperature should be readily observable.

4.2 Experimental

\

The experimental apparatus is very similar to that used in Chapter 2. The major
difference is in the size of the crystal. The Ce3*:LuPQ, crystal is a ~ 1 x 1 X 5 mm natural
crystal while the CeF; crystal is a 1 cm? polished cube. A Oxford CF1204 helium gas flow
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cryostat is used to col the CeF; crystal to 3.8 K. This is a better cooling system than the
cold-finger dewar used in Chapters 2 and 3. Low pressure helium gas provides a direct
contact between the sample and the cryogenic fluid, and a temperature probe at the sample
site provides accurate temperature measurements.

~ CARS resonances were observed in the visible region by the use of the Nd3*:YAG
laser second harmonic (18794.3 cm’!, linewidth = 0.52 cm! (FWHM)) to provide ©,.
Frequency-tripled light from the saxhe laser pumped a dye laser operating wiih Coumarin
500 (~ 21000 cml, linewidth = 0.25 cm'!) which provided a variable @,. At each laser
shot, the signal was normalized to thé square of the intensity of beam 031. The energy of
each beam was about 100 p/pulse. bBoth ®, and ®, were polarized parallei to the optical
(2) axis of CeF;. The optimal signal was seen when the angle between o and ®, was ~ 50

3) 12
2222’ °

mrad. This yielded measurements of !’x Figures 4.2 and 4.3 show CARS resonances
at (,~ ,)21c =2161 cm! and 2239 cm'}, respectively. A measure of the success of this
experiment is that it now makes sense to plot the data on a logarithmic intensity scale. In
Figure 4.2, the normalized intensity ranges from 0.09 to 9.5 for a dynamic range of about
102. (The dynamic range for previous electronic CARS measurements in pure rare earth
crystals did not exceed 2 [61, 62].) CARS resonances involving the. two highest Stark
components of the 2F5, manifold were not observed. This is probably due to the large
linewidths of these levels. | |

CARS resonances were also detected using the ultraviolet laser frequencies used in
Chapter 2. The frequency tripled light from the Nd**:YAG laser at @,/2nt¢c = 28191.5 cm’!
provided one beam, and also pumped a dyev laser to provide tunable radiation in the w,/2nc
=.26000 cm! range. Asin Chapter 2, the linewidths of the lasers were Aw,/2nc = 0.80
cm! and Aw,/2rc = 0.60 cmr!. Table 4.1 displays the chzlracteristics of the lasers used in
this chapter. Measurements were taken with the polarizations of both ®, and ®, parallel to

€)) |2
2222 *

the z axis to yield Iy Additionally, measurements were made with the polarizations of
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®, and o, perpendicular to each other. A 354.7 nm half-wave plate could be inserted into
beam ®, to rotate the polarization by 90°. In the case of non-parallel polarizations in a
birefringent medium, a detailed calculation is necessary to determine the possibility of
- phase matching, and if so the phase matching angle.

The CARS phase matching requirement is
k; = 2k; — k, when w; = 20, — o, (4.5)

Ina nondispersivé medium (n = constant), phase matching would be satisfied with all wave
vectors collinear. In a dispersive medium, phase matching is non-collinear. Figure 4.4 is a
pictorial diagram of this requirement. It is evident that phase matching is impossible if ksl

+ Ikl < 21k, |. The solution for the phase matching angle, , is

4k? + k% - k2

cosf = 3
4k k, ’ (4.6)

and the magnitude of the wave vector k; is proportional to the product of the frequency and

the index of refraction.

k. = w; n(wi)‘

' c 4.7)
Equation (4.24) determines the phase matching angle and may be solved using the data for
the index of refraction for both x (0) and z (e) polarized lightwaves as a function of
frequency given in Figure 1.11. There are three cases to consider. \

©))

* A3z, All beams are polarized parallel to the z axis. An application of equation

(4.6) gives a phase matching angle of 33 mrad.
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. X(Z;zf ) is polarized parallel to the x axis, @, is polarized parallel to the z axis

~ and the signal w5 is polarized parallel to the z axis. Equation (4.6) gives an
imaginary phase matching angle (0.108 i mrad). This corresponds to the situation
illustrated in Figure 4.4(b). The wave vectors k, and k; are now too short to
complete the triangle as in Figure 4.4(a). This may vbc understood by referring to
the index of refraction data 6f Figure 1.11. ®, and @, are e-rays and have a smaller
index of refraction than the o-ray ®;. No phase matching exists, and no signal was

observed at ;.
€))

* Xpzx @ 1s polarized parallel to the z axis, ®, is polarized parallel to the x axis

and the signal 0)3 is polarized parallel to the x axis. Equation (4.6) gives a phase
matching angle of 112 mrad. This relatively large phase matching angle may also
be understood by referring to the index of refraction data in Figure 1.11. Now ,;
is an e-ray and has a lower index of refraction than o-rays ®, and ®s. The wave
vector Kk, is now fairly short and and a larger phase matching angle 0 is required to

complete the triangle in Figure 4.4(c). Since CeF; is uniaxial (n, = n§ = n,), this

©)

analysis applies.equally to yzy*

The phase matching angle is the angle at which the beams cross inside the nonlinear

~medium. (See Figure 4.5.) The angle between beams ®; and , outside the medium, ',

is related to the phase matching angle, 0, by Snell’s law:

n sin (6/2) = sin (8/2) - (4.8)

Since n, = n, = 1.63, 33 mrad inside the sample corresponds to 46 mrad (2.6°) outside the

sample, and 112 mrad inside the sample corresponds to 182 mrad (10.5°). The four cm

diameter 25 cm focal length lens used in Chapter 2 cannot converge two parallel beams at

‘an angle of 182 mrad. A four cm diameter 10 cm focal length lens is then used to focus

both beams on the sample at an angle of 182 mrad (or 46 mrad).
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The results are shown in Figures 4.6, 4.7, 4.8. Fairly strong CARS resonances
were observed at (@, — ®,)/21c = 2161 cm! in the zzzz, xzzx and yzzy polarizations. The
signal from the xzzx and yzzy polarizations are nearly identical. A weak CARS resonance
at (0 — 0,)/27c = 2239 cm'! was seen only in the zzzz polarization. Again, no resonances

were observed for the two highest states of the 2F7,2. manifold.

4.3 Analysis

The data are fit to a third order susceptibility as in Chapter 2:

3)R
G _ —A
XOVE (o - @, = @) = T (4.9)

As in Chapter 2, the finite bandwidths of the input lasers are taken into account by
convolving the spectrum as in equations (2.36) and (2.37). The effect of laser bandwidth
are not as extreme as in Chapter 2. The dilute Ce3*:LuPO, crystal at low temperature had
very narrow linewidths compared the concentrated crystal CeF;. A best fit of the data in
Figures 4.2 and 4.3 gives values for A, I" and C given in Table 4.2. The best fits of the
data from the ultraviolet lasers in Figures 4.6, 4.7 and 4.8 also give values for A, I" and C
in Table 4.2. The fitted curves are drawn as solid lines in the figures.

Unlike the case of Ce3*:LuPQ,, resonances were detected using visible lasers. (See
Table 4.1.) Since the visible lasers have narrower linewidths than the ultraviolet lasers,
they may be expected to yield better data. Additionally, since the magnitude of the

(3NR .

nonresonant susceptibility is extrapolated from its value at 1.06 pm, the value of ;. is

likely to be more accurate for the visible frequencies. The dynamic range for the 2161 cm™!
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resonance was much higher than the 2239 cm'! fesonance. As a result the 2161 cm'!
~ Tesonance may be expected to yield better data than the 2239 cm™! resonance. The
linewidths should be the same when measured with either laser setup. The difference in
measured linewidths between the visible and ultraviolet spectra (0.55 and 0.60 cm! for the |
2161 cm! resonance and 3.5 and 4.5 cm! for the 2239 cm'! resonance) are indicative of
the accuracy of the measurements. Estimated uncertainties in the data are included in Table
4.2.

Note that the peak CARS intensities are similar for 2161 cm-! resonances. The
ultraviolet spectrum has a g}eater figures of merit (C = 4.8) compared to the visible
spectrum (C = 3.5). The ultraviolet spectra were recorded with broader linewidth lasers,
and -the effect is that the CARS peaks are suppressed to a greater degree than in the visible
spectra which were recorded with narrower band lasers. The spectra do differ in the
difference between maxima and minima. The difference between maxima, (0, — )4,

and minima, (®; — ®,)_, in the limit of zero-linewidth lasers is [54]:
(@, — @), — (0 — @) 1" = A% + 4T? @1

The ultraviolet resonances have a larger difference between peak and valley than do the
visible resonances due to a larger value of A. Figure 4.9 shows the CARS resonances
calculated using the data of Table 4.2, and assuming that the input lasers have negligible
linewidth. |

The linewidth of the higher lying level at 2239 cm™! is much greater than the level at
2161 cm'l. The higher state may décay to the lower state by the spontaneous emission of a.
single phonon and is lifetime broadened. This broadening is enhanced by the existence of a

78 cm'! optical phonon in the CeF; crystal [42]. The lower level, on the other hand,

requires the relatively unlikely simultaneous emission of several phonons to decay to the
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ground 2F 5/, manifold. The I'/27c = 0.55 cm! linewidth of the lower level is probably due
to ion-jon interactions which occur in fully concentrated rare earth crystals.

The quantity lx®?R|___ may be calculated from Table 4.2. For the experiment with
visible lasers, IxR| .. -T” = 1.5 x 10" esu for the 2161 cm™! resonance and 0.6 x 10-14
esu for the 2239 cm! resonance. These values agree quite well with the prediction of the
Axe theory given in equation (4.1). Because the calculation in the appendix neglected
crystal field effects, the value given in equation (4.1) is the average value of IR, for
the four Stark components of the 2F, manifold.

The parameter A is related to the total spontanéous Raman cross section by (from

equations (2.20), (2.23) and (2.24))

= 32750 4 o
22z NC4 2272 A (4 1 1)

where @, is the frequency of the scattered light (the Stokes frequency). The Raman cross
sections (assuming ; = ;) are listed in Table 2. The Raman cross section in the visible
region compares well with the estimated values in the appendix (equation (4.32)). The
value in equation (4.32) is the sum of the Raman cross sections of the four levels of the
2F, n, manifold. The major uncertainty in the experimental values are due to the uncertainty
in the non-resonant susceptibility (or equivalently, the nonlinear index of refraction). An
accurate measurement of n, in CeFj in the z polarization in at 476 nm and 355 nm would
allow a more accurate absolute Raman cross section measurement.

Assuming that the 5d levels are degenerate, and that the 5d configuration dominates
the electronic Raman processes, the dispersion of the maximum value of the resonant
susceptibility is given in equations (4.15) and (4.17) of the appendix:

(3)R

Ixzzzz (_0}3’ Wy, W, —a}Z)Imax
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1 1 1 1
[(ws - Wsy) (0 + wsa)] |:(0’1 - wsy) (0 + wsa)] 4.12)

This allows a comparison of values of A for the visible and ultraviolet experiments. For
the visible experiments, w;/2rnc = 21000 cml, W,/2ntc = 18794.3 cm! and W3/2nc = _
23200 cml. For the ultraviolet experiments, ®;/27nc = 28191.5 cm’!, w,/2xc = 26000

cm! and Wch =~ 30400 cm!. In the Axe approximation, (s, /2%tc = 45000 cm™!. Then

P P | .
uv vis (03 - Wsq) (01 + Wsq) (01 ~ Osq) (w2 + Wsq)
A.. (3)NR [ 1 _ 1 :H: 1 _ 1 :I
vis u (03" - 0s) (01" + o) ] L(01* - o) (0F + o] (4.13)

or, upon inserting the above values (along with the nonresonant susceptibilities)

A
— = 1.43 £ 0.21
A, 4.14)
The uncertainty in the above figure comes from the uncertainty in x(S&NR/xfiWR. The

experimental ratios, from Table 4.2, are (A,,/Ay;s) (2161 cm™) = 1.4610.16 and (A,,/Ayis)
(2161 cm'!) = 2.23+0.95. This agreement is quite good. In their analysis of the
asymmetries in electronic Raman transitions in ErPO, and TmPO,, Becker et al. [110]
indicated that intermediate states of d and g electronic configurations make contributions of
‘‘equal significance.”” The above results indicate that the 5d configuration alone accounts

for the dispersion of of Ix®Rl ___in CeFs;.
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4.4 Summary

Strong electronic CARS resonances have been observed in CeF;. Figures of merit,
C = xR pyGWR_ = A[T, are an order of magnitude larger than measured previously in
other pure rare earth crystals. This is due to the fairly large electronic Raman cross section
which is, in turn, due to the relatively low 54 configuration of the Ce3* ion. The absolute
strengths of these résonances were accurately predicted usmg the Axe theory of two-photon
processes and along with 4f — 5d absorption data. Approximating the intermediate states

by a single degenerzite 5d level at 45000 cm™! accounted for both the absolute magnitude

and dispersion properties of ly®R| .

i

Appendix 4.1 Calculation of lx(3)R|mag and G,

A4.1.1 Appiication of the Axe Theory of Two-photon
Processes

The quantity lx(:’z)zflmax is calculated for an electronic CARS experiment in CeF3

using visible lasers. A frequency-doubled Nd3*:YAG laser provides w,/2nc = 18794.3
cm’!. A tunable laser operating in the 21000 cm! region provides w,. The CARS signal at
©3 = 20); — @, is then in the w,/2nc =~ 23200 cm™! region. (See Figure 4.1.) The quantity
ngzf(—ah, W, Wy, —0)l,,, for singly resonant CARS may be derived from equation

(2.17):

\

| (3)R| _ NA | (w5, wl)dii(wl’ @, )|
Xiiii lmax = 12 6T | (4.15)
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where

(g lenl n)n lenl f) _ (g ler,| nXn |eru|f>]

Oy (O (Oy) B E ;[ (0, — wgn) . . ((Oy + wgn)

(4.16)

is the usual (nonresonant) Raman tensor (equation 2.18).

The first approximation is the assumption that the intermediate states, In), are
dominated by the 5d levels at @, /21tc = 40000 to 50000 cml. Other excited states of
opposite parity are presumed to be too high in energy to contribute appreciably.- The next
approximation is originally due to .J udd [105] and Ofelt [106], and was first applicd to two-
photon processes by Axe [104]. If the denominators do not cause the quantities in the
summation to change rapidly as a function of n, the denominators may be removed from
the summation. This is equivalent to setting the energies of all the 5d levels to the same
energy. Thatv is, Wy, [2TC = W54 /27c = 45000 cml. Equation (4.16) may now be written

as

2 |
a.-.-(wx,wy)=%[ o ] Y (g Inl 5d)5d 15l )

(0, — wsy) (@, + Ws4) ] anl 5dstates

(4.17)

The initial and final states are in the 4f configuration and the intermediate states are 5d.

Using-the methods of Axe [104], the-above summation simplifies to

—

> (4f WM |zl 5d)(5d Izl 4f wI'M’)

all 5d states

= (I =30CON71=2)2 l4af | r| Sa)?
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1 A1 1 41 (A) rR g’
2 2 4fyIM 4 M
:<=0,2(;{+1)(000){3 23}<f1//-’ |U0 I A

(4.18)

The above equation may be evaluated if angular wavefunctions are available for
both the initial and final states, and the quantity 4f1 r 15d )| is known. Unfortunately, the
4f - 5d radial overlap varies from crystal to crystal, and accurate angular wavefunctions for
Ce*+in CeF; (or LaF;) are not known. As demonstrated below, an effective measure of
I(4f | r 15d )l may be derived from the 4f — 5d absorption spectrum of Ce3* in LaF;. For

the 4f wavefunctions, those of the free Ce>* ion are used.

A4.1.2 Calculating K4f | r 15d ) for Ce3+ in CeF3

- In the crystal field model, the crystal field Hamiltonian acts only upon anguvlar
variables. The radial wavefunctions are presumed to be unaffected by the crystal field
interaction. However, studies [23, 25, 107, .111, 112] indicate that the 5d radial
‘wavefunction may be sensitive to the local crystal environment, and the quantity
I{4f1 r15d )| can vary considerably from crystal to crystal. The 4f wavefunction has no
radial node while the 5d radial wavefunction has two nodes, one near the maximum of the
4f radial wavefunction. (See Figure 4.10.) Since the interaction of the the 5d electron with
the host lattice is much greater than the 4f electron, a small change in the 5d radial

wavefunction can significantly alter the radial overlap. Therefore, a calculation of

I4f 1 r 15d ) from the free ion wavefunctions cannot be applied to this work. An effective
measurement of {4f| r 15d )l may be derived from the 4f — 5d oscillator strength of the
Ce3* ion in the (Ce,La)F; environment.

The oscillator strength, f, is related to the absorption coefficient, a, by [113]
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mc?

f= Nfa(")d" o | o (4.19)

me?

where ¢ = 1/X. The oscillator strength is related to the dipole matrix element between the

initial state |i) and final state If'} by [105]

_ 2mrcro'(n2 + 2)2
i) 9n

'

f

. 2
I<i [l )l (4.20)

Both Erlich et al. [38] and Elias et al. [36] have measured the ultraviolet absorption spectra
of Ce3*:LaF;. Integration of the total spectra according to equation (4.19) yields a total
oscillator strength for the ground state to 54 configuration transition. The oscillator
strength should not depend on Ce3* concentration, so that the Ce3*:LaF; values should
apply to CeFs. Erlich et al. measured the spcc'tra of 0.05 mol % Ce** in LaF; at room
temperature. Measufement of the area \undcr the 4f — 5d absorption spectrum gave f = 2.2
x 10°2. Elias et al. measured the absorption spectra of 0.01 mol % Ce3* in LaF; at 100 K.
The area under the spectrum gave f = 1.8 ‘x 102, and there was no polarizatioh
dependence. For the purposes of this calculation, we shall assume that all levels of the
2F 5;, manifold contribute equally to the absorption spectrum to give a 4f — 5d oscillator

strength of f = 2 x 102, From equation (4.20) and f =2 x 102

Y Kilzl 5 = 9.1 x 107 Y%em? - @.21) .

all 5d states

Since all levels of the 2F s, manifold are assumed to be équally océupied, the initial state is
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NG

i) = |%Fsp) = —=2F (I5/2,%5/2) +15/2,#3/2) +|5/2, 21 /2))

4.22)

and the small amount of J-mixing is ignored. The summation in equation (4.21) may be

calculated with the aid of equation (4.18) and the quantities { 3 | CD 11 2) = 312, and

. ’ ’ 1 ’ ’
(Af WM [US®| 4f wI'M’) = 7 (WM, yJ'M’) (4.23)
to give
S Kilzl5a)? = 1laflrl say? 4.2
all 5d states 7 . B

(The A =2 term in equation (4.18) is zero when summed over all M.) Judd [114] has

derived an equivalent result. Combining equation (4.21) with (4.24) gives
IK4f 1A 5d)l = 0.25 A (4.25).

This compares with a value calculated for the free ion radial wavefunctions of K4f1r5d )l =
0.441 A [24]. (Recently, Lyu and Hamilton [115] have calculated I{4fIri5d ) = 0.29 A

from lifetime measurements of Ce3* in LaF; .)

A4.1.3 Wavefunctions for Ce3* in CeF3

Accurate wavefunctions for the electronic states of the 4f configuration of the Ce*

ion in CeF3 are not available. Fourteen crystal field parameters are needed to characterize

the Stark splitting of a 4f electron at a site of C, symmetry. Crystal field parameters are - |
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determined by a least squares fit of the energy levels to the crystal field Hamiltonian, and
the angular wavefunctions are the eigenstates of the Hamiltonian. In the cése of Cé3+, the
seven energy levels of the 4f configuration are insufficient to uniquely determine the
fourteen crystal field parameters. Additionally, aé discussed earlier, the only well
determined energy levels of the 4f configuration are the the four Stark components of the
2F,, manifold. Attempts to model the Ce3*:LaF; crystal field by assuming a higher
symmetry such as C,, or D3, (which decreases the numbcr'of crystal field parameters),
have proven unsatisfactory [34].

Without wavefunctions of the initial and final stafes, equation (4.18) cannot be
exactly‘solvcd. Approximations are necessary. As before, we assume that there is no J-
mixing. - For 4f electrons, a weak crystal field only mixes the J character of the 4f levels
slightly. Additionally, we assume that the wavefunctions lof the Stark components have:
spherical (i. e. atomic) symmetry as in the free ion. This is equivalent to a zero crystal field

approximation. Thus,

*Fsp) ='—1‘/=2F(|5/2, £5/2)+(5/2,£3/2)+15/2,£1/2))
6 .
| (4.2632)
1*Fyp) = 71———2F(|7/2, 7/2)+1(7/2,£572)+17/2,£3/2)
8
+17/2,21/2))
(4.26b)

The zero crystal field approximation is likely to be better for a Ce** ion at a site of
low symmetry (such as C,) than at a site of high syfnmetry. Like the free ion
wavefunctions, the angular wavefunction for a Stark component of a low symmetry ion
will contain all M (IM! <J) values, and no selection rules exist. Additionally, the crystal

field has only a second-order influence on the electronic Raman process. That is, the
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crystal field is responsible for the distribution of Raman intensity among the Stark

components of a given manifold. Use of equation (4.18), { 2F s, || UP || 2F 4, ) = 0.350,

the Wigner-Eckart theorem, and the orthogonality relation

J k J

(k) ’
M4 L R720

4.27)

WM [TP] yrmy = 174 [

and the orthogonality relation

AN N AR e
Z ( )( )— (2?1—)50@ k)5(q, q’) (4.28)

’
mym2 m, m; q m, my, ¢q

gives

2
= 6.06 x 107 [{4f | r| 5d)I*
(4.29)

> (Fyy Lzl 5dX5d 1z | %F,),)

all 5d states

Now the quantity Ix(zizflmax may be estimated for 2F 5,2 © 2F7,2 Raman transitions.

Use of equations (4.15), (4.17), (4.25) and (4.29) gives Ix %1 ., = 5.1 x 10" esu. This
(3R
x

> Imax for the four Stark components of the 2F;, manifold

value is actually the sum of Iy
(if one assumes that each level has a linewidth I'/2rtc = 1 cm!). One might then expect that

for each Stark level

3)R 5.1 % 10—14 €su

( 'ZF o 2F ~ ‘ 4.30
222 Ima € 5/2 72) 4 X (HWHM linewidth in cm) 430

This value is on the high end of resonant susceptibilities for singly resonant electronic

CARS experiments in rare earth crystals as discussed in section 2.3.1.
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A4.1.4 Calculation of the Raman Cross Section

The above analysis also applies to the calculation of the total spontaneous Raman
cross section for transitions from the 2Fs, ground state to the Stark levels of the 2F;,
manifold. The total (not differential) Raman cross section is related to the Raman in tensor

equation (4.16) by

i

_ 8mAdf |,
22 . 3C4

(4.31)

where @, is the frequency of scattered light (the Stokes frequency). This leads to a Raman

cross section of (assuming , /2%tc = 21000 cm 1)
Gzz(zps/z A 2F7/2) =1.6 % 10_2gcm2 i (4.32)

Again, the above expression is the sum of Raman cross sections for the four Stark
components of the 2F;, manifold. This is on the high end of the range of ERS cross
sections [73]. For comparison, Williams er al. 23, 25] measured G, = 1.4 X 10-% cm? for

the four 2F5;, Stark components in Ce3+:LuPO,.
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Appendix 4.2 Stimulated Electronic Raman Gain

A4.2.1 Introduction

Finally, I discuss stimulated electronic Raman scattering in rare earth crystals. The
data collected in the electronic CARS experiments in CeF; enables a célculation of the
stimulated Raman gain coefficient. I observed no electronic‘ stimulated Raman gain in
CeF;. This was due to mainly to the low crystal damage threshold.

Stimulated electronic Raman scattering has been obsérved in atomic vapors, but
never involving the electronic states of ions in crystals. While the energies of molecular
vibrations are limited to the infrared, the energies of electronic transitions may be in the
infrared, visible or ultraviolet. As a consequence, electronic stimulated Raman scattering
may shift the frequency of an input laser by tens of thousands of cm!, while vibrational
stimulated Raman scattering only shifts frequencies by thousands of cm™l. Since CeF; has
a large electronic Raman cross section (for a rare earth system), it is a good system on
which to begin the investigation of stimulated electronic Raman gain in crystals.

Like CARS and two-photon absorption, stimulated Raman scattering may be
viewed within the framework of four-wave mixing. In the stimulated Raman effect, the
presence of a lightwave at frequency ), causes a lightwave at frequency @, to be amplified
when f(w, — w;) is equal to the energy of a Raman transiltion. The initial growth of the

Stokes wave, I, compared to its initial value /,(0) is given by [54]

I, = [(0) exp [gRllp:] (4.33)

127



where gg is the Raman Gain coefficient, [ is the distance over which both lightwaves
interact, and 1, is the intensity of the lightwave at o, (the “‘pump”” frequency). The Raman

gain coefficient is related to the spontaneous Raman cross section, ¢, by [54]:

_ 3N ncznpo"
8 = ey ‘ : (4.34)

This quantity may be calculated from the linewidths and electronic Raman cross

sections listed in Table 4.2. For ,/27c = 28192 cm’!, the Raman gain for the 2161 cm™!

level at 3.8 Kis

cm .
gr = 0.52 = (4.35)

For w,/2rc = 21000 cm’!, the Raman gain is for the 2161 cm! level is

_ cm

Since gp is inversely proportional to the linewidth, the gai_n for the other states of the 4f.
configuration will be much smaller. Recall that the Stark components of the 2F 52 manifold
are vibronicly broadened by ~ 100 cm™!,

Equation (4.34) gives a value of gz = 1.9 cm/GW for the 992 cm! vibration in
benzene in the visible region (N =7 x 10! cm3, I'/2nc = 1.2 cm'!, 6 = 2.7 x 1028 at o,
/21c = 21000 cm! [72]). For the 1085 cm'! vibrational mode in a calcite (CaCO;) crystal,
a measurement of the Raman gain gave 13 cm/GW [116]. Thus, the calculated electronic
Raman gain in CeF; at low temperature is several times smaller than vibrational Raman gain

1In common materials. -
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A4.2.2 Experimental

The apparatus used to detect Raman Gain is shown in Figure 4.11. A laser pulse of
frequency , is focused on the sample with a 15 cm lens. The light passes through 1 cm of
the sample. Spontaneous Raman scattering produces photons of energy fiw = £(w, — Wg).
The photons of frequency w, which travel along the path of the pump beam are amplified
according to equation (4.33). The iris blocks .off-axis scattered light which consists
primarily of spontaneous Raman photons. A lens collimates the light,__ and a prism

separates ®; and w,. The Stokes beam is focused into the SPEX 1403 double

monochromator. The Stokes signal is detected with the same photomultiplier tube and
electronics as in Chapter 2. A variety of pump sources (frequency-doubled and tripled
Nd3*:YAG, pulsed dye lasers, and frequchcy-doubled pulsed dye lasers) were used to
cover the range w,/27c ~ 18000 cm™ to ~ 33000 em™!. A nonlinear relationship between
the intensity of theﬁ pump and the Stokes intensity indicates stimulated Raman gain.

In benzene and calcite samples (~ 1 cm thickness at room temperature) stimulated
vibrational Raman gain was easily observed. In both cases stimulated Raman gain was
Qbserved at pump energies of ~ 100 uJ/pulsc. (The low threshold in benzene is due to self-
focusing of the pump beam [54].) At slightly higher energies, a fair fraction of the pump
beam was converted to a coherent beam at the Stokes frequency, and the signal was clearly
visible to the naked eye. |

No stimulated electronic Raman gain was observed in CeF; at 3.8 K. The pump
beam could be polarized either parallel or perpendicular to the crystal axis. The frequency
of the input light ranged from ~ 18000 cm™! to ~ 33000 cm™!. When the frequency-tripled
Nd3+:YAG was used as the pump (w,/21nc = 28191.5 cm'! ), the threshold for crystal
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damage was ~ 700 pl/pulse (~ 1 GW/cm?). At higher pump frequencies, the damage
threshold was lower. No stimulated electronic Raman gain was seen below the onset of

crystal damage.

A4.2.3 Analysis

The experimenfal apparatus described above is adequate for the demonstration of
stimulated Raman gain if the gain coefficient is high enough. Since the spatial profile of the
pump beam as it passes through the sample is not well known, it is difficult to put an upper
limit on the electronic Raman gain coefficient of CeF;. Other experimentai arrangements
permit accurate quantitative measurements. The best methods use stable cw pump and
probe beams, and detect the small change in the probe intensity induced by the pump beam
[55].

Optical fibers are perhaps the most apprepriate structures for stimulated Raman
scattering since tixey provide beam confinement and long interaction lengths. In a silica
glass fiber, the maximum vibrational Raman gain coefficient is ~0.01 cm/GW [117], and
stimulated Raman scattering, Raman amplification, and Raman lasing have been observed.
If one assumes that the linewidth of the 2161 cm™! electronic level in CeF; increases by an
order of magnitude at room temperature, then gp ~ 0.01 cm/GW (from equation (4.36)). If
a CeF; single crystal fiber.were fabric;e_ued, one then may expect to observe electronic

Raman gain at room temperature.
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visible

ultraviolet

Coumarin 500 dye
@/27c = 21000 cm’! (tunable)
Aw/2rc =0.25 cm’!

ripled Nd*:YAG
®,/21c = 28191.5 cm’! (fixed)
Awy/2mc = 0.80 cm!

Nd3*+:YAG 2nd harmonic
W,/21c = 18794.3 cm’! (fixed)
Awy/2rc =0.52 cm’!

Quinolon 390 dye
0,/27c = 26000 cm’! (tunable)
Awy/2rc = 0.60 cm’!
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TABLE 4.1. Characteristics of the lasers used in this chapter. Linewidths are FWHM.




w/2rc

ijji Af2re I2rc - C G,
(em) (em™) m) (cm?)
visible
lasers N
., = 21000 cm™ ‘2161 zzzz 1.9530.10 0.55+0.03 3.5 (5.0+1.1) x 10°%°
0,=187943cm™ | 2239 222z 0.7240.22 ©  3.5%1.0 021  (1.940.7) x 10°%
Xoe = |
(8.0+2.0) x 1073 esu
ultraviolet 2161  zzzz 2854029 0.60+0.06 4.8 (2.920.9) x 10%
lasers 2239 zzzz 1.610.5 4.52+1.4 036  (1.6£0.7)x 10°%
;ol =28191.5cm™ | 2161  xzzx  235#025  0.50%0.05 4.? -
0, = 26000 cm! 2239 xzzx 0 - - -
OR 2161  yzzy. 2.35¢0.25 0.50+0.05  4.7- -
(9.7+2.9) x 1015 esu| 2239 yzzy 0 - -~ -

TABLE 4.2. Summary of the data and estimated uncertainties. (C =1y

A/T) The total spontaneous Raman cross section, G,,, is related to A and

equation (4.11).
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5d bands
~40000cm to
~50000cm !
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______ P /

[T - -G - — - ~21000 cm™!
@, @, | W= 20,— W,
@,
| I N 2239 cm™!
*Fop S B
s 2161 cm
F5Q 0 Cl’l’l—’1

FIGURE 4.1. Schematic diagram of singly resonant electronic CARS in CeF; using
visible lasers. A frequency doubled Nd3*:YAG laser provides a fixed w,/2nc =18794
cm’l. A tunable dye laser provides ®,/2nc = 21000 cm™!. Energy levels are not drawn to

scale. Only the energy levels measured in this chapter are drawn.
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FIGURE 4.2.(a). Linear intensity scale: Intensity of CARS signal, normalized to the off
resonance intensity, at frequency s as a function of @, — w, with the visible lasers

polarized in the z direction. Solid line is a fit to the parameters listed in Table 4.2. (A/27c
=1.95 cml, [/27mc = 0.55 cmr'Y) '
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FIGURE 4.2.(b). Logarithmic intensity scale: Intensity of CARS signal, normalized to
the off resonance intensity, at frequency ; as a function of w, — w, with the visible lasers

polarized in the z direction. Solid line is a fit to the parameters listed in Table 4.2. (A/2nc
=1.95 cm}, I'2nc = 0.55 cm™})
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FIGURE 4.3. Intensity of CARS signal, normalized to the off resonance intensity, at
frequency @, as a function of @, — ®, with the visible lasers polarized in the z direction.
Solid line is a fit to the parameters listed in Table 4.2. (4/2nc = 0.72 cm’!, T/2nc = 3.47

cml)
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FIGURE 4.4. (a) Phase matching condition for CARS: k; = 2k; — k,. (b) Phase
matching impossible for CARS in CeF; in zxxz polarization. (c) Phase matching for
CARS in CeF; in the xzzx polarization. '

FIGURE 4.5. 9’is the angle between ®, and ®, outside of the medium with index of
refraction n. Inside the medium the angle is 8. 8 and 0’ are related by Snell's law: 7 sin
(6/2) = sin (872).
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FIGURE 4.6.(a). Linear intensity scale: Intensity of CARS signal, normalized to the off
resonance intensity, at frequency s as a function of ®; — w, with the ultraviolet lasers

polarized in the z direction. Solid line is a fit to the parameters listed in Table 4.2. (A/2rnc
=2.85cm’!, I'/2nc = 0.60 cm™!)
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FIGURE 4.6.(b) Logarithmic intensity scale: Intensity of CARS signal, normalized to the
off resonance intensity, at frequency s as a function of ®; — w, with the ultraviolet lasers

polarized in the z direction. Solid line is a fit to the parameters listed in Table 4.2. (A/2rc
=2.85 cm’!, I'/2rc = 0.60 cm’})

139



w3 /2mc (cm'l)
30420 30440 ' 30460

T === =T T T T Y T T

&

S

3

Q

A

<

E :

Q

Z
0.5F -
0.0 F .

) ! )| 1 P | T |

2220 2230 2240 2250 2260
(@ - @y)/2rc (cm'D)

FIGURE 4.7. Intensity of CARS signal, normalized to the off resonance intensity, at
frequency ws as a function of ®, — @, with the ultraviolet lasers polarized in the z direction.
Solid line is a fit to the parameters listed in Table 4.2. (4/2xnc = 1.61 cm’}, I'/2nc = 4.52

cm'l)
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FIGURE 4.8. Intensity of CARS signal, normalized to the off resonance intensity, at
frequency ws as a function of @, - ®, . Closed squares refer to ), ,,, and open squares

refer to x®,,,,. Solid line is a fit to the parameters listed in Table 4.2.
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Figure 4.9. CARS resonances calculated from the data of Table 4.2, assuming that the
input lasers have negligible bandwidths (A, << 2I). '
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FIGURE 4.10. Radial wavefunctions (r {n/ | r ) ) as a function of r for the Ce3* free ion.

From a Hartree-Fock calculation [50].
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Y
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FIGURE 4.11. Schematic diagram of apparatus used to investigate stimulated electronic

Raman gain in CeF;. The frequency of the incident light is @, and wg/2ntc = 2161 cml,
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