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Abstract 

Absorption, excitation, continuous fluorescence, and pulse fluorescence meas- 
urements were made on ruby samples with 0.94 percent and 2.1 percent Cr     in 
the temperature range from 4.2*K up to 700'K.   The widths, positions, intensities, 
and lifetimes of the R and N fluorescence lines were determined at numerous 
temperatures. 

The results for the temperature dependence of the linewidths are explained in 
terms of microscopic strains, Raman scattering of phonons by the impurity ions, 
and direct phonon processes. The results for the lineshifts with temperature are 
due to the absorption and emission of virtual phonons. A Debye model of phonons 
is used with different effective phonon distributions for the linewidth and lineshift 
processes. Also, the effective phonon distribution for the broadening of pair lines 
is different than that for the broadening of single-ion lines. 

Ratios of the intensities of the Rj, R,, and N, lines to the N.  line are pro- 
portional to the relation exp [ - AE/(KT)) at high temperatures but not at low tem- 
peratures, indicating that energy transfer between single-ion and double-ion sys- 
tems is temperature and concentration dependent.   The temperature dependence 
of the relative intensity ratios of the no-phonon lines is used to construct energy 
level diagrams for two pair systems and to assign the lines to specific transitions. 

The observed lifetimes of the R and N lines coincide in the temperature range 
where the systems are thermalized and the observed decays are pure exponentials. 
At temperatures where the systems are decoupled, an initial rise in fluorescence 
is observed at the N lines.   The subsequent decay has the lifetime of the R lines 
for a 0. 94 percent sample and the lifetime of the N lines for a 2.1 percent sample. 
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These results are also explained in terms of energy transfer from single ions to 
pairs. 

The effects of reabsorption on the fluorescence spectrum are also discussed. 
Selective reabsorption causes the R lines to be self-reversed.   Reabsorption effects 
are also seen in the Nj and N, lines as well as various other lines due to Cr a 

ion pairs.   The widths of the lines in the reabsorbed spectra are greater than the 
fluorescence linewidths.   The magnitude of these effects is explained by three fac- 
tors:  the dynamics of the excitations, the absorption cross section, and the popu- 
lation of the various levels. 
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The Interaction of Chromium Ions in Ruby Crystals 

1. INTRODUCTION 

The purpose of this work is to investigate some of the static and dynamic prop- 

erties of interacting impurity ions in crystals.   Because of its importance in quan- 

tum electronic devices, ruby has been chosen as an example material for this study. 

The extremely rapid development of the laser has given great impetus to both 

the experimental and theoretical investigations of paramagnetic ions in diamagnetic 

host lattices.   Thus, in recent years, solid state spectroscopy with its interpreta- 

tion through ligand field theory has become one of the most active and important 

areas of physics.   A great amount of varied information can be obtained through 

these techniques and applied to the study of numerous physical phenomena.   For 

example, in investigating materials for use as lasers, the interesting spectral 

features include a wide absorption band, a sharp emission line, and a high quantum 
efficiency between them. 

The experimental techniques and the resulting data are different for the vari- 

ous regions of the spectrum.   Optical spectroscopy is the most productive area in 

terms of information pertinent to the study of laser crystals.   Therefore, the 

present work will deal mainly with this region of the spectrum.   The observed 

spectrum is due to a rearrangement of the coupling of the electrons in the outer- 

most shell of the active ion.   Other interesting regions of the spectrum include the 

(Received for publication 29 August 1966) 



I 

ultraviolet range which yield« Information on charge transfer processes, the 
Infrared region In which the lattice vibratlonal frequencies are detected, and the 
microwave range In which E. P. R. * techniques can be used to study ground state 
splitting« and magnetic properties. 

It 1« possible to categorize the information concerning a fluorescent system 
which 1« obtained through solid state «pectroecopy as static or dynamic.   The 
former classification include« properties of the fluorescent system per se such 
a« the energy levels and wave functions.   The latter category consists of proper- 
ties of the fluorescence system which arise through the interaction of the system 
with "external" perturbations such as radiation and lattice vibrations.   Examples 
of this type of information include fluorescent lifetimes and «election rules.   The 
Impurity ion can also be used as a probe to extract information about the host lat- 
tice and about various phonon processes occurring in the crystal.   For example, 
the fine structure of the " vibronic" bands yields information about characterist'c 
lattice vibrations. 

A number of experimental techniques are available in optical spectroscopy. 
Absorption measurements are made by scanning the monochromatic exciting radia- 
tion through the frequency range of interest and detecting the intensity loss of the 
radiation which passes through the sample at each frequency.   The fluorescence 
spectrum is obtained by exciting a sample with energy spread over a wide range 
including the main absorption bands and detecting the energy emission at each 
frequency by scanning over the range of interest.   In excitation experiments one 
emission frequency is monitored while the frequency of the exciting monochromatic 
light is varied.   In pulsed fluorescence experiments a short intense pulse of white 
light is used to excite the sample and the intensity decay with time of the emission 
at a specific frequency is monitored.   Using the same experimental arrangement 
with a variable monochromatic pulse yields selective excitation data. 

The properties of paramagnetic ions in crystals can best be explained through 
ligand field theory.   In this theory the active ion is considered as being at the cen- 
ter of a coordination polyhedron formed by Uganda.   The Uganda themselves are 
considered only as point charges which create an electrostatic field surrounding 
the central ion.   Thus, no interaction of the ligand orbitale with those of the cen- 
tral ion can be treated explicitly.   Therefore, this model reduces the problem to 
one of Stark snlitting of the energy levels of the magnetic ion in an electrostatic 
field of specific symmetry.   The effect of any covalency in the bonding of the mag- 
netic ion and the Uganda is accounted for by adjusting the free ion Racah param- 
eters and the crystal field Dq parameter to give a good theoretical fit with experi- 
mental data.   A more exact treatment of the problem is given by molecular orbital 
theory.   Combinations of the metal ion and ligand orbitals are formed to give 

♦Electron paramagnetic resonance 
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molecular orbitals which account for any overlap.   In practice this approach it 
mathematically cumbersome and generally ligand field theory can explain a large 
part of the optical spectrum.   In the case of ruby, ligand field theory has bepn 
quite successful in explaining the observed experimental results. 

In general the materials used as lasers have a very low concentration of active 
ions, for example, standard laser ruby contains 0.05 atomic percent Cr    .   In this 
situation one paramagnetic ion is completely isolated from the perturbing effects 
of other paramagnetic ions.   At higher impurity concentrations the probability of 
finding two active ions near together increases and all the ions can no longer be 
considered as isolated.   The interaction between pairs of some of the ions creates 
an entirely new fluorescent system in the crystal.   This is important for several 
reasons.   First, although relatively high concentrations tend to quench the fluores- 
cence (and thus the laser emission) at the normally observed frequencies, it cre- 
ates the possibility of obtaining laser emission at new frequencies.   In fact, laser 
action has been observed simultaneously at two frequencies in heavily doped ruby 
due to pair transitions (Schawlow and Devlin, 1961).   The pair system in dark ruby 
is also important in other quantum electronics applications.   For example, transi- 
tions among the components of the split ground state manifold of the pair systems 
may be useful for masers and quantum counters in the submillimeter range.   From 
a more basic point of view the study of heavily doped ruby may increase the rela- 
tively limited understanding of the phenomena associated with interacting paramag- 
netic ions in crystals. 

This work is an extensive investigation of the spectroscopic properties of 
heavily doped ruby.   Throughout this thesis, the concentration of sample doping 
is given in atomic percent chromium.   The standard terminology which is used 
is given in Table 1.   The properties of pink ruby are summarized and experimental 
data are presented for the purpose of comparison with dark ruby.   The previous 
work done on heavily doped ruby is discussed and the theory of exchange coupled 
ion pairs in crystals is developed.   Various theoretical topics needed for interpret- 
ing the results, such as vibronic transitions and Raman scattering of phonons by 
impurities, are then developed. 

Table 1.   Concentration Terminology for Ruby 

Color Relative Amount 
of Cr Doping 

Atomic Percent    | 
Cr Concentration 

Pink ruhy 
Red ruby 
Dark ruby 

Lightly doped 
Medium doped 
Heavily doped 

Less than 0.1% 
0.1% to 0.5%           | 
Greater than 0. 5% 

■ 
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Several ruty samples with various chromium concentrations were studied. 
Their absorption spectrum was obtained at room temperature and at 77*K.   Com- 
plete fluorescence spectra of the samples were obtained at various temperatures 
from 13*K up to 700'K.   Excitation measurements were performed on several of 
the lines of interest at liquid helium temperature and room temperature.   The 
thermal dependence of line width, line position, line shape, intensity, and fluores- 
cence lifetime were determined for various lines of interest.   Reabsorption meas- 
urements were also made at various temperatures. 

The results of the above experimental work are interpreted in terms of pair 
effects.   A physical model is developed consisting of a host lattice with two types 
of active impurities, single Cr+3 ions and pairs of Cr+3 ions.   A comparison is 
made between the effects of various physical phenomena, such as Raman scatter- 
ing and "vibronic"  transitions, on single ions and on coupled pairs of ions.   The 
energy level diagrams are constructed for two nonequivalent pair systems and 
observed lines are assigned to various transitions within these systems.   A cross- 
relaxation mechanism is developed as a proposed explanation for the transfer of 
energy from single ions to pairs. 

2. ENERGY LEVELS AND SPECTRA OF Cr +3 IONS IN AlgOj 

Ruby is aluminum oxide doped with a small amount of chromium.   The o-phase 
AI2O3 host lattice is known as sapphire or corundum.   The lattice structure is 
shown in Figure i from Geschwind and Remeika (1962).   The planes of oxygen ions 
are almost hexagonal close-packed.   However, the angular distortion of some of 
the oxygen bonds prevents perfect close-packing and the resulting space group is 
R3C (Wyckoff,  1948).   The aluminum ions fit between the oxygen planes with an 
A-B-C stacking.   As seen in Figure 1 the positions of the aluminum ions vary 
along the C-axis and every third cation site is vacant. 

The Cr+3 ions enter the host lattice substitutionally for aluminum ions.   They 
are surrounded by six oxygen nearest neighbors in almost octahedral coordination. 
The ideal site symmetry is characterized by the O^ point group.   However, the 
octahedron is stretched along the three-fold axis corresponding to the C-axis of 
the crystal.   This trigonal distortion lowers the site symmetry to C3V.   The angu- 
lar displacement of the oxygen bonds further lowers the symmetry to C3.   However, 
for determining the effects of the crystal field on an impurity Cr+3 ion, the cubic 
Ojj symmetry is a good first approximation and the trigonal distortion can be treated 
as a perturbing effect. 
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2.1 Lightly Doped Ruby 

The optical properties of lightly 
doped ruby have been thoroughly in- 
vestigated both experimentally and 
theoretically.   The electronic transi- 
tions and resulting spectra are now 
quite well understood (Sugano and 
Tanabe,  1958; Sugano and Tsujikawa, 
1958; Sugano and Peter,  1961).   For 
concentrations of less than about 
0.1% Cr     the chromium ions can be 
considered as isolated from any per- 
turbing influences of other chromium 
ions in the lattice. 

The energy levels for ruby are 
shown in Figure 2.   The terms of the 
free chromium ions are split by the 

Figure 1.   Structure of the Corundum 
Lattice (after Geschwind and Remeika, 
1962) 

octahedral crystal field into crystal field terms.   The total orbital angular momentum 
L is no longer a good quantum number.   The crystal field eigenfunctions transform 
according to representations of the cubic group and L is replaced by the symbol 
designating the representation of the cubic group.   The total spin S is still a good 
quantum number in the crystal field. 

The octahedral quartet and doublet states are shown in the middle of Figure 2. 
To the left of these the free ion terms and the crystal configurations are given. 
The energies of crystal terms with the ground state configuration (t^ do not de- 
pend on the crystal field splitting parameter (10 Dq) and therefore appear as 
straight lines in the diagram.   Terms belonging to configurations with one or more 
electrons in £. crystal orbitals will be affected by the modulation of 10 Dq due to 
thermal vibrations and they appear as bands in the diagram.   The splitting of the 
octahedral states by the smaller effects of spin-orbit coupling ond trigonal distor- 
tion is shown on the right side of Figure 2 for the levels that will be discussed later. 

The observed absorption and fluorescence spectra can be explained by consider- 
ing transitions between those energy levels governed by the selection rules discussed 
in the next section.   The absorption and fluorescence spectra are discussed in detail 
in Sections 5 and 6, respectively.   The main features of the absorption spectrum can 
be divided into two categories, bands and lines.   The two most prominent bands are 
due to transitions from the 4A2 ground state to the ^T^ state (U band) and to the 
4T.  state (Y band).   There are three groups of lines which appear in the absorption 
spectrum.   The R lines are due to transitions from the ground state to the compo- 
nents of the lowest 2E level split by spin-orbit interaction and the trigonal field. 

"■«yiii^ 

, 

4 



•MM 

w m ^sss 

(«H) 

M) 4T. 

(4*) 

(4*) 

■f- 

«T, 

W//WSA 

mm 

N       (*)     %        mmt 

E«/t <: 

«ve 
EI/I^- 

(v)       (*)     T. MM 
(••) (4)       «T, 
(••) (4)      1 

•  <■ 

«Ml       ^- 

(M (4) 

mCEION        CRYSTAL 
TCNM      OONMOUNATION 

MlMTin) MUMTU 

OCTAHEDRAL 
FIELD 

spiN-onerr 
INTERACTION 

TRIGONAL 
FIELD 

Figure 2.   Ruby Energy Levels 



The S lines are due to similar transitions to the lowest 2Tj level.   The B lines 

terminate on the components of the split ^T, level between the bands.   The most 

prominent features in the fluorescence spectrum are due to transitions between the 

split components of the resonant 2E level and the ground state. 

2.2  Heavily Doped Ruby 

At chromium concentrations greater than those found in lightly doped ruby the 

probability of forming pa^rs of chromium ions increases and ion-ion interaction 

becomes relevant.   The number of pairs may be great enough to be significant in 

spectroscopic investigations.   These interacting pairs of ions have different energy 

levels and spectroscopic properties than the single ions.   One of the earliest notable 

investigations of the spectrum of heavily doped ruby was reported by Deutschbein 

(1932).   He reported the existence of a large number of lines on the low energy side 

of the two prominent R lines.   These were designated "satellite"  or N lines. 

Jacobs (1956) reported the accurate position of 110 lines in the spectrum of heavily 

doped ruby. 

Schawlow et al. (1959) first investigated the concentration dependence of these 

lines.    They found that th? relative intensity of the N lines to the R lines increased 

with concentration, linearly at first and then faster than linearly at higher concentra- 

tions.    Tolstoi and Abramov (1963) found the same results.   The linear increase was 

explained by attributing the N lines to pairs of coupled ions.   The number of ion 

pairs increases quadratically with concentrations so the intensity ratio of a pair 

line to a single ion line should depend linearly on concentration.   The deviation 

from linearity was explained in terms of energy transfer from single ions to pairs 

which is discussed later.   Wieder and Sarles (1961) observed stimulated emission 

in the two most prominent pair lines,   Nj and N2.   In the same year Schawlow and 

Devlin (1961) observed simultaneous laser action in these two lines.   They inter- 

preted this as indicating that the two lines are associated with different systems of 

non-equivalent pairs. 

The coupling mechanism for the ion pairs has been attributed to exchange inter- 

action because of the antiferromagnetic nature of Cr^Oy   The theory of Isotropie 

exchange interaction with an adjustable coupling coefficient J was found to accurate- 

ly describe the ground state splittings but not those of the excited state (Clogston). 

Neglecting the distortion of the environment of one Cr+3 ion due to the near- 

ness of another one, we can assume each ion of the pair to be in single ion energy 

levels.   The Hamiltonian for the pair can be written as: 

H = Hj + H2 + interaction • (1) 

where the phenomenological coupling term is: 



f 
H int ÄflJ2 (2) 

J > 0 corresponds to ferromagnetic coupling, whereas J <  0 corresponds to anti- 
ferromagnetic coupling.   As discussed in the last section, the ground state for a 
Cr     ion in an octahedral site is 4A2 (^F).   In ruby this is split by spin-orbit inter- 
action and the small trigonal crystal field into two Kramer doublets with spins 
Mg = ±1/2 and Mg = ±3/2.   However, this splitting (-0. 38 cm'1) is small compared 
with the exchange splitting and, therefore, may be neglected.   Thus, the ground 
state for our coupled ion pair is one in which each ion is in its individual ground 
state with Si * 3/2.   The excited metastable state for the pair occurs when one ion 
is in the ground state and the other ion is in the 2E single ion state.   Matters are 
complicated here by the splitting of the 2E level of 29 cm'1 by spin-orbit inter- 
action and the trigonal field.   This is comparable to the exchange splitting. 

The single ion ground state term is split by the exchange coupling in the follow- 
ing way.   The pair Hamiltonian and its ground state eigenfunction are given by: 

Hpair = H, +  H2 -^   ?i . ?2 

Kpair>=IV>K2>- 

(3) 

(4) 

The complete set of commuting operators for H is: 

pair       12 Z 

Equation (3) can be put in a different form using 

•*      ■*        S2 - Si2  - S22 
VS2 (5) 

"•2 "• 2 The eigenvalues of S    and Sj    are 

\py = fi2S(St 1), 

(si2^ f.2Si(Si+ 1). 

(6) 

(7) 

For the ground state Sj = S^ =  3/2.   The coupling of two angular momenta of 3/2 
is: 



■ 

S -  |Si + S2|. IS! +  S2  -1| IS!  - S2|. 

S =  3, 2,  1, 0. 

So the energies of the components of the ground state manifold are: 

Sair=<Sair Impair)   ' <^|< ^ I ^ +  H2 

= E 1 +   E0
2  - J fs(S+ 1) - 3/2 (3/2 + 1)  -   V2 (3/2 +  1)] 

= 2E0 +  -^ J  -JS(S+1). 

(8) 

(9) 

The first two terms simply shift the energy level without splitting it.   However, 
the last term splits the ground state into four components.   Using the values of S 

from Eq. (8) in Eq. (9) shows the amount of splitting to be: 

AE = 0, J,  3J, 6J. (10) 

For ferromagnetic coupling J is positive so the state of lowest energy is 
S = 3.   For antiferromagnetic coupling J is negative and the S = 0 state has the 
lowest energy.   From this information the energy levels of the ground state mani- 
folds for ferromagnetic and antiferromagnetic coupling can be determined. 

In thermal equilibrium the population of a level is given by: 

r\> = Ae 
-Ei/kT (ID 

If several levels are in thermal equilibrium with each other,  we can write equa- 
tions similar to the above one for each state.   There is the additional constraint: 

^ nj = N. 

From this we can evaluate A. 

E  n. = AE e-
E"KT ■ N 

.     A N N 
•  •  A =  _    -Ei/Kt-2- 

L e 

i 

(12) 

(13) 

I 
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?-Ei/KT 
e    1 •» partition function.   The population dependence of 

the ith state is then given by: 

ni 
-Ei/KT 

*—s N. (14) 

For the two types of coupling the partition functions are: 

Zf o 7 +   5e-3J/KT +   3e-5J/KT +   e-6J/KT 

ZA. 1 +   ae-J^T   +  Se-^T +   7e-6J/KT. 

(15) 

(16) 

(where the coefficients represent the statistical weights 28+1).   A summary of the 
Isotropie exchange splitting and temperature dependence of the level populations is 
given in Table 2 (Kisliuk et al.,  1064). 

Table 2.   Couplings of Cr+3 Ions in Ruby (Kisliuk et al.,   1964) 

|            Antiferromagnetic Coupling Ferromagnetic Coupling                | 

HEXCH 3 J<S1 ' SZ) HEXCH = -J^'Sg) 

ZA =  1 + ae-J/KT + 5e-3J/KT + 7e-6J/KT Zp = 7 + 5e-3J/KT + je-SJ/KT + e-6J/KT 

ENERGY     S = I?! + S2|     TEMP DEP ENERGY     S = I?! + S2|      TEMP DEP 

6J                        3                     Ä^SI 
ZA 

6J                       0                      ^SI 
Zp          j 

5J                         1                         *-5J/KI 
ZF 

3J                        2                     Ä^Sl 

1 
3J                        2                        R-i

J/KT 

Zp          | 

ZA 

o           o                 J- 
A 

0—         3                  z1" ZF 

(J is the magnitude of the coupling parameter.) 
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The theoretical considerations discussed above were used in conjunction with 
experimental work done by several groups of people to construct energy level dia- 
grams for two non-equivalent types of pairs and to assign twenty-eight lines to 
specific transitions within the pair systems.   Daly attempted to use monochromatic 
excitation experiments to identify the transitions giving rise to satellite lines 
(Daly, 1961).   He excited the sample with monochromatic light of variable frequency 
and monitored the fluorescence at a specific N line.   Since these experiments were 
performed at 4,K, the fluorescent transitions were assumed to originate in the low- 
est components of the excited state manifolds and the absorption transitions to orig- 
inate in the lowest components of the ground state manifolds.   Therefore, fluores- 
cence at a particular frequency was observed only when the excitation energy was 
at a frequency corresponding to a transition from the ground state to some compo- 
nent of the excited state manifolds.   From these experiments the lowest lying com- 
ponents of the metastable states and the various components of the ground state 
manifolds were obtained along with the assignments of several transitions.   The 
low intensity of the fluorescence caused these measurements to be made with slit 
widths which were too wide for good resolution. 

Kisliuk et al. (1964) investigated the two strongest satellite lines by measuring 
the temperature dependence of their absorption strength.   The problem then was to 
determine the values of J for the ground states and the initial levels of the various 
absorption transitions.   The temperature dependence of the intensity of a line start- 
ing from level E} is the same as the temperature dependence of the population of 
E} and thus is given by Eq. (14).   The temperature dependence of the populations 
of the various components of the ground state were plotted for ferromagnetically 
coupled pairs and for antiferromagnetically coupled pairs.   Some of these curves 
could then be fit with the points obtained experimentally by assuming specific val- 
ues of J.   For the 7009 A (N2) line all three ferromagnetic curves gave a good fit. 
The S » 3 antiferromagnetic curve also fits this data.   Using the values of J needed 
to fit these curves to the experimental data, energy level diagrams were constructed. 
The transitions predicted from these diagrams were compared with those seen ex- 
perimentally by Jacobs (1956).   Only one set gave a good fit.   This fixed the value 
of J for the 7009 A line and determined the transitions available to this type of pair. 
Thus, the 7009 A line was assigned to a ferromagnetically coupled pair.   From the 
wavelengths given by Jacobs an energy level diagram was constructed which asso- 
ciated three other lines with the same type of pairs.   The 7009 A line was found to 
terminate on an S = 1 level 35 cm'1 above the ground state.   The value of J was 
found to be 7 cm"1. 

Similar considerations for the 7041 A (Nj) line showed only fair agreement with 
experiment.   Kisliuk et al. (1964) assigned this transition to an antiferromagnetically 
coupled pair which terminated on an S = 1 level 32 cm'1 above the ground state giv- 
ing a value J a 32 cm'1 for this line. 

■•«• 
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Statz et al. (1961) used paramagnetic resonance measurements to investigate 
the magnitude of the coupling exchange field for various types of pairs. They 
found that J ■ 385 cm'1 for the first nearest neighbors, J ■ 1 cm'1 for third and 
fifth nearest neighbors. The second nearest neighbor coupling constant could not 
be given a value. The fourth neighbor coupling constant was uncertain and it was 
suggested that the coupling might be ferromagnetic. 

Kislluk et al. (1964) suggested that for their data to be consistent with that of 
Statz et al. (1961), the 7009 A complex should arise from fourth nearest neighbor 
pairs and the 7041 A complex from second nearest neighbors.   Some work on the 
piezospectroscopic effect had led to an assignment of the 7041 A line to the sixth 
nearest neighbors (Kaplyanskii and Prevuskii,  1962).   However, the accuracy of 
the assignment was not great enough to preclude the fourth nearest neighbor 
assignment. 

After extending their previous investigations to 4. 2*K, Kislluk and Krupke 
(1965) made a new assignment for the 7041 A line which gave a closer fit with 
experiment.   They also showed that certain lines disappeared from the absorption 
spectrum at 4.2*K as predicted theoretically from the temperature dependence of 
level population.   Using the excitation data from Daly's (1961) work and the recur- 
rence of the established ground state energy differences, they were able to assign 
a number of Jacobs' lines to transitions which established some of the higher levels 
of the excited state manifolds.   Improved values for the ground state splittings were 
found using a higher order term in the exchange Hamiltonian (Kisliuk and Krupke, 
1963).   This biquadratic term is  jlSj^r        where 

j * 0.02J. (17) 

From this data the 7041 A line was found to terminate on an S = 2 level with 
J = 11 cm'1 which was 32. 7 cm'1 above the ground state.   The transition was 
still thought to arise from an antiferromagnetically coupled pair of second nearest 
neighbors.   Kislluk and Krupke (1965) pointed out two erroneous assignments of 
lines in the first paper (Kisliuk et al.,  1964).   The 7120 A line was found to be 
present at low concentrations and thus thought to be a vibronic transition.   The 
7024. 5 A absorption line was found to disappear at 4. 2*K.   Since it was assigned 
to a transition originating in the ground state, it should have been present even at 
liquid helium temperatures.   They suggest that this might be a vibronic transition 
very near to a forbidden electronic transition. 

Recently, Mollenauer (1965) used the results of piezospectroscopic studies to 
identify lines belonging to first and third nearest neighbors.   They were found in 
the region of the spectrum between 7150 A and 7550 A.   These pairs were both 
found to be antiferromagnetically coupled with J values of 18 3.5 cm'1 and 
46 cm'1 for first and third nearest neighbors, respectively. 
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From the above considerations, we are led to a physical model of a heavily- 
doped ru^y crystal which consists of a sapphire lattice in which there are two 
types of optically active centers.   One type consists simply of a single Cr+3 ion 
normally found in lightly doped ruby and the other type of an exchange coupled 
pair of Cr+3 ions.   These two types of optically active centers give rise to differ- 
ent systems of ernrgy levels.   It is possible for the two types of systems to be 
coupled by some interaction. 

It is well known that the single ion R lines are pumped through the Y and U 
bands.   The pair lines also seem to be excited in the same way.   However, it 
appears that there is another excitation mechanism active.   This mechanism is 
the transfer of energy from the single ion system to the pair systems. 

As mentioned previously, the greater than linear increase of the intensity 
ratios of pair lines to single ion lines was attributed to energy transfer from sin- 
gle ion to pairs (Schawlow et al.,  1959; Tolstoi and Abramov,  1963).   Wieder and 
Sarles (1961) verified the hypothesis of energy transfer by exciting a red ruby 
with an Rj  laser pulse and observed the fluorescence in the Nj and N2 lines. 
The mechanism of coupling of the single ion and pair systems was not determined. 
Recently Imbusch (1966) investigated this energy transfer by measuring the fluo- 
rescence lifetimes at the R and N lines.   His results are discussed further in 
Section 10. 

One further feature of the spectrum of heavily doped ruby should be mentioned. 
An absorption band was observed by Linz and Newnham (1961) on the high energy 
side of the Y band which varies in intensity with the square of the concentration. 
Naiman and Linz (1963) conclude from their investigations that in this case the pair 
coupling is not due to an exchange interaction but rather to the transfer of an elec- 
tron from one of the chromium ions to the other, forming a d2 - d4 complex. 

3. DYNAMIC CONSIDERATIONS OF A FLUORESCENT SYSTEM 

Transitions between the various energy levels of the fluorescent system are 
now discussed.   These various processes are due to the fact that the ion finds it- 
self in the presence of two fields of energy, the photon field (external electromag- 
netic radiation) and the phonon field (thermal vibrations of the crystal lattice).   The 
ion interacts with the electromagnetic radiation by abso. jing (or emitting) a quantum 
of energy from the photon field.   This is accompanied by a transition of the ion to a 
higher (or lower) electronic state.   The ion-lattice interaction gives rise to similar 
processes except that the absorption (or emission) of phonons corresponds to energy 
changes in the vibrational state of the ion.   The lattice vibrations present can be 
either normal modes of the lattice or local vibrational modes.   The total system to 
be treated now consists of the fluorescent ion plus the phonon field plus the photon 
field. 

» 
>• 



> 

14 

3.1  Darivalloi of UM HMillMiu 

The probability per unit time for various transitions can be theoretically pre- 
dicted.   The Hamiltonian for the total system can be written as 

H"Ho+ Hem+ Hlatt+ "St* <t • (18) 

The expression H0 includes terms for the electron momentum, the scalar elec- 
tric potential, the crystal field, and the spin orbit perturbation.   Hlatt and H 

•re the Hamlltonians representing the phonon and photon fields,  respectively. 
The interaction Hamiltonians for ion-phonon and ion-photon interactions are 

Hlnt •nd Hint • 

3.1.1   THE PHOTON FIELD 

If we consider a single eleciron ion in an electromagnetic field, the Hamiltonian 
for the electron is 

H - -1- (p-AX)2 +  e* 
2m c 

H ■ -El +  e* -~S— (p • ^+ X • p) + -£i- A2. 
2 m 2 mc 2 mc2 

But. 

p • A «I» ■ ^ V« (A*) = ÄA. V»|»+-B.I|<V-A = A. ÄV+sA-p»!« 

(using the Coulomb gauge).   Therefore, 

H = ^i+e*--£-Äp + -S^Ai 
2 m mc 2 mc2 (19) 

So, for an ion with one valence electron in a crystal. 

Ho " fe+ e*+ "crystal + H80 
(20) 

and 

fi—   Ä-*-* + fi&- 'int mc (21) 
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(For a many electron ion, we must sum over all the electron coordinates.) 
Next, the Hamiltonian of the electromagnetic field itself must be determined. 

Starting with Maxwell's equations, this can be done in the usual way.   Using a 
Coulomb gauge gives two expressions governing the vector potential. 

7-A = 0. (22) 

(23) 

Imposing cubic periodic boundary conditions and assuming factored solutions of 
the form 

Aa (?. t) = qa (t) ta (r). 

we can separate variables in Eq. (23) 

qaV2 Aa(r) s±iaAa(r). 

Aa(r) qa 

(24) 

or. 

'6    +  <«)-,2 q    B 0 

2 ^ 
V2 Aa(ri + \- Aa(r)  = 0 |  . (25) 

The first of Eqs. (25) is simply the harmonic oscillator equation.   The second is 
the equation for a particle in a box.   These have solutions of the form 

<a=M
e"1Wat 

AÄ(r).Ä.1K*'r. 

or, 

where the boundary conditions have been used. 

(26) 

(27) 
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wa ~ unit vector in the direction of polarization, 

K   ~ propagation vector   (|K|   =^0.1. 

Thus, 

*a<t.*'M**ß*Z*i<k*'*'U*t)< (28) 

Since 7* A = 0, we find w • It = 0.   Therefore, the waves are transverse.   Allow- 
ing negative values of K and w, the general expression for X (r, t) becomes 

X (?, t) «    Z    [q (t) X (?) +  q* (t) t* (?)] , 
pol, a 

■*,->   . HmeP     ** ,/s r i(it   • r^ - (j   t) -i(lt   ■ r - u  t)l 
pol, a 

(29) 

(30) 

Now, 

E i aX 
clt' 

.'.  E.iÄ[qX(?)  -q*X*(?)]. 

The Hamiltonian for the radiation field is 

Hem=^/(E2+   H^) d r   = ^/E2 dx . 

With (31), this becomes 

(31) 

But, 

/ 
Ajh Xj (?) dr =^i|e"

8.*^'fdT 41^c,^ 6 
a, -a 
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Thus, 

H „= 1-*       S        w  u ,r\(qnq* A   • A .   + q*q*   A*. A*^ 
em 4ire2   a.SCpol    a y JV**1*     <*     of      HaHof     a     ofj 

Hem'^T   r^Zq^^.c2. 

H em 

4 wc' o.pol 

(32) 

This can be put in the form of a harmonic oscillator Hamiltonian by the follow- 
ing change of coordinates 

Q« = q« + q* 

P0 = Qa =   - «« (qa - qj) (33) 

Then, 

So, 

t-h^ + ik**) 

Hem = ^r(p| + «aQi). 

(34) 

(35) 

This classical Hamiltonian can be taken into quantum mechanics by means of 
the relationship between commutators and Poisson brackets.   The expressions in 
Eq. (34) for qa and q% can now be expressed in terms of the creation and destruc- 
tion operators for the quantum mechanical oscillator. 

a^. --L=. q« =   ß* faa - — ^a) ~ destruction, 
/ fi V 2h   v iw0      / 

V 2u0 

.X+ 
2h V   a 

creation, (36) 

I 
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Substituting these expressions into Eq. (32) gives: 

H._ -    L    ft w« (a* a« + 4") ein      «».pol        <* * a   a     ZJ 
(37) 

The ion-photon interaction Hamiltonian can also be written in terms of the 
creation and destruction operators by us'.ig Eqs. (27), (29), and (36) in Eq. (21) 

-»     -2.2 
lnx me 2m r 2 mc 2mc* 

m 

(aV  e1^' •? +  a^'+e-^' 'A 
\ K' K' / 

mV 

■  H! +   H2. (38) 

r 

The creation and destruction operators have the following well-known properties: 

a |nN= «/n |n-l ) 

a+|n)= ^TTT ln+ l) 

^n|a+   a I n N =     n 

^n-11    a |n) = «iTn 

^n+l|    a+|n ) = »/n+T (39) 

3.1.2   THE PHONON FIELD 

Next we must account for the presence of the phonon field.   The treatment is 
similar to that of the radiation field.   The Hamiltonian for the lattice vibrations 
can be derived in the standard way (see, for example, Bak, 1964).   The atoms in 
the lattice vibrate about their equilibrium positions.    Since the atoms are bound 
to each other, their vibrations are strongly coupled.   The problem is, thus, to 
find solutions in terms of normal modes and normal coordinates of the lattice, 
that is, to uncouple the 3N components of the vibrations. 

Consider a lattice with basic vectors a^, a2, and a3.   The position of an ion 
in the lattice is given by 
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rn = n^! +  n2a2 +  n3*3 

where the nj are Integers.   Assume that the crystal has one atom per unit cell and 
contains  N = Nj • N2 • N3  cells, where Nj is the number of cells in direction a, 
and so forth. 

In the harmonic approximation, only the quadratic term is retained in the ex- 
pansion of the potential energy about the equilibrium position.   Therefore, consid- 
ering the interatomic forces as being proportional to the relative displacements of 
the atoms, we can write 

3 N 
T = 1 m E    L   U 

2       f=l «=1 
2 
ia 

N     N      3       3 
v=4-S  E   E  EA1 

> . 

U,,.    U4 2^1 fix £1 & Ai«.jßui« UJ0 
(40) 

where Uia(t) is the displacement of the 1th atom in the or direction at time t, and 
the A^ai to are constants describing the interatomic forces.   Thus, the Hamiltonian 
for the lattice is 

N N     N 
H =T + v = ik S S pf«+ i S jS £ £ Ai«.jÄüi*ütf' <«) 

where p^a ■ mU^ . 

We now introduce the complex normal coordinates with the following trans - 
formations 

"-■ste £<'-'*•*'■ 

wq 
=    /lä E  Ui    *X     e"1^ * 'i 

(42) 

(43) 

where q ranges from 1 to N,   X ranges over the different branches.   But, 

Q^    = Q^  ,   so the coordinates associated with (t and -4 are not independent. 

In order to deal with only the 3N independent real coordinates, Eq. (42) can be 
rewritten as 

U io 

N/2 

•Mm  q>o 
E/oX fX    eiq-^i+ QX* €X*  e-^-ri) ,>0\7q eqa e 1 +  Hq   eq« /• (44) 

• 
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Equation (42) can now be substituted into Eq. (40) to express the kinetic and 
potential energy in terms of the normal coordinates.   The kinetic energy becomes 
(Kittel.  1963).* 

T s ja 
2 

*   i.Jq.X   ^^   e €qa^0[ 
qlX' 

2   o i    Qq Qq, V.-q   ^  Ha ^'o q.x a 
q'.Jj 

q.X 
X' 

q ^-q 0\,X 

2   q,X     H       4 

Similarly. 

i.o J.p 

X    ^X'     „i4«?i 
!' €qa «q'/S e 

But, we can write 

Therefore, 

2   q.X  q'.»   a   $     ap q   q    «i    4     H«   4P 

(45) 

*The orthogonality relations used in this development are derived in the 
first section. 



-iE ■v? ^S0«^-«^]^^^ 
I. T T T J    t*   *x  ox QV 
2   *-   ij   Z-   «qv   C-qa Cqa Qq Q-q 

\ «W 

q.x v qX       X.,X'   ^q  ^-q 

where 

The Lagrangian for the system is 

The Hamiltonian is given by 

H   =   E    Pa
X Ö 

q.x q "q 
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V = i  fx  ^X ^ < • (46) 

E  Ga0 <^ ^q^ =  "Iv   ^-q« 

m ß i 
'ia.jß 

+ iq.(?i-?j)     v 

qß (47) 

q»x q.x 
(48) 

Thus, the momentum conjugate to   Q^ ia 

(49) 

1 r    pA    pX + 1 r   u2    QA    QX 
2 *-.      -q   rq +   2  A   wqX ^-q   Wq ■q    q     2 

q.x q.X 

mi 
q.x \ q q      qx ^q ^q )• 

(50) 
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In quantum mechanics,   p£ and Q^ become non-Hermitian operators and the 
Hamiltonian can be written as 

H   'iq^K   ^^Jx^Qq) (51) 

The usual creation and destruction operators can be formed 

These operators have the same properties as the  a^ and ar 

Thus, 

q.x 

(52) 

(53) 

(54) 

(55) 

(56) 

(57) 

Finally, the ion-phonon interaction Hamiltonian mus' be determined.   Substi- 
tuting Eq. (54) into (42) gives the displacement of the atom from its equilibrium 
position in terms of b^ and b^   . 

Ul«r      72Nm   &   ^ Vq -q / 
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(58) 

The ion-phonon interaction takes place through the change in the crystal field 
due to the change in the relative positions of the active ions and their surrounding 
ligands.   This is proportional to the local strain defined by the tensor 

^ife*-$) 
(a, ß =  1.2,3) 

(59) 

If we assume that this tensor can be approximated by an average strain 

"$ 

Then, from Eq. (58) we find 

(60) 

e - 
8X 

=  i 

X = 0 

Z S(bq.bj), (61) 

The expansion of the crystal field in terms of the strain is 

Crystal  » M) + V, € +  V2e
2 +  .. (62) 

Here,  VQ Is the HcryStai term in Eq. (20).   Terms V\ and V2 are functions of 

the electrons on the magnetic ion and of the relative distances between the ion and 
ehe ligands.   Thus, 

H: IV 
int V, € +   V, c^ + (63) 

Therefore, using Eqs. (20), (21), (37), (57). (62), and (63). we can write out 
(18) explicitly as 
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mc jm? ' ^ Jilt*1   \q     '/ 

Tlte wave function of the total system can be written as 

•-kl>|ni>|n2>,..   |nq> ...  K> |„'2> ...   |n'>.... (65) 

where nj are phonon occupation numbers and n\ are photon occupation numbers. 
The transition probability per unit time (Golden Rule of time-dependent perturba- 
tion theory) is: 

W   »i* |M|2Pf(Ef = £!). (66) 

where M is the transition matrix element and p. (E) is the density of final states. 

3.2 Transition Probabilities 

3. 2.1   ELECTRONIC TRANSITIONS 

The probability for electronic transitions can be determined by first finding 
the matrix elements of  H~ .   Prom the properties of the creation and destruction int 
operators given in (39) it is obvious that the matrix elements for the emission and 
absorption of photons are 

^.taorptlon  = («,   Kt|^) = (+r
el; n^ - 1   |H,| **: n^) 

'-sJp(*'eIleilt'f*-*KKel>Ä- (68) 

In order to find the transition probabilities per unit time the density of final 
states must be determined.   Using the boundary conditions imposed previously in 
obtaining an expression for A    the density of final photon states is just (st° for 
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example Griffith, 1961). 

"^O =i£f v (69) 

To evaluate transition probabilities, Eq. (66) is used with the matrix elements 
from Eqs. (67) and (68) and the density of states given in Eq. (69).   This must be 
summed over polarization and integrated over all angles. 

To evaluate the matrix elements in Eq. (67) and (68) the exponential functions 
are expanded.   The first term in the expansion is the electric dipole term.   The 
second term gives the magnetic dipole and electric quadrupole contributions. 
Higher order terms are usually neglected.   Let us now consider the electric 
dipole interaction.   The ionic matrix element can then be written as 

VfM P-"K I ^dipole' 

But 

(♦«' 1 r 1  ♦f1)   - (E, ■ E.)-'   <♦," | („lon t - f Hl011)| *-> 

-IiL_a}l<+«M[5Mk1> 

Using this the dipole matrix element becomes 

im wjj  Aj1 | * • ^K I tf1/ dipole , (70) 

where       uy   =     ^ "    ^ 

Again, for a many electron ion it is necessary to sum over all electron coordinates. 
Thus, the dipole interaction operator is given by 

^e?^ (71) 



         .... .,..—»♦ 

■ 
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An electric multipole operator of order i has associated with it an orbital 
angular momentum of If».   For conservation of angular momentum J. » J. +  i. 
So, for the electric dipole operator (i = 1), AJ = * 1,0.   (Note, however, that 
both Jj and Ji cannot be identically zero.)  For Russell-Saunders coupling the 
"multiplicity selection rule" requires that S and Ma must be the same for the 
initial and final states.   In this case AL ■ ±1,0.   Also, since the electric dipole 
operator is an odd function, the initial and final states must have different parity 
for the integral not to vanish.   This is called the "Laporte selection rule." 

Transitions that have nonvanishing electric dipole matrix elements are called 
allowed transitions.   All other transitions are called .  rbidden.   Forbidden tran- 
sitions may occur due to higher order multipole operators.   They are much weaker, 
however, than allowed transitions. 

When the ion is in a crystal field environment the multiplicity selection rule 
is still valid.   The Laporte forbidden transitions may become partially allowed, 
however, through the mixing of orbitals with different parity.   Since the transitions 
observed in ruby involve the rearrangement of the electrons in their d. orbitals, 
they would be Laporte forbidden in the free ion. 

The selection rules for transitions between different crystal states can be 
found from group theory.   The representation of the multipole operator in the 
spherical rotation group is reduced in terms of the representations of the crystal 
field group.   Then, because of the orthogonality of wavefunctions denoted by differ- 
ent representations, the product representation of the operator and the initial state 
must contain the representation of the final state for the matrix element to be non- 
zero.   The electric dipole operator is represented by D.    in the rotation group and 
will transform like x, y, or z depending on the direction of polarization.   All three 
of these belong to the Tj  representation of the O^ group. 

Wl jn a trigonal field is present as in ruby the symmetry group which is relevant 
to the selection rules is C3v..   In this group z belongs to Aj and x and y belong 
to E.   The product representations of the C^v group and their reduction into irre- 
ducible representations are shown in Table 3.   For dipole radiation polarized par- 
allel to the c axis, transitions can occur between states whose product representa- 
tion includes the A\ irreducible representation.   For polarization perpendicular 
to the c axis, the allowed transitions are those whose product representation con- 
tains the E irreducible representation.   The results are tabulated in Table 4. 

3. 2. 2   RADIATIONLESS DECAY 

Consider first the direct (or single phonon) process.    The system then consists 
of the ion and the lattice vibrations and can be represented by a product state func- 
tion including an ion part and a phonon part (neglecting the influence of the inter- 
action).   Substituting this along with the ion-lattice interaction part of Eq. (64) into 
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' 

C3v E E                        Cy C3           C3,C3            3cv 3*v 

Al 1 I                                          1 z 
A2 1 I                                        -1 

E 2 - I                                          0 x.y 

El/2 2 -2 I                  -1                  0 0 

4/2 1 -1 I                    1                   i -i 

E3/2 1 -1 I                   1                 -i i 

A1      Aj 1 I                                      1 Ai 

Al      A2 1 1                                    -1 A2 

A1      E 2 - I                                        0 E 

Al      A2 1 '    1 I                                        1 Al 

A2     E 2 -1 1                                      0 E 

E        E 4 0 Aj+A^E 

El/2 E3/2 2 2              -1 -1                  0 0 E 

El/2 E3/2 2 2              -1 -1                  0 0 E 

El/2 El/2 4 4                1 1                  0 0 Aj+A^E 

E3/2 E3/2 
1 1                 1 1           -1 1 A2 

E3/2 E3/2 1 1                 1 1            1 1 A. 

E3/2 E3/2 
1 1                 I 1           -1 -1 A

2 
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Table 4.   C.   Selection Rules 

C3v Al A2 E El/2 ^2 
E3/2 

|A1 11 0 

A2 0 11 1 
E 1 1 1+11 
El/2 1+     1 _1_ 1 
E3/2 -L 0 11 
E;/2 1 11 0 

j 

Eq. (66) gives 

w   =li| (f|V1€+   V2 £2+ ...|i)|2   p(Ef = Ei^. 

where E, and E. include both the energy of the ion and of the phonons. 

The direct processes are represented by the following diagram: 

Im 

^ 

Only the first term in the expansion of the interaction Hamiltonian contributes to 
these processes.   Thus, the transition probability per unit time for absorption of 
a phonon of wave vector q can be written as 

w   = iJL 
h 

w 

w 

Mv4 

Mv2 \\ <*f1lv.l<> I2 "(%=%)• (72) 
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Similarly, for a single phonon emission process 

The density of final states for these processes is given by 

p(Ef = Ei)=   p(Ef) 6(Ef-Ei)   dEf 

= p(Ef1) p(EPhon ) p [(Ef
el + EPhon)   - (E«

1
 + EPhon)] dEf

el d EPhon 

=  i g^1 - wr) P («q) 6  ["if   - "q J d 41 d Wq "q* 

where 

_,el     „el 
el       Ej    - Ef 

wif   " t» ' 

g[ wf.   - w   j   =   normalized line shape ~ 6f w..  - u   j 

u    =   central frequency of the transition. 

In the Debye approximation the density of phonon states is (Kittel,  1956) 

p (W) = ^SLML 
2  W2 V3 

P   (w) 

when  u < wD , 

when   w >  wT 

(73) 

(74) 

(75) 

(76) 

The occupation numbers for the phonon states are given by (Orbach,   1962) 

"q   - fu^/KT 
(77) 

The total transition probability for the emission or absorption of a single phonon 

can be found by substituting Eqs. (74), (76), and (77) into Eqs. (72) or (73) and 

integrating over w,. and w .   Because of the delta functions the results can be 

immediately written as 

W abs 
/     3 a)-}       \     I  / .el I „   I   .el \  12 

\2 W p V3 T»  /       j     x I • '      \ 
(78) 
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"•-•(rrfyiKi^Oh^1) (79) 

Equations (78) and (79) depend on temperature only through the phonon occupation 

numbers n which are given by (77). They can be expressed as a constant times 

a temperature dependent factor. 

W abs "  IM   ^[^r/KT.J 

W em E   Ä 
f< i if 

p    r 

fiwr/KT 
- 1 

rf 
u 

if 2 ir p v   ft <^ i v, i ^r1 > 

(80) 

(81) 

(82) 

II the distance between energy levels is greater than KTD, radiationless decay 

can take place only by the emission of more than one phonon.   These higher order 

processes can be treated by higher or^^r perturbation theory.   Thus the probability 

lor multiphonon processes to occur decreases as the number of phonons involved 

increases.   The calculation of transition probabilities for multiphonon processes 

is complicated by the numerous methods of phonon decay connecting two levels, 

that is. different numbers of phonons may be involved as long as their total energy 

sums to the energy gap between levels.   In general, multiphonon processes give 

negligible contributions to the thermal dependence of the width and position of sharp 

fluorescence lines.   Some specific two-phonon processes are important, however, 

and are considered in detail in Section 3. 3. 

3. 2. 3   VIBRONIC TRANSITIONS 

The fluorescence spectrum of a magnetic ion in a host crystal is characterized 

by sharp, intense peaks.   On both sides of these lines are wide bands displaying a 

distinct structure of less intense and broader peaks.   The former lines are due to 

purely radiative transitions while the latter are due to phonon assisted transitions 

called ''vibronics."    The vibronics on the high energy side of the no-phonon line are 

assigned to processes involving phonon annihilation.   Those on the low energy side 

correspond to phonon creation transitions.   Because of the nature of these transitions 

the vibronic structure of the spectra exhibits specific characteristics (especially 

temperature dependence) which makes it possible to identify and study these processes. 
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Vlbronics may also be observed in absorption spectra.   In this case ehe high 
energy vibronics correspond to the emission of a phonon along with the absorption 
of a photon while the low energy vibronics are due to the concurrent absorption of 
a phonon and a photon.   This is just the opposite of what is seen in the fluorescence 
spectra. 

Consider the transition in which a photon of frequency v. and polarization »| 

is created along with a phonon of frequency Vj,.   Since the first order operators 

H]\   and HP^   cannot connect the initial state with the proper final state in a first int int 
order treatment, second order perturbation theory must be used. 

The Feynman diagrams which represent this second order process are: 

Since the intermediate states of the system are virtual states, energy need not be 
conserved except when considering the entire system before and after the complete 
transition.   The sum over j includes all possible states of the system. 

For the low energy emission vibronics, second order perturbation theory gives 

M 
( $, nK+ 1. ni+ 1 | HJgt | ^1. nK+ 1. n, X^1. nK+ 1. ^ | H1^ *i 'nK'ni> 

( tfl. nK+ 1. ni+ 1 |H£ft l^f1. nK. n^ 1 )(^l,nK. n^ 1 |HJ^ | »if. nK. n, \ 

=iei-(=r;hvi) 

The only terms in the interaction Hamiltonian for which there are non-zero matrix 
elements of this form are: 

(83) 

M = - i 0 ßffl^J^ 
(84) 

^ 

^ 
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where the second term in Eq. (83) is neglected since v. » vK .   Similarly the ma- 

trix elements for the high energy emission vibronic transitions (creation of a photon 

plus absorption of a phonon) have the form: 

M = i ß5j^{t)J^^ 

Ef-(Ef-h.F 

(85) 

The matrix elements given in Eqs.  (84) and (85) can be used with the density of 

final states given in the last section and the Golden Rule to determine the pioba- 

bility for vibronic processes. 

Since they involve phonons, vibronic lines will be strongly temperature de- 

pendent.   At low temperatures there will be fewer phonons available for the ion to 

absorb.   Thus, the intensity of the vibronics on the high energy side of the emission 

no-phonon line will decrease with temperature and will finally disappear entirely. 

At higher temperatures there should be a high energy vibronic line corresponding 

to each low energy line.   As temperature is increased, the integrated intensity of 

the vibronic bands is strengthened relative to the pure electronic transition line. 

The intensities of the vibronic lines are increased due to the greater perturbation 

of the phonon field.   The wavelength range of the bands is greater because the 

abundance of phonons in the field allows multiphonon processes to occur. 

3.3 Thermal Dependence of the Position, Ridlh, and Shape of Sharp Spectral Lines 

Since transitions between electronic states take place at a specific frequency, 

it would seem that experimental spectrosccpic data should appear as vertical 

straight lines at discrete frequencies.   Even under the most ideal conditions, 

however, where no perturbations are present the spectral lines will have a cer- 

tain frequency distribution.   This is due to the uncertainty principle for time and 

energy and is called the natural linewidth.    Since each excited level has a finite 

lifetime, it must also have a finite energy width and thus a frequency distribution 

associated with it.   The lifetime of the metastable state in ruby is about three 

milliseconds.   The lifetime broadening should be proportional to 1/T*.   The ob- 

served linewidth is much greater than 1/TJ, however, and is temperature depend- 

ent.   There are several causes of line broadening.    They can be divided into two 

categories, those which produce a Gaussian line shape and those which produce a 

Lorentzian line shape. 
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A Gaussian curve is the superposition of a great number of independent events 

with random probabilities of occurrence.   A spectral line is in this case the super- 

position of a great number of individual lines.   Each individual line has a certain 

frequency distribution and a slightly different central frequency due to the different 

environments at the instant of the transition.   The difference in the local environ- 

ment is attributed to internal microscopic strains in the crystal which produce a 

spatially random distribution of the effective crystal field strength at the ion site. 

A similar effect takes place in gases where the Doppler effect also produces a 

Gaussian line. 

A Lorentzian curve arises from the superposition of a great number of inde- 

pendent events each with the same probability of occurrence.   In gases a mechanism 

which gives a Lorentzian shape is the collision between two atoms.   The probability 

for a specific atom undergoing a collision with another atom is the same for all 

atoms.   This is called collision broadening.   The comparable effect in solids is the 

interaction of the active ion with thermal vibrations of the lattice.   Here again the 

interaction between a single ion and the lattice vibrations is the same for all ions. 

The observed spectral line will be broadened simultaneously by Gaussian and 

Lorentzian processes.   The observed line shape will be a superposition of the 

Gaussian and Lorentzian shapes.   Mathematically this is expressed as the convolu- 

tion of the probability densities for Gaussian and Lorentzian curves and the result- 

ing line shape is called a Voigt profile. 

Assuming that the microscopic strains are independent of temperature, the 

temperature dependent part of the broadening of a spectral line of an ion in a crys- 

tal is due to the ion-lattice interaction.    The width of a line is the sum of the widths 

of the initial and final states of the transition.   The contribution to the linewidth of 

a specific type of process is proportional to the probability of occurrence for that 

process.   The probabilities for direct processes have already been derived.   One 

of the most important broadening processes is the two phonon Raman process.   The 

probability for this type of process will now be derived. 

Raman scattering is the absorption of a phonon by the active ion and the re- 

emission of a phonon of a different frequency.   The ion changes vibrational states 

but remain    ia the same electronic state.   Thus, this type of process does not 

affect the lifetime of the state.   The Feynman diagrams for this process are given 

by: 

{r\ »v 

. 
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Writing the first order ion-lattice interaction Hamiltonian as H' and the sec- 
ond order ion-lattice interaction Hamiltonian as H" the matrix element for Raman 
scattering is 

<flHRaman|i> = (^'"K-1'nK'+ 1 I HRaman I ^V V) 

(^n^l.n^-nlH-l^r^-l   nK.X^n^l.nK.lH'l^n^n^^.) I 
{*tl:nK-l. r^. + I | H'l j^. ng. + ^fyf:^. r^. -H |H- [jft n^. n^ 

+ <*el;v1;nK' + 1lH"l*el;VnK'>  • 

<'lHitamanlOB ^ T^FiFR- 
2Mv'   ' 11 

el|ir i .el\|2 

V+ellvUeM2 I ,     I 

21rL2^WKUK,nK(nK, + 1) 

This can be written as 

+    ^f W^    \<V1'V^lbK^.|nK.nK.) 
Ei   ■ ^Ej   ** "K'j 

E i<^iv^r>i%«|v|^) 
Er - Ei 

<flHRaman|i>   =   *   7^^'"K! V + 0 

(86) 

(87) 

where 

Mv* J*i „el    „el \   1   |   2|   i   / »el    «el Ei   "Ei 

(88) 

I 
mm»' 
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The probability per unit time of a Raman scattering process is given by the 
Golden Rule in Eq.  (66) with the matrix element of Eq. (87) and the density of final 
states for sharp lines given by 

p(Wf) =  Pf"*) Pf"«.) «(«K-V) dwKduKI (89) 

Integrating over  UL,   and  u^i   gives the probability per unit time for all Raman 
processes. 

W ^f/j|< ^ HRaman| f >|2 "("K) " (vj   6 ("K""^) ^ ^. 

CO— 

|fl"i2|['>("K)]2^°K{"K + 1)d^ 

Using Eqs. (76) and (77) this becomes 

W 
,     "D     6    *VKT 

2JL\a'\2  -ISCL   f !*1 — duv 
h2  '       '      4W

4v6  i       *VKT     ,    ^ 

w = -A 
z»3 h^mtiT 7^   -"■• 

So the contribution to the linewidth due to the Raman scattering of phonons is 

V1" 
^■l) ■5 ft;)7 / fö 

dx. (90) 

where 
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ä=    (3. 34X10"") 

i i<^|v.i*r>i2 + <tf|v2u?> 
j*i „el   „el \   i  1   2|   i  / 

E3 

(91) 

Since a is intrinsically positive an increase in temperature will cause an increase 

in line width. 

Along with Raman scattering processes which leave the ion in the same elec- 

tronic state we can also have Raman relaxation and Raman excittuion processes. 

In these processes phonons of different frequencies are absorbed and emitted and 

the intermediate state is a virtual state as in Raman scattering.   In Raman excita- 

tion or relaxation processes, however, the initial and final electronic states are 

different.   The energy splitting of these states is equal to the difference in energy 

of the absorbed and emitted phonons.   Mathematically these cases can be treated 

similarly to Raman scattering.   The temperature dependent (phonon) part will be 

exactly the same as that given in Eq. (90).   The only difference    ill be in the ma- 

trix elements of the crystal field operator between electronic states.   This changes 

ä.   In considering experimentally observed linewidths, however,   a is treated as 

an adjustable parameter.   Thus, Eq. (90) can be used in determining the linewidth 

contribution of all the Raman processes.   It should be noted that Raman excitation 

and relaxation processes will contribute to the lifetime of the level whereas Raman 

scattering processes will not. 

In certain cases it is possible to have two phonon relaxation and excitation 

processes which have as their intermediate state a real electronic level.   These 

are called Orbach processes.   Since these processes involve a real transition be- 

tween the level under consideration and another real level, they are taken into 

account when all the direct processes are considered. 

Thus, the width of a spectral line is given by 

~(   -A v^cm    J   = A v 

TQ/T 

5 fe)' / 
dx 

f>i 
Jif 1 "j i/K". f<i    U   I /"if/ /K1 

(92) 
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where ä is given by Eq. (91),   % = ( 3. 34 X lO'11)   fa which is given by Eq. (82) 

and Av0 is the temperature-independent contribution due to microscopic strains. 

In this expression the linewidths of Gaussian and Lorentzian broadening processes 

have simply been added.   Although this is not exactly correct, Eq. (92) does give 

an accurate description of the thermal dependence of linewidths. 

Finally, let us consider the thermal shift of a spectral line.   This is due to 

the continual absorption and re-emission of virtual phonons by the impurity ion in 

the phonon field.   Using the first two terms in the expansion of the ion-phonon in- 

teraction Hamiltonian given in Eq. (64),  the energy due to ion-phonon interaction 

for the ith state of the system is; 

v~ = <i|H"|i> + E LOiglü 
1        N /        j4i Ei-Ei 

(93) 

Since n^ depends on temperature, 6 v is temperature dependent. This ther- 

mal dependence of the interaction energy is the cause of the shift of spectral lines 

with temperature. 

We can evaluate 6 vj as follows: 

sq «ZiLlHjLÜ&Mi)  + <i|H"|i> 
j Ei-Ej 

2Mv 
z 
JK 

Eiel-(Ejel+ftwK) 

x    <^nK+ 1 | ^ ^ JgJ^. -bl.)|4f ;nK) 
Eiel-(Ef+^Kj 

Ef1-(Ef-t1WK) 

(^'"K | V2  h N/VV (bi -bi) (bi' -h\) I^^K) 
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6^   =  _!L 
ZMv4 E WK 

jK 

/ .ell.,. I .elW .elL, I ,el\ 
<lM^l^    <nK|bK4|nK> 

Ef-(Ef-hwK) <nKlbKbK|nK> 

+ I!^   <<|V2|*iel><nK|bK4 +  bKbKlnK) 

JL 
2Mv4 Z -KIKVJO 

JK 

 äLÜ     +       ^K  

5wK<*f1|V2hiel>(1+2nK) (94) 

Even when nK is zero 6E. is not zero.   This temperature independent zero 

field shift is similar to the Lamb shift produced in atomic systems by an electro- 

magnetic field.   It is given by 

6Vi 
Mv JK   Ef1 - (Ef + h ^ K   ^   i      2I   i   / 

(9i) 

Disregarding this contribution the temperature dependent shift is given by 

bv JL 
1        2Mv2 ^k^hhr1)!' 

X 5 "K "I X 1 

E^-Ef1-«^ 'i      "j E®1 - E®1 + f» wK 

<96) 

I    el       el E.    - E. »hwD 
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M v     R 

=   a'   L,   nK "K • 

E l(*r'lv.l<')l2 

i-1 Ef'-E?1 

where: 

M v' 

r-«    I /   . el L, I , el \ I 2 , 

Jf» E.     - Eel ' Ei    - Ej 

The sum over K can be changed to an integral as follows: 

Wr 

ZJ   nv u,, —►   /       \TW   ft       d w,. 
K      KTC J h^/KT ^ V7., 
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(97) 

(98) 

JX_    /"      %.  d^  =  ^^ (*Z\        [    -i— dx. (99) 

1 

Thus, the temperature dependent lineshift is given by 

^■o-.^yY^ dx, 

where 

(100) 

(5.03 X1015) 3j>   c/^y 
j = i E^-Ej1 

(101) 

el    „el For this case a can be either positive or negative depending on  E.    - E. 
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1 i     »v 

Now consider the case when j Ef   - E? ) <   to w-*.   For this case 

:Tda5K 

el     „el 13 

j^iMv^   2/v41 '   ^ (Ei       Ej   ) 

TD/T 

x /KT\4      1 p     f        x3 1 
\ * /   (lof j0    ex -1 x2 - (AE^/KT)

2 

TD/T        3 

TD/T 

dx 

dx 

dx, (102) 

where 

,1      13 
ß'l.   =   (3.34X10-11)       nil < 

2Tr2pv5 

,el   ..     .el \ 2 (10 3) 

and the pole in the integrand is accounted for by taking the principal value of the 

Integral denoted by P (Louisell,  1964). 

Thus, for the total thermal lineshift we find 

TD/T 

v I cm"   ) =   a/I—\       / V \TDJ    I 
_*    dx 
ex-l 

+ E  ßU^ 
TD/T 

k ^ Wp I ex-l    x2 i^u/™)2 dx 
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-E 
TD/T 

k   ^ fäf   P    /o      .« - .   X2 - K/KT)^ 

where   a and   ß!.  are given by Eqs. (101) and (103), respectively. 

4.  EXPERIMENTAL APPARATUS AND SAMPLES 
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dx,      (104) 

4.1   Samples 

Six Verneuil grown ruby samples of various concentrations and dimensions 

were used in the experiments discussed in the following sections.   They are listed 

in Table 5. 

Table 5.   List of Samples 

Sample 
Concentration 

Cr+3 (Atomic %) 
Method Concentration 

Determined 
Dimensions (mm) 

1 0.03 Absorption data (Dodd,  1964) 9.45   X    7.34   X 3.759 

2 0.94 Absorption data (Dodd.   1964) 10.73   X 10.8      X 0.965 

3* 2.1 X-ray diffraction** 12.65   X    7.49   X 4.26 

4 2.1 (Same boule as No.  3) 10.48   X    6.52    X0.838 

5 2.1 (Same boule as No.  3) 3.25   X    4.445X9.525 

6 2.1 (Same boule as No.  3) 4.064X    4.978X9.5251 

*  Spectroscopic analysis of this boule by Jarrell-Ash Company indicated that 
no impurity other than chromium was present in concentrations greater than 0.01%. 
The chromium concentration was estimated by this technique to be 3.05%. 

**  This analysis was made by Dr. A. Linz of the M.I.T. Crystal Physics Lab- 
oratory.    The lattice parameters £. and .a. were measured and the percent of chro- 
miurn determined from tables compiled by Professor R. Newnham of M.I.T, 

4.2  Absorption Apparatus 

The apparatus used to obtain the absorption spectra was a Cary Model 14 re- 

cording spectrophotometer.   The samples were mounted on the cold finger of a 

liquid nitrogen cryostat.   Measurements were made at room temperature and 77,K. 

The radiation was polarized by using Glan prisms.   In the optical region a 650-watt 

Sylvania DWY Sun Gun was used as a source and a 1-P28 photomultiplier tube as a 

detector.   In the ultraviolet region, from 3500 A down to 2500 A, the source was 

! 
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changed to a hydrogen lamp.   The infrared region was also run using a lead sulfide 
cell as a detector. 

I 
4.3 Continuous Fluorescence Apparetus 

A block diagram of the continuous fluorescence apparatus is shown in Figure 3. 
The monochromator shown between the source and the sample is used only for exci- 
tation experiments.   In the normal arrangement for studying continuous fluorescence 
the samples were illuminated with white light from an air-cooled General Electric 
BH6 1000-watt high pressure mercury lamp.   The energy emitted by this source 
was passed through 4 cm of saturated CuSQj to filter out the infrared radiation and 
reduce the heating of the sample.   It was then focused on the sample by a two lens 
condenser. 

For measurements at room temperature and below, the samples were mounted 
in a Janis Model 8DT cryostat.   The sample temperature could be varied from 
4. 2*K up to 300*K by using an exchange gas technique.   For obtaining temperatures 
above 300*K the samples were mounted in a quartz furnace; the temperature was 
regulated by varying the amount of current in a Ni-Cr ribbon wound around the 
furnace.   In both cases the temperature was monitored by thermocouples and 
measured with a Leeds and Northrup 8690 millivolt potentiometer.   Copper con- 
stantan thermocouples were used below room temperature, iron constantan above 
room temperature. 

BLOCK DIAGRAM OF THE CONTINUOUS FLUORESCENCE APPARATUS 
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Figure 3.   Block Diagram of the Continuous Fluorescence Apparatus 
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The fluorescence emission from the samples was observed at 90* from the 
direction of the incident radiation.   It was chopped at 20 Hz and then focused onto 
the entrance slit of a McPherson Model 213 one-meter scanning monochromator. 
This was a Czerny-Tumer (1930) type monochromator with the optical arrange- 
ment shown in Figure 4.   The grating used was a Bausch and Lomb type 35-53-15-36 
blazed at 7500 A with a ruling of 1200 lines/mm.   A slit width of ten microns gave a 
resolution of 0. 15 A in first order of the grating and 0. 07 A in second order.   These 
resolutions are about twice the theoretical resolution in first order and two and 
one half times the theoretical second order resolution for a one-meter Czerny- 
Tumer instrument with this grating. 

The signal was detected by an RCA 7102 (S-l) photomultiplier tube which was 
cooled by liquid nitrogen.   The modulated signal was then amplified by a P. A.R. 
JB-5 lock-in amplifier tuned to the reference signal from the chopper.   The result- 
ing spectrum was displayed on a Leeds and Northrup speedomax W strip chart 
recorder. 

ENHMNCEaUTI? 

furfur 

Figure 4.   Monochromator Optics 

4.4 Apparatus for Excitation Experiments 

The experimental arrangement used for the excitation experiments was essen- 
tially the same as that shown in Figure 3 for the continuous fluorescence experi- 
ments.   There were two differences, however.   The lamp used in these experiments 
was a Sylvania DWY 650W Sun Gun.   Also a monochromator was placed between the 
source and the sample to provide selective excitation of variable frequency.   This 
monochromator was an Engis 505-02 with a Bausch and Lomb 35-53-08-01 grating 



..-*—*-*. 

44 

which has a ruling of 600 lines/nun blazed at 3000 A.   A slit width of 1 mm corre- 
sponded to a resolution of 55 A. 

4.5 PUIM Fluorescence Apparatus 

A block diagram of the pulse fluorescence apparatus is shown in Figure 5. 
Again, in the normal arrangement the monochromator shown between the source 
and the sample is not used.   The sample mount and temperature control system, 
the monochromator, and the photomultiplier are all the same as those used for 
the continuous fluorescence experiments.   The source of excitation and the method 
of monitoring the detected signal are, however, different.   The source used was 
an EG&G flashtube, either an FX-12 or an FX-33, with various capacitors needed 
to obtain different pulse lengths.   The fluorescence decay was displayed on a 
Tektronix Type 5 31 oscilloscope and photographed with a Polaroid camera.   The 
same apparatus could be used for selective excitation experiments by placing the 
Engis .nonochromator between the source and the sample to provide an excitation 
of varying frequency. 

BLOCK DIAGRAM OF THE PULSE FLUORESCENCE APPARATUS 
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Figure 5.   Block Diagram of the Pulsed Fluorescence Apparatus 
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S.  RESULTS AND DISCUSSION OF ABSORPTION EXPERIMENTS 

Absorption experiments were performed on three ruby samples, a 0.03% 
sample of 3. 759-mm thickness (listed as No.  1 in Table 5), a 2. 1% sample of 
4. 26-mm thickness (listed as No.  3 in Table 5), and a 2.1% sample of 0.8 38-mm 
thickness (listed as No. 4 in Table 5).   These measurements were made with both 
parallel and perpendicular polarizations at both room temperature and liquid nitro- 
gen temperature.   The equipment used for these experiments was the absorption 
apparatus described in Section 4. 2.   During these experiments the slit width 
varied from about 0. 02 to 0. 7 mm.   This corresponds to a resolution of 0. 74 A to 
17.5 A. 

5.1   Absorption Speclrum of Lightly Doped Ruby 

The results of the absorption experiments made on the lightly doped sample 
at the two temperatures are shown in Figures 6 and 7.   The spectrum consists of 
two broad intense bands and three sets of sharp lines.   As the temperature is 
lowered from 295*K to 77*K the bands and lines all become narrower and more 
intense at the peaks.   They also shift slightly in position toward lower wavelengths. 
The integ? ated intensity of the bands remains approximately constant as the tem- 
perature is changed. 

The most prominent features of the spectra are the two large absorption bands 
located near 4000 A and 5500 A.   These are due to spin allowed transitions from 
the    A2 ground state to the   T'j and    T^ bands respectively (see Figure 2).   The 
differences in intensity in the two polarizations are due to the different selection 
rules (see Table 4).   The structure on the 5500 A band at 77*K has been attributed 
to vibronic transitions (McClure,  1959). 

The three sets of sharp lines appearing in the absorption spectra are ail due 
to spin forbidden transitions occurring within the ground state configuration (t.l. 
The first set consists of the two R lines occurring near 6950 A.   They arise from 
transitions originating in the ground state and terminating on the two components 
of the 2E level split by 29 cm"1 due to spin-orbit interaction and the trigonal field. 

The second set of lines is found near 6600 A.   They are less intense and 
broader than the R lines.   These three S lines represent transitions from the 
ground state to the split 2T,  level.   Their greater width may be due to the fact 
that they are close enough to the lower 2E level for direct decay processes to 
occur.   These lines have been studied by Low (1960) and Margerie (1962). 

The third set of lines appears between the two bands at approximately 4750 A. 
They are designated as B lines and are due to transitions from the ground state 
to the three components of the split 2T2 state.   These lines have been studied by 

several people (Sugano and Tsujikawa, 1958; Low, 1060; Cohen and Bloembergen, 1964). 
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Figure 6.   Absorption Spectra of Ruby with 0.03% Chromium at 295»K 
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Figure 7.   Absorption Spectra oi Ruby with 0.03% Chromium at 77*K 
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The differences in intensities of the various lines in the two polarizations are 
due to the different selection rules as was the case with the bands.   Comparison 
of the parallel and perpendicular spectra with the axial spectra shows the transi- 
tions to be electric dipole in nature (McClure,   1962).   In the observed spectra 
the ground state splitting (0. 38 cm'') was not resolved in any of the lines. 

5.2 Absorption Spectrum of Heavily Doped Ruby 

The absorption spectra obtained at room temperature and at 77 *K are shown 
in Figures 8 and 9, respectively, for the thin Z. 1% ruby (sample No. 4).   The 
general features of the absorption spectrum of lightly doped ruby discussed in the 
last section are also observed in the absorption spectrum of heavily doped ruby. 
There is, however, a set of lines and a band that appear in the absorption spec- 
trum of concentrated ruby that do not appear in the spectrum of lightly doped ruby. 
They have both been found to vary quadratically with Cr+3 concentration and, 
therefore, have been attributed to pair effects.   The pair band is located around 
3400 A and was first studied by Linz and Newnham (1961) and Naiman and Linz (1963). 

»o     tao NJO  MO   tio 
sao 

»(■«•'CM'I 

Figure 8.   Absorption Spectra of Ruby (0.84 mm) with 
2.1% Chromium at 295*K 
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The new lines are the N lines and the other pair lines seen at about 7000 A.   Also 
for the more heavily doped sample the intensities of all the lines and bands are 
larger due to the increase in Cr+3 ions.   Because of this the structure of the four 
sets of lines (R, S, B, and N) can be better determined. 
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Figure 9.   Absorption Spectra of Ruby (0.84 mm) with 
2.1% Chromium at ll'K 

Figure 10 shows the region of the spectrum consisting of the S, R, and pair 
lines at 295*K for the thick 2.1% ruby (sample No.  3).   The R lines and the pair 
lines of the same sample at 77*K are shjwn in Figure 11.   The spectrum in this 
region is observed to be extremely complex with lines appearing on both sides of 
the R lines and between the Rj and R^ lines.   The lines on the low energy side 
of the R lines with wavelength greater than 6948 A have been associated with pairs 
of Cr" ions by their quadratic dependence on concentration (Schawlow et a]., 1959). 
The other lines on both sides and in between the R lines are probably also pair 

lines (see Section 9. 1 and Daly, 1961).   The weak line near 7065 A is probably due 
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to a vibronic transition of the Rj line 

(Kushida).   Note that the Nj line de- 

pends strongly on polarization while 

the N2 line has very little polariza- 

tion dependence.   These absorption 

lines which can be identified in fluo- 

rescence are marked with an asterisk 

in Table 9. 

Figure 12 shows the S lines of 

the thick 2.1% sample at liquid nitro- 

gen temperature.   The S3 line has 

been assigned to transitions from the 

ground state to the two upper compo- 

nents of the split    T. ft,) levels and 

thus consists of two unresolved lines 

(Margerie,   1962).    The S2 line has 

been assigned to the transition termi- 

nating on the lowest component of the 
2T.  (t A level.   The lines designated 

as SQ and Sj have been associated 

with high energy vibronic transitions 

of the Rj line (Kushida).   The other 

observed structure in the spectra may 

be due to the vibronics of the 2Tj 

levels.   Table 6 lists the absorption 

lines seen in this region of the 

spectrum. 

The region of the spectrum in 

the vicinity of the B lines at 77*K is 

shown in Figures 13 and 14.   The 

former shows the results obtained on the thin 2.1% sample (No. 4) with parallel 

polarization.   The latter figure gives the results obtained for the thick 2.1% sam- 

ple (No. 3) with both polarizations.   The three B lines have been assigned to tran- 

sitions terminating on the three split components of the   T^ (t,) level (Sugano and 

Peter,   1961).   The other lines observed in this region may be vibronics of the 
2T, level.   They are listed in Table 7.   It should also be mentioned that the un- 

assigned lines appearing near the B and S lines, in samples with this high con- 

centration, may be due to transitions terminating on excited levels of the pair 

systems.   A verification of this would require more measurements on samples 

with several concentrations. 

T800 

i&s    »0 199       19.0        149 
XliKT»«!-1) 
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Figure 10.   Absorption Spectra of Ruby 
(4.26 mm) with 2.1% Chromium in the 
Region of the S, R, and N Lines at 295'K 
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Figure 11.   Absorption Spectra of Ruby 
(4.26 mm) with 2.1% Chromium in the 
Region of the R and N Lines at 77aK 
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Figure 12.   Absorption Spectra of Ruby 
(4.26 mm) with 2.1% Chromium in the 
Region of the S Lines at 77*K 
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Table 6.   Absorption Lines Near the 8 Line* of Ruby 
With 2.1%Crat 77*K 

SI 

\{ h v<cn "»I 
Elc E |c Elc E |c 

6275 6280 15,936 IS, 924 
6375 6380 15,686 15,674 
6425 6435 15.564 15,540 
6400 6460 15,408 15,480 

(S3) /6590 
16598 

6590 15.174 15,174 
6600 15.156 15,152 

6630 6635 15.083 15,072 
6655 6655 15.026 15,026 

(82) 6690 6690 14.948 14,948 
6730 6720 14,859 14,881 

(8^ 6760 6750 14,793 14,815 
6780 6780 14, 749 14,749 

(SQ) 6805 681S 14,695 14,674 
6865 6865 14, 567 14, 567 
6880 14,535 
6900 6900 14, 493 14,493 

Table 7.   Absorption Lines Near the B Lines of Ruby 
With 2.1% Crat 77,K 

X A) v(cm_1) 

Elc E ||c Elc E||c 

4589 4590 21,791 21,78.1 
4606 4606 21,711 21.711 
4622 4622 21.636 21,636 
4633 4631 21.584 21,594 
4647 4646 21.519 21,524 
4664 4664 21,441 21,441 

(B3) 4691 4691 21,317 21,317 
4707 4705 21,245 21.254 
4714 4714 

4732 
21,213 21,213 

21,133 
4742 4744 21,088 21,079 

(B2) 4753 4754 21,039 21,035 
(B,) 4770 4770 20.964 20,964 

4787 4784 
4792 

20.890 20,903 
20,868 

4811 4811 
4817 
4840 

20.786 20.786 
20.760 
20,661 

• 
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Figure 13.   Absorption Spectrum (E |l C) of Ruby (0.84 mm) 
with 2.1% Chromium in the Region of the B Lines at 77aK 

The pair band for the thick 2.1% sample at 77^ i3 shown in Figure 15.   The 
peaks of the band are listed in Table 8.   The observed structure is similar to that 
reported by Linz and Newnham (1961) and Naiman and Linz (1963) but is somewhat 
shifted toward longer wavelengths. 

Table 8.   Absorption "Pair Band" in Ruby with 
2. l%Crat77,K 

i           E 1c Blc 

X(A) v (cm-1) X(A) v (cm"1) 

3263 
3272 
3309 
3360 
3400 
3407 
3426 
3440 
3460 
3474 
3493 

30.647 
30,562 
30,221 
29, 762 
29,412 
29, 351 
29, 189 
29. 070 
28, 902 
28,785 
28,629 

3255 
3274 
3303 
3309 
3337 
3353 
3357 
3383 
3387 
3411 
3425 
3434 
3441 
3449    1 

30.722 
30. 544 
30.276 
30.221 
29,967 
29,824 
29, 789 
29, 560 
29,525 
29.317 
29.197 
29.121 
29,061 
28, 994 | 
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Figure 14.   Absorption Spectra of Ruby 
(4.26 mm) with 2.1% Chromium in the 
Region of the B Lines at 77 *K 

Figure 15.   Absorption Spectra of Ruby 
(4.26 mm) with 2.1% Chromium in the 
Region of the "Pair Band" at 77*K 
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ft. MSULTb AND DIÜCU88ION OV CONTINUOUS FLUORESCENCE EXPEMMENT3 

The fluoreicence spectra of ruby NmplM with 0.03%, 0.94%, and 2. i% 
chromium («ample« No. 1. 2, and 3 of Table i, respectively) were observed at 
several temperatures ranging from 15*K up to 705*K.   The experimental equip- 
ment used was described in Section 4. 3-   The monochromator was used with the 
grating in first order and the slits opened to 20K which gave a resolution of 0. 3 A 
in the spectral region investigated.   All exp«rimental parameters were held con- 
stant as the temperature was varied.   The monochromator scanning speed was 
reduced in the region of the R and N llneo because of their sharpness.   The am- 
plifier gain was also reduced in this region so the no-phonon lines and vibronics 
could be seen in the same figure. 

It should be noted that the spectra shown in Figures 16 to 10 have not been cor- 
rected for photomultipller response and grating efficiency. Taking this into account 
would cause the no-phonon lines to be slightly greater than they appear with respect 
to the large band at 7750 A. 

6.1  Fluoraaorac« SpeclruM of Lightly Doped Ruby 

The fluorescence spectrum of 0.03% ruby is shown in Figure 16 fur various 
temperature«.   This fluorescence spectrum consists of two part«: 

(1) The «harp no-phonon line« due to pure electronic transitions, and 
(2) The broad vibronic band« due to vibrationally assisted electronic 

transition«. 
The band« on the high energy «ide of the no-phonon line« correspond to the 

simultaneous absorption of a phonon and emission of a photon.   The vibronic« on 
the low energy «ide of the no-phonon lines are due to the concurrent emission of 
a phonon and photon.   The fluorescence observed on the high energy side of the 
R line« at room temperature and above, between 6600 A and 6690 A, is due to 
emission from the T. f t,l   level« (McClure,  1959 and Kushida).   These lines 
have been observed to be in thermal equilibrium with the R lines (Misu,  1964). 

The two broad bands and the B lines seen in absorption do not appear in the 
fluorescence spectrum.   Thi« i« because the energy absorbed at these frequencies 
is transferred to the lower lying   E metastable state by radiationle«,« processes 
and then emitted at thp R line«.   Misu (1964) has suggested, however, that fluo- 
rescence appearing around 6210 A may be due to emission from the T, level which 
gives rise to the U absorption band. 

The most striking feature of the thermal dependence of the fluorescence is its 
change in spectral distribution.   At 545*K the emission energy i« «pread out over 
a wide region of the spectrum with low intensity.   As the temperature is lowered, 
the spectral region of the significant fluorescence decreases, more energy is 
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Figure 16.   Fluorescence Spectrum of Ruby with 0.03% Chromiuiti 1 
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emitted In the no-phonon lines and leat In the vlbronice,   At 15*K nearly all the 
energy ia emitted in an extremely intrnie apike at the Rj line. 

The vibronlca at 949*K are almoat lymmetric about the R linea.   They extend 
from 6000 X to 8100 A, indicating the preeence of multiphonon procenea.   Above 
room temperature their appearance ia similar to that reported by Burns and Nathan 
(1063).   As the temperature is lowered, the extent of the vibronic band« decreaaes 
indicating a lower probability of multiphonon processes,   The bands exhibit a de- 
tailed structure indicating that characteristic phonon frequencies are active (Krish- 
nan, 1947).   At 15*K th« high energy vibronics have vanished, as expected, due to 
the lack of phonons available for absorption. 

The R. and R, lines tend to increase in intensity when temperature is low- 
ered.   The ratio of the intensity of the R, line to the R. line decreases, however, 
according to a Boltxmann factor showing that the populations of their upper levels 
are in tharmal equilibrium iPringsheim, 1949).   At 77*K the Nj and N, lines and 
several othor pair lines :an be seen on the low energy side of the R lines.   As 
temperature is lowered to 15*K the two N lines increase in intensity.   This effect 
will be discussed in the next section. 

6.2 Fluoreacenoe Spectrun of Heavily Doped Ruby 

The fluorescence spectra of ruby with 0.94% and 2.1% Cr 3 are shown in Fig- 
ures 17 and 18, respectively.   The thermal characteristics of these spectra are the 
same as those of the 0.03% sample.   At the higher concentrations, however, the 
fluorescence is spread out over a wider range and is, in general, less intense. 
The number and intensities of the pair lines visible in the heavily doped samples 
are, as expected, greater than in the lightly doped sample. 

One major difference between the spectrum of heavily doped ruby and the one 
of lightly doped ruby is the extent and complexity of the former at wavelengths 
greater than 7100 A.   Figure 16 shows that the R line vibronics at low tempera- 
tures and concentrations are not significant at wavelengths greater than 7400 A. 
In heavily doped ruby this vibronic spectrum will be complicated by the presence 
of the pair lines and their vibronics.   The lines belonging to first and third nearest 
neighbors are found between 7150 A and 7550 A (Mollenauer,  1965).   The band seen 
beyond this region with its highest peak at about 7750 A has been attributed by 
Tolstoi et al. (1962) to transitions involving more than two interacting chromium ions. 

The high energy vibronics are less intense in the more concentrated samples 
and no structure is observed in the 2.1% sample.   They have completely disappeared 
at 77*K for both samples.   The amount of fluorescence from the vibronics and the 

T. level is much less than in the 0.03% sample because the coupling between single 
ions and pairs provides a rapid decay mechanism for the ions in the metastable level. 
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Figure 17.   Fluorescence Spectrum of Ruby with 0. 94% Chromium 
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Figure 18.   Fluorescence Spectrum of Ruby with 2.1% Chromium 
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Figure 19.   Fluorescence Spec- 
trum of Ruby with 2.1% Chro- 
mium in the Region of the R and 
N Lines 
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The region of the spectrum of the 2.1% sample consisting of the R lines and 
the pair lines for second and fourth nearest neighbors is shown in Figure 19.   In 
the heavily doped samples the R lines decrease as temperature is lowered.   Also 
in these samples satellite lines appear on both sides of and in between the Rj and 
R- lines as they did in absorption. 

Both the N lines increase in intensity as temperature is lowered.   The inten- 
sities of the numerous other pair lines vary differently with decreasing tempera- 
ture; some increase, others decrease.   These observations of the thermal varia- 
tion of the intensities of the pair lines are discussed in more detail in Section 9. 
They are explained by considering the levels involved in the specific transitions 
and the energy transfer between single ion and pair systems. 

The lines observed in the spectrum of heavily doped ruby at 77*K are listed 
in Table 9.   The lines marked with an asterisk were also Identified in absorption. 
The positions of the absorption lines are not as accurate as the positions of the 
fluorescence lines due to the differences in resolution and scanning speed used in 
the two types of experiments.   The region of the fluorescence spectrum which was 
of interest to this work was between 6900 A and 7100 A.   The lines listed in Table 9 
between 7100 A and 8000A are not as accurate as those reported from 6900 A to 
7100 A since the former region of the spectrum was observed at a faster scanning 
speed than the latter region. 

Key for Table 9 

*  Seen also in absorption (Figure 12) 
+  Second nearest neighbor pair lines (Figure 30) 

++  Fourth nearest neighbor pair lines (Figure 30) 
4+  Fourth nearest neighbor pair lines consisting of two poorly resolved 

lines (Figure 30) 

Some of the lines in the region from 7150 A to 7550 A have been attributed by 
Mollenauer (1965) to first and third nearest neighbor pairs.   The vibronics also 
appear in this region.   The lines reported at wavelengths greater than 7550 A are 
superimposed on a big band with a peak near 7750 A which has been attributed to 
multi-ion systems (Tolstoi,  1962). 
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Table 9.   Fluorescence Lines of Ruby with 2.1% Cr at 74,K 

UA) vtem"1) '       X(A) v(cm_1) 

6916.0 * 14,459.2 j     7075.5 14.133.3 
6921.0 * <K2) 14.446.8 7081.0 14,122.3 
6924. 5 14.441.5 7086.5 14,111.3 
6927.2 + + 14.435.8 7092.5 14.099.4 
6931.5 * 14.426.9 7110 14.065 
6933.5 * 14.422.7 7125 14,035 
6935.5* (Ri) 14.418.6 7145 13,996 
6937.0+ + 14.415.4 7162 13.963 
6940.5 14.408.2 7179 13.930 
6944.0+ + 14.400.9 7188 13.912 
6949.0 + 14. 390.6 7195 13.898 
6956.0 >f + 14. 376.1 7217 13.856 
6957.0 * 14. 374.0 7235 13.822 
6959.5* + 14. 368.8 7277 13, 742 
6963.5* + 14. 360.6 7288 13.721 
6967.0 * + 14.353.4 7293 13.712 
6971.0* + 14. 345.1 7307 13.686 
6976.0* + 14.334.9 7325 13.652 
6978.0 *+ + 14,330.8 7410 13. 495      1 
6978.5 * + 14,329.7 7435 13.450      i 
6980.5 * + + 14,325.6 7453 13.417 
6989.0 * + + 14.308.2 7500 13,333 
6990.5 *+ + 14.305.1 7522 13,294 
6991.5 *+ + 14.303.1 7538 13, 266 
6996.0 * + + 14,293.9 7591 13,173 
7002.5 *+ + 14.280.6 7606 13,148 
7009.5 *++   (Nz) 14.266.4 7624 13.116 
7013.0 *+ + 14,259.2 7666 13,045 
7025.0 * + 14,234.9 7710 12,970 
7032.0 * + 14,220.7 7737 12,925 
7041.0 *+   (Nx) 14,202.5 7769 12,872 
7056.0 14,172.3 7845 12,747      | 
705»). 0 * + 14,168.3 7890 12,674     | 
7070.0 14.141.3 7916 12,633 

17073.5 14.137.3    i 

(Key on previous page) 

7.  RESULTS AND DISCUSSION OF EXCITATION EXPERIMENTS 

The excitation spectra of the Rj line of a 0.03% ruby (sample No. 1 in 
Table 5) and of the Rj, Nj. and N2 lines and the 7750 A band of a 2.1% ruby 
(sample No. 3 in Table 5) were observed at 300,K and 4.2,K.   The equipment 
used for these experiments was described in Section 4.   The Engis monochromator 
used to select the wavelength of the exciting radiation was scanned through the 
range of wavelengths where absorption was observed.   The McPherson 

■ 
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monocbromator selected the wavelength of the fluorescence to be monitored.   Be- 

cause of the low intensity obtained in these experiments, wide slit widths were 

leeded for both monochromators.   The Engis slits were set at 1 mm, which cor- 

responded to a resolution of 55 A.   The McPherson slits were set at 400 p., which 

gave a resolution of about 6 A.   Both instruments were used in first order. 

7.1  Excllulion Spectrum of the R| Line of Lightly Doped Ruby 

Figure 20 shows the excitation spectrum of the Ri line of the lightly doped 

ruby at 300'K and at 4. 2*K.   The spectrum is approximately the same at the two 

temperatures.   The greatest amount of excitation is obtained by pumping in the 

two large absorption bands.   The bands are not as sharp in excitation as they 

appear in absorption, probably due to the poorer resolution used in these experi- 

ments.   The ^2 band in excitation is more intense than the    Tj band.   This is 

just the opposite of what is seen in absorption and is consistent with the perpen- 

dicularly polarized excitation spectrum observed by Misu (1964).    This indicates 

that under these conditions more energy is being transferred to the R metastable 

levels from the U band than from the Y band. 
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Figure 20.   Excitation Spectra of the R| Line in Ruby with 0.0 3% Chromium at 
300MC and 4.2»K 



*mm 

63 

There also is an excitation of the Rj line due to absorption in the region of 
the S lines (near 6650 A).   This is consistent with the observations of Misu (1964). 
Resonant radiation is observed in the region of the Rj line itself (about 69S0 A). 
Because of the wide slit width the resonant radiation includes scattered light.   The 
emission in this region may also be due to absorption in the R2 line. 

7.2 Excitation Spectra of Heavily Doped Ruby 

Figures 21 and 22 show the excitation spectra of the 2,1% sample at tempera- 
tures of 300*K and 4.2*K, respectively.   The Rj, N21 and Nj lines and the large 
fluorescence band near 7750 A wers all investigated at room temperature but at 
liquid helium temperature the intensity of the Rj line was too small to give useful 
results. 

At room temperature the three lines and the band all have similar excitation 
spectra.   Instead of two distinct pumping bands as observed in the lightly doped 
sample, these spectra present a broad, less intense region of excitation with little 
observable structure.   This "flattening* or "saturation" of the excitation spectra 
is due to the fact that the absorption is so strong in the bands that the incident light 
at these frequencies does not penetrate very far into the sample (Dexter,  1958). 
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Figure 21.   Excitation Spectra of the Rj, Nj, and N2 Lines and the 7750 A 
Band in Ruby with 2.1% Chromium at 300'K 
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Figure 22.   Excitation Spectra of the N Lines and the 7750 A Band in Ruby 
with 2.1% Chromium at 4. 2*K 

The incident light at the frequency of the B lines is absorbed less and thus pene- 
trates further into the sample.   The result of this "size effect" is that the excita- 
tion through the B lines relative to the excitation through the bands is greater 
than in the weakly doped sample which absorbs less. 

Each of the lines and the band exhibit a resonant excitation peak which will 
include some scattered radiation.   They also all have a peak at about 6000 A in- 
dicating excitation through the S lines.   The 7750 A band has a peak near 6950 A 
which indicates pumping through the R lines. 

At 4. 2*K the excitation spectrum of the 7750 A band is extremely weak and no 
distinct structure is observed.   The excitation spectra of the N j  and N2 lines are, 
however, more intense at this temperature and a number of bands are observed. 
This is due to the fact that the fluorescence at the band decreases at low tempera- 
tures while the fluorescence at the N lines increases (see Figure 18). 

In the region of the two absorption bands the N lines both appear to have two 
major excitation bands and an indication of a third peak not resolved from one of 
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the larger bands.   They occur at about 4550 A, 4900 A, and 5900 A.   Again these 
peaks are shifted from the positions of the absorption bands and B lines (see Fig- 
ure 9) due to the "size"  effects mentioned above. 

There is also a smaller band appearing at about 3600 A, on the tail of one of 
the larger bands.   This is probably the pair band observed in absorption near 
3400 A.   Due to the low intensity of the Rj line emission it is not clear whether 
or not it is also excited through this band.   However,   Rj fluorescence was ob- 
served at room temperature by pulsed excitation in this band (see Section 10). 

Both the N lines show strong pumping in the region of the S lines (around 
6600 A to 6700 A).   There is also a peak in the excitation spectra of both lines 
near 6400 A.   Absorption was also seen in this region (see Table 6 and Figure 13). 
The resonant absorption peak in the spectra of the two N lines is centered at about 

O 0 

6950 A and extends to near 7100 A.   This indicates a pumping of the N lines by the 

R lines. 

It should be noted that these measurements cannot throw any further light on 

the mechanism of excitation of the pair lines; in particular they cannot show whether 

the pair lines are excited directly through the bands or through the R lines.   The 

energy transfer from single ions to pairs is discussed in more detail in Sections 9 

and 10. 

8. RESULTS AND DISCUSSION OF LINEWIDTH AND LINESHIFT MEASUREMENTS 

The temperature dependence of the widths and positions of the four most prom- 

inent lines in the fluorescence spectrum of heavily doped ruby was measured from 

13*K up to 450*K.   The results for samples containing 2.1% and 0. 94% chromium 

are compared with similar measurements made previously on lightly doped ruby 

(about 0.05%chromium).   The samples used were listed as Nos. 2 and 3 in Table 5. 

The Rj and R^ lines are found to be broadened by microscopic strain, Raman 

processes, and direct processes between their excited states.   The Nj and N2 

lines are broadened by microscopic strain, Raman processes, and direct processes 

within the ground state manifolds.   The thermal lineshift results are consistent 

with virtual phonon processes involving different Debye temperatures from those 

used to fit the linewidth data. 

8.1  Theoretical Considerations 

McCumber and Sturge (1963) investigated the thermal dependence of the widths 

and positions of the absorption R lines in lightly doped ruby.   They explained the 

constant width below 77*K as being due to broadening by microscopic strains, and 

the rapid increase in width with temperature above 77*K as being due to the Raman 
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scattering of phonons by the impurity ions.   Kurnit, Abella, and Hartmann (1966) 
included a direct process term between the E and 2A levels in the consideration 
of the R1 linewidU and obtained a better fit with experimental results.   The ex- 
pression for the linewidth in units of cm'1 was derived in Section 3.   The result 
was given in Eq. (92) as 

TD/T 

Av  a A ^y/^-jc^ (105) 

where: 

Av   = contribution due to microscopic strain, 

Tn   ■ effective Debye temperature, 

and the contributions due to multiphonon processes are neglected. 
As was mentioned in Section 3 the strain broadening due to the random crystal 

field distortion at the rite of each chromium ion gives a Gaussian contribution to 
the line chape.   The broadening due to the phono'-, processes, which have the same 
probability of occurrence for each ion, produces a Lorentzian line shape.   The 
superposition of the two contributions gives a Voigt profile whose half width is not 
exactly equal to the sum of the Gaussian and Lorentzian halfwidths.   Equation (105) 
may, however, still be considered a good approximation.   The S and ß,. are 
treated as adjustable parameters to obtain a fit with experimental results.   They 
are a measure of the coupling of the impurity ion to the lattice.   Temperature TD 

may be different from the Debye temperature found from specific heat measure- 
ments since phonons of different frequencies may interact differently with the 
impurity ion. 

The shift of a spectral line with temperature is caused by the continual ab- 
sorption and re-emission of virtual phonons by the impurity ion in a phonon field. 
The temperature dependent shift expressed in units of cm'1 was also derived in 
Section 3 and the result was given in Eq. (104) as 

TD/T TD/T 

TD/T 

■& ^ fö)2 P l  s\ T^j (106) 

&, •«* 
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where P denotes the principal part of the integral.   Again the a and ß" coefficients 
are adjustable parameters.   The last two terms represent the absorption and emis- 
sion of virtual phonons with frequencies corresponding to real transitions from the 
levels considered.   These were found to be negligible in lightly doped ruby 
(McCumber and Sturge,  1963).   They have been found to contribute to thermal 
lineshifts in other materials however (Yen et al,,   1964). 

There is no reason to expect that T- will have the same value for linewidth 
and lineshift processes since a specific phonon may contribute differently to the 
two types of processes on account of different selection rules.   In fact, Imbusch 
et al. (1964) suggested that the effective phonon distributions in ruby would be dif- 
ferent in Eqs. (105) and (106).   In lightly doped ruby McCumber and Sturge found, 
however, that good results could be obtained assuming the same effective Debye 
temperature. 

8.2  Experimental Results 

The width of the Rj fluorescence line in a 0.03% sample was measured at 
several temperatures above ITK.   The results agree quite well with the absorp- 
tion data of McCumber and Sturge. 

Figures 23 and 24 show the 
experimental results of the ther- 
mal variation of fluorescence 
linewidth of the R and N lines 
in the 2.1% and 0. 94% samples, 
respectively, in the temperature 
range from 130K to 450*K.   The 
shifts in position of the R and N 
lines with temperature below 
their values at 0*K are shown in 
Figure 25 for the two samples in 
the same temperature range. 
The data was obtained using the 
continuous fluorescent apparatus 
described in Section 4.   At 7TK 
and below, the grating was used 
in second order and the slits set 
at I0\i to achieve a resolution of 
0, 14 cm"1.    Above 1TK the 
grating was used in first order 
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which gave a resolution of 
0. 306 cm'1 for a 10-^ slit width. 

Figure 23.   Linewidths of the R and N Lines 
in Ruby with 2.1% Chromium.   The theoreti- 
cal curves are obtained from Eq. (105) with 
the parameters shown in Table 14. 
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This slit width was used at all temperatures in measurements on the 0. 94% sam- 
ple but for the 2.1% sample above 200*K a slit width of 20^ was used.   For the 
2. 1% sample a scanning speed of 2. 5 A/minute was used below 300'K and 
25 A/minute above this temperature.   For the 0. 94% sample a scanning speed 
of 1. 0 A/minute was used up to 82 *K; then 2. 5 A/minute was used up to 300 *K 
and 5 A/minute was used above this temperature.   An amplifier response time 
of 0.1 second was used for all measurements. 
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Figure 24.   Linewidths of the R and N Lines in Ruby with 0. 94% Chromium.   The the- 
oretical curves are obtained from Eq. (105) with the parameters shown in Table 14 
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Figure 25.   Energy Shift of the R and N Lines Below Their Values at O'K for Ruby with 
2.1% and 0. 94% Chromium.   The theoretical curves are obtained from Eq. (106) with 
the parameters given in Table 14. 

Tables 10 and 11 list the results of the linewidth measurements for the two 
samples.   Tables 12 and 13 list the lineshift results.   The estimated accuracy of 
the linewidth measurements of the 2. 1% sample is ±10%for the R lines and ±5% 
for the N lines.   For the 0. 94% sample the estimated accuracy of the linewidths 
is ±2% for the R lines and ±5% for the N lines.   The estimated accuracy of the 
measurements of the position of a line is 1/10 to 1 /20 of the linewidth. 

I 
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Table 10.   Experimental Data on Linewidth of Ruby (2.1% Cr) 

T CK) AvD   (cm"1) 
Rl 

Avn   (cm-1) 
R2 

Avv   (cm-1) 
Nl 

Av^   (cm-1 

13 2.70 7.06 3.32           | 
!     21 3.21 3.00 

29 2.91 7.06 3. 32 
1     42 3.32 3.18 

62 2.91 3.24 7.35 3.66 
74 2.91 3.24 7.26 3.66 
80 3.02 7.76 3.66 
96 3.25 3.37 7.27 3.74 

.    117 4.57 3.66 7.61 3.96 
132 5.20 4.17 8.06 4.39 

!    155 6.24 4.23 8.47 5.18 
184 11.42 6.78 9.68 6.24 
240 21.31 10.60 14.71 io. n 
301 34.22 17.70 33.15 20.30           1 
311 39.35 17.70 34.10 21.30          1 
400 49.60 28.08 45.50 29.35          | 

Resolution:   0.14 cm"} for T <. 74*K 
0. 31 cm-} for SO'K i T i 184,K 
0.61 cm'1 for T2 240,K 

Table 11.   Experimental Data on Linewidth of Ruby (0. 94% Cr) 

T CK) A^   (cm"1) 
Rl 

Atfo    (cm"1) 
R2 

^Ni(cm"l)   " AT>N   (cm"1) 

20 2.453 2.714 5.545 2.299 
25 2.474 2.818 5.545 2.380 
47 2.494 2.818 5.645 2.441 
70 2.702 2.965 5.645 2.441        i 
81 2.910 3.215 5.685 2.502        | 

i      92 3.013 3.652 5.644 2. 746 
112 3.449 3.902 5.945 2.989 

i    120 3.886 4.070 6.048 3.152        j 
1    130 4.363 4.445 6.247 3.193       ! 
1    140 4.882 4.902 6.367 3.499       ! 
j    150 5.236 5.155 6.549 3. 762 

164 7.165 5.631 6.951 4. 391 
176 8.060 6.259 7.655 4.777 
192 9.654 7.234 8.257 5.121 
200 11.111 7.780 8.763 5.631 
225 15.256 9.297 9.966 7.152 

1    251 20. 331 11.458 11.572 9.383 
265 22.090 12.914 12.274 10.419 
273 23.010 13.016 13.839 11.675 
307 29.020 16.916 16.087 13.761 
351 35.720 20.274 20.080 16.729 

i   401 45.200 27.000 27.580 21.780 
451 53.730 32. 670 

Resolution:  0.14 cm"1 for T < 70*K 
0.31 cm-1 for T > 81,K 



•w tmmß I   I M ■«■ « 

71 

u 
O 

I 
OS 

ä 
c 
0 

N 

•< 
N 

to 

N 

■O 

•< 
N 

s 
O 

<o 

•< 

2 « 
o   o   - 

oo   m 
«a    t- 

t> O >o >> 
IA ^ t» 00 

• § t • 

o oo (M o 
>-< rt (VJ in 

s s $ s s g § § 2 •       •       •      • 
a>   o>   o o   « m   os   p»   m o 
C»    C-    f g g 

*M    M    N    (M e o e e c-  t-  r-  t- 

2 g 
•       • 

o  o   o 

M   m   ro   \o o m o 
o   o  vo   oo tr> m >o 

•    •     •     • ■ § • 
N   >0   «O    9 0> N ft 

PN F« IM <*> 

C 
00 oo   •-• 
M    ^     N 

o  o  o 
t-   e-   »» 

o o o> o> o o o 
co oo O ^ m o in 

• #■••• 

N 'f m t- »< <*» 
* * M« * m m in 
o o o o o o o 
t» t» t- e- t- e- t- 

m oo ^ c- oo oo • • • 
^ IM 00 

m -i t» « ^ IM r» • • • • 
FN i-i M* »O 
«N IM (M m 

in 
oo 

• 
o 
IM 
OS «a 

o m e 
m ■-• <£ • • • 
F« (M « 
IM N N 
O O Oi 
>o -o *o 

o o 
N m 

IM S 1*» Ä 
O)   O)   O)    o> 
>o   *o   *o   \0 

M M" 
00 I*» ^ 
oo co o) 

O O •- •-< <*> 00 

IM «* 00 
<M o e • • • 
IM IM * 
-< IM IM 

o >n o u- o o 
0i o> «o ou in N 

o o m m 
M1 ^ m m «o a 
CÖ CÖ CO CO CÖ fO 
o> a> o> o> A a> 
^O ^0 ^0 ^0 ^0 ^0 

s 
Q in vO (M 
* * M1 m 
0) O) O) 0> 
vO vO 

oyooot-foop«   —   o 
; *4i-<pMiM*>fo9 

in 

«n 
(M 

V 

o 

V 

V 

• 
o 
oo 
h 

IM 

A 

■ ■ ■ 

§ §§ 
•^    CO   >0 

o  o  o 

I 
a 



; 

72 

u u 

o 

I 
OS 

4) 

•S 
J 
C 
o 

i I 
a 

1 

i        1 
B 

1           w 
1!             N 

t">oo>inMO)^,'Ot«ifioo'r>'^'rivOvO^,t"0>ifi*-"N      i 
ooo^*'<J<^-4^<<^iM4<4|vOvoa>vooco|V>rr|iAao>n-4      I 

>»/^                              J       x ^i ^< ^< M (^ 

O t-<£ o >n <*> O <M O m in Q in in rg p in i/t ö O t> (M p p 
IM "> <^ P P 0) P IM t« <*> (Vi 9-H M vO <^ M » 00 0) vO >^ 9 9 
o p o •-<'-' ^ -' <M* -H* —' IM* IM* i*» i»> ^< fo in ♦' so vO t-*« IM* m'     ! 
^    ^   „   ^   «    rt    _    ^   ___.    .H    —    _    rt    _««_-._-,    rj    (SJ                j 
popepPPOPPopPPppPPOOPppp 

rl           ' 

1     B o 

1 *p 
i      ^ 

o> >o oo m o p * p m t-oo <M ^ o o>-H — oo f ^"^ e-M 

p p P ^ IM' V IM' ^i V (M* "* * m' «a o> >« ^ p*« m' t-* oi « so 

1 '3 
J5 

pint>ppt-inpp(^pr-poc*pcppininiMoinp 
P ^i IM W IM 0> 0> (M p (M * <*> vO rg ^< * * p 00 ^O vO vO (M O        1 

NNNNWIM«'*''' V V M" in vO m' t- P- oo o> O -< vO p' 
^ * * * ^ ^ * 4 * ^ ^ ^'J"* ^ * ^ ^f "* «■ m m m vO 
PPOOOOOOPOoooooooooooooo 
t-t» t-r» r-r-1-e» t^ t-t» t-t-t-t» t-r-t^ t» t-t-i» t» t-      i 

• 

u 
M 

I          «3 

prMi-i>oo>-'invOin-NvO«inoaoiMa3i'ic-o-'OPO) 

P ■-<' P ^ IM ^* IM" ^ <*>* PO vO fO 00* m* — t-' IM 0> vO t» 03 — p CO t*. | 

i 'S 
inpfMpp^inppinoopmp^ooooinpNinom 
rjr-fooom — iM^p^-Hp^oimp—p-Ht-^^fvomiM 

P O P O F* IM' -H' (M* rg -«* i*i M' ^< IM in ^ >o in oo oo* 05 p ^ op w* 
MIM(^^MIMIMIM(M(M(M(M(MIM(M^JIMIMIMIMIMlM^lr)^M, 

0>CD0303O>O3O3O)O3O3O>O)O>O3O>O30>a)0>03O3O303O3O3 
*n ^Q fcft ^Q fcft \ft \rt i,rt ^J ^rt \rt \^  1^3 *^ \ß \rt \Q \Q \rt \ß ^p \rt \rt \^  ^^   I 

i!           1 

of 
1       <o 

pPOsOP^OJ^VinvO^OvOvOvOinoOvO'^IMOOIMOJIM 
p M* p M ro <■' IM' in *' <•>' m' V r-' o o co' o IM >a t» os •< a >o * 

•s 
II '<Br 

pinmcp'Minp^'pinpo'^OOt-c-Oinooinoooo 
pf(ovO'''ooi''^'pinvo — «A—<po>0)«t»-<poor-iM 
^|inininvOvO»oc»t->ot-t-oooopoopoiM'*>^,ino3M\o 
föfOi,^i,'VfO'Oroi,^for'>c'>fO',ni,o^'i,o^i^'^,^i^,^'^iinin 

sO NO ^ ^ ^0 ^ ^O ^O NO NO ^O >0 ^O ^O ^0 VO ^ vO ^ ^0 ^D ^O "^O '«O sO 1 

9 
1        * 

p t> p M r4 IM p m p   p    p ^< >e M p  m   ^ in m t-^H-H-. 
. 11-oo o> — eg eg 1*5   •*    mvOP-osp   M   in>«r-pinpin 
}                        P4MIMM    -<     ««^^rg    (M    (M (M M « "1 * ^< 

a    • 
O — 
t-   00 

VI A| 
EH H 

e a 
ü Ü 
r- in 
o — 
d d 
c 
0 

o w 
01 



•    ::4 
— 

-v*T,-m>&il!mr-<r*mm--4*mf      ■ <• 

1 

73 

IJO 

—— CXPCTIMCHTAL UNE 

O VOWT PROFILE 

— OMMSMN UNE 

——UMENTZIAN LINE 

OS 

8.3 Interpretation of Results and Conclusions 

Qualitatively the thermal dependences of the linewidths shown in Figures 23 
and 24 are similar to those of the 0.03% sample in that they are constant up to 
77'K and then increase rapidly with temperature; however, the coupling coeffi- 
cients are different and the thermal variations of all lines cannot be fit with theo- 
retical curves based on Raman scattering alone. 

The shapes of the lines 
were investigated at low 
temperatures to determine 
the extent of direct process 
broadening.   The closeness 
of the satellite lines to the 
R lines prohibited any con- 
clusive results with regard 
to these lines.   Accurate 
shapes could be determined 
for both the N lines, how- 
ever.   For example, Fig- 
ure 26 shows the shape of 
the Nj line in the 2.1% 
sample at 21'K where 
broadening from Raman 
processes is negligible.   It 
falls between a Gaussian 
and a Lorentzian curve, in- 
dicating that there are con- 
tributions to the broadening from both microscopic strain and phonon processes. 
By analyzing this shape using Posener's tables of Voigt profiles (1959) the two 
contributions were separated. * 

In Section 9 the energy level systems of heavily doped ruby are established 
and the results shown in Figure 30.   Note that the R lines terminate on the ground 
state while the N lines both terminate on an upper component of the exchange split 
ground state manifolds. 

At very low temperatures the widths of the lines originating from a metastable 
N state and terminating on the ground state should give a good indication of the 
strain broadening of all the lines originating from the same level.   The width of the 
transition to the ground state of the N, system was measured and found to be in 

-8.0 -IJO -or |-a5"|o|'as | ar  i.o 
-as   -ai o.i    as 

2.0 

Figure 26.   Shape of the N. Line in Ruby with 2.1% 
Chromium at 21 »K 

''"The instrumental broadening at low temperatures was always much less than 
10% of the strain broadening.   This would also give an approximately Gaussian 
contribution to the linewidth (Nelson and Sturge,  1965). 
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good agreement with the strain broadening determined from line shape analysis of 
the N, line as mentioned above.   The width of the transition to the ground state of 
the Nj  system is greater than expected from line shape analysis of the Nj line. 
Kisliuk and Krupke (1965) found that the line they assigned to the ground state 
transition of this system disappeared in absorption at low temperatures.   There- 
fore, they interpreted this line as arising from a vibronic transition near a for- 
bidden no-phonon line.   In this case we would expect it to be broader than the no- 
phonon line. 

The strain broadening for the R lines is greater in the samples used here 
than in the 0.03% sample; it is greatest in the 2.1% sample.   For the 2.1% sam- 
ple the observed strain linewidths are in the order A vN 

In the 0.94% sample, they are AvN   > AvR    > Avp    - uv^ .    «uc «j 

been assigned by Kisliuk, Schawlow, and Sturge (1964) to second nearest neighbor 
pairs and the N, line to fourth nearest neighbor pairs.   We would expect the strain 
field associated with the second nearest neighbor impurities to be greater than that 
associated with the fourth nearest neighbor impurities, implying that N.  should be 
broader than N,.   This is confirmed experimentally for both samples. 

Theoretical fittings of the temperature dependence of the linewidths and line- 
shifts of the different lines were obtained by using formulas (105) : nd (106) re- 
spectively, with the parameters shown in Table 14.   The parameters used by 
McCumber and Sturge for lightly doped ruby are also shown for comparison.   The 
accuracy of the fitting parameters is approximately 10% for the effective Debye 
temperatures, 5% for the Raman scattering coefficients, and 20% for the direct 
process coefficients.   The fittings shown for the Rj and R, linewidths of the 
2. 1% sample are based entirely on Raman scattering using a Debye distribution 
of phonons with an effective Debye temperature of 760 *K.   The fittings of the R 
linewidths for the 0.94% sample have the same TD but lower values of a; these 
fittings also include direct process terms for transitions between the E and 2Ä 
levels.   McCumber and Sturge used the same TD but even lower coupling coeffi- 
cients.   In all three samples  7R     > oD   .   For the direct process coefficient of 

"l n2 
the Rj line in lightly doped ruby, Kurr.it, Abella, and Hartmann (1966) derived a 
value of 0.004 cm*1 from photon echo lifetime results.   This is much less than 
the ß coefficients used in fitting the 0. 94% curves.   For the 2. 1% sample, no ß 
coefficient« could be derived because of the larger strain broadening. 

The fittings of the data for the N linewidths of both the 2. 1% and 0. 94% sam- 
ples were obtained by considering a Raman scattering process with a Debye tem- 
perature of 935*K plus a direct decay process in the ground state manifold with 
the selection rule AS ■ *2.   This type of process may become active through the 
modulation of the exchange coupling coefficient J by lattice vibrations and is im- 
portant when the zero field splitting parameter D is not negligible (Gill,  1962). 
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Table 14.   Linewidth and Lineshift Parameters of Ruby 

Sample 
(Percent 

Chromium) 
Line 

Linewidth Lineshift             ' 

TDCK) a (cm"1) /Mem"1) (strain) 
(cm-1) 

TD CK) «(cm-1) 

2.1 Rl 760 1440 0 2.90 450 -177 

R2 760 640 0 3. 10 450 -177       | 

Nl 935 1681 0.20 6.73 450 -160 

N2 935 1166 0.24 3.06 450 -150 

0.94 Rl 760 1071 0.24 2.45 450 -177 

R? 760 475 0.36 2.30 450 -177 

Nl 935 731 0.20 5.24 450 -160 

N2 935 777 0.20 2. 14 450 -150 

0.05* Rl 760 544 \(0.004) 0.096 760 -400 

R2 760 415 0 0.1 760 -400       i 

""Data from McCumber and Sturge (1963);  ßD    from Kumit, Abella, and 

Hartmann (1966);   (TD = 935•K from specific heat measurements). 

, 

Without the inclusion of this term the theoretical curve will deviate from the ex- 
perimental curve most noticeably in the temperature range from 80'K up to ISO'K. 
From independent measurements it was found that the excited levels within the 
Rj,  N., and N, systems are thermalized (see Section 9).   These results show 
that the relaxation processes within the N, and N, systems, although they allow 
for the thermalization of the levels, do not give any relevant contribution to the 
widths of the lines originating from the Nj and N, levels.   This fact implies that 
these processes are somewhat slower than the corresponding processes within the 
R levels. 

The value of ß obtained from this treatment gives lifetimes for the S ■ 2 
state of the N,  system and for the S = 1 state of the N, system of about 
2. 7 X 10"11 seconds.    [Yen, Scott, and Scott (1965) found a value of 5.7 X 10"11 

seconds for the lifetime of an energy level of Er+3  in LaF,, 51 cm"1 above the 
ground state. ] 

The a coefficients for the N lines are greater in the 2.1% sample.   For the 
four lines of the 2.1% sample,   aK    > aR    > a N, ra    > <»D    and for the 0. 94% 

N2 R2 

, 
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sample Op    > 3«,    > *fj    * »R  •   The $,. coefficients for both N lines of both 

samples are almost the same. 

The Debye temperature used for the N linewidths is the same as the Debye 

temperature determined from specific heat measurements.   The lower effective 

Debye temperature used for the R linewidths indicates that the single ions are 

affected more by lower frequency phonons. 

The temperature dependence of the lineshifts was fitted in the following way. 

For both the samples all the curves shown in Figure 25 were fitted by using 

Eq. (106) with TD = 450,K and all /3*. = 0.   The TD used by McCumber and 

Sturge for the lineshift data in lightly doped ruby was 760,K.   The a coefficients 

are all negative, which indicates a shift toward lower energy with increasing tem- 

perature.   The a coefficients are the same for both samples and I «p   I   =  |»n 
'111   "2 

> I »XT   I > I OXT   I  •   These arc; all smaller than the absolute values of the cocffi- 
1    N2|      I     Nl 1 

cients used by McCumber and Sturge. 

9.  RESULTS AND DISCUSSION OF RELATIVE] INTENSITY MEASUREMENTS 

Relative intensity measurements were made on the no-phonon lines of heavily 

doped ruby from IS^K up to 400,K.   The purpose of these measurements was two- 

fold:   (1) the establishment of energy level systems for Cr3+  pairs in ruby, and 

(2) the study of the interactions between single-ion and pair systems in crystals. 

In order to establish the energy levels for the pair systems, the relativr in- 

tensities of all the no-phonon lines of a sample with a 2.1% chromium (No.  3 in 

Table 5) were measured at various temperatures.   For studying the energy trans- 

fer from single ions to pairs, the thermal dependences of the intensity ratios of 

the R and N lines were obtained for the 2.1% sample and a sample with 0. 94% 

chromium (No. 2 in Table 5). 

The experimental apparatus used was the continuous fluorescence equipment 

described in Section 4.   The intensities of all the pair lines were obtained by 

scanning the continuous spectrum using a monochromator slit width of 20 [i (see 

Figure 19).   The results are listed in Table 15.   The intensities of the R and N 

lines were obtained by scanning slowly over each line using various settings for 

the monochromator slit widths.   The results are listed in Tables 16 and 17. 



77 

Table 15.   Fluorescence Intensities of Pair Lines in Ruby with 2. 1% Cr 

UA) I at 160K I at 47.5,K I at 92»K I at löS'K 

6948.56 4.63 8.96 18.05 
6954.10 3.76 7.40 15.46       | 
6964.13 .... 3.51 5.36 9.60       1 
6969.-55   16.51 19.99 19.91        | 
6978. 37 12.00 19.69 26. 98 
6979.44 37.0 16.50 11.30 1 3. 70 
698 7.74   61.08 39.-46 31.76 
6989. 38 113.0 56.17 30.87 33. 95 
6996.80 41.7 20.01 14.35 17.33 
7001.81 229.9 37.67 14.12 15.07 
7008.84 1409.0 298.00 109.49 83.24 
7029.50 33.5 13.42 5.36   
7040.63 1305.0 599,00 187.07 70. 27 
705 3, 16 521.0 265.68 62.57 32.54       1 

Resolution:   0. 3A 

Table 16.   Relative Intensities of the R and N Lines in Ruby with 2.1% Cr 

T CK) ^CK)"1 

^2 s 
14 0.0755 0.02 0.02 0.874 
21 0.0475 0.004 0.002 
29 0.0345 0.02 0.03 0.667 
42 0.0235 0.04 0.07 0.018 0.033 0.546     | 
62 0.0160 0. 495 
74 0.0135 1.18 0.21 0.055 0.113 0.574 
80 0.0125 0.12 0.27 0.587 
96 0.0105 0.33 0.70 0. 166 0.254 0.654 

117 0.0085 0.57 0.68 0.304 0.368 0.829 
132 0.0075 0.73 0.83 0.437 0.500 0.875 
155 0.0065 1.19 1.15 0.754 0.720 1.038     1 
184 0.0055 2.14 1.80 1.099 0.924 1.190 
301 0.0030 3.07 1.96 1.601 1.023 1.515 
311 0.0030 3.45 2.87 1.609 1.340 1.201 
400 0.0025 4.78 3.69 3.121 2.410 1.292     1 

Resolution:   0.07A for T < 74,K 

0.15A for SO'K <. T <. 184'K 

0.30A for T > 301'K 
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Table 17.   Relative Intensities of the R and N Lines in Ruby with 0. 94% Cr 

TCK) ICK)'1 

20 0.0515 0.27 0.09 0.051 0.017 3.077 
25 0.0390 0.23 0.09 0.074 0.029 2.528 
47 0.0210 0.20 0.13 0. 134 0.088 1.520 
70 0.0145 0. 3i 0.29 0.201 0.019 1.049          1 
82 0.0125 0.42 0.41 0.289 0.277 1.045          i 
92 0.0110 0.46 0.47 0. 367 0.376 0.986 

108 0.0095 0.55 0.54 0.411 0.403 1.020          i 
117 0.0085 0.83 0.68 0.534 0.436 1.227          1 
128 0.0080 1.03 0.86 0.768 0.590 1.212          ! 
138 0.0070 1.28 1.08 0.798 0.681 1.189          1 
148 0.0065 1.45 1.06 1.020 0.740 1.366         j 
175 0.0055 1.62 1.62 1.125 1.136 1.000 
178 0.0055 1.90 1.21 1.330 1.665 1.534 
199 0.0050 2.26 2.43 1.555 1.670 0.931 
224 0.0045 3.08 2.53 4.400 1.77Ö 1.739 
308 0.00 30 5.67 4.66 4.680 7.080 1.806          ! 

Resolution:   0.07A for T £ 69.5,K 
0. 15A for T 2. 81.5^ 

9.1   Construction of the Energy Level Systems and Assignments of Transitions 

As was mentioned in Section 2, Kisliuk and Krupke (1965) used Daly's (1961) 
monochromatic excitation data and the recurrence of previously established ground 
state splittings (Kisliuk et al.,  1964) to construct energy level diagrams and assign 
observed lines to transitions within the second and fourth nearest neighbor pair 
systems.   From the measurements of the relative intensities of the fluorescence 
lines, it was possible to establish similar energy level diagrams for the two pair 
systems and assign the observed lines to specific transitions.   Two facts were 
used in interpreting the results of the relative intensity measurements:   (1) the 
intensities of the fluorescence lines originating from the same level have the same 
temperature dependence, and (2) the intensities of the fluorescence lines originat- 
ing from different levels in thermal equilibrium obey the relationship 

Ii Const, x exp 
(^ 

(107) 

The relative intensities of the R and N lines listed in Tables 16 and 17 are 
plotted versus 1/T in Figure 27.   At high temperatures, these results show that 
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Figure 27.   Relative Intensities of the R and N Fluorescence Lines in 
Ruby with 2.1% and 0,94% Chromium 
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Figure 28.   Relative Intensities of Second Nearest 
Neighbor Pair Lines in Ruby 

the Rj, R2, Nj, and N 

metastable levels are in 

thermal equilibrium. 

The deviation of these 

intensity ratios from a 

Boltzmann dependence 

at low temperatures is 

discussed in the next 

section.    The temperature 

dependences of the rela- 

tive intensities of the 

various other pair lines 

listed in Table 15 are 

shown in Figures 28 and 

29.   From the results 

shown in these three fig- 

ures, the energy levels 

for the two pair systems 

can be established and 

pair lines can be assigned 

to specific transitions. 

The results are shown in 

Figure 30. 

Starting with the well- 

known R line transitions, 

thermalization of relative 

intensities fixed the levels 

involved in the N.   and N, 

transitions.   These and 

other pair levels estab- 

lished by thermalization 

measurements are indi- 

cated by a T.   Then, lines 

with constant intensities relative to these lines established by thermalization were 

assigned to specific transitions. This fixed the ground-state levels marked with A. 

Three or more lines having the same temperature dependence and differing in en- 

ergy by amounts equal to certain ground state splittings were used to establish the 

excited states marked with B. A number of other observed lines which were not 

well enough resolved to obtain an accurate temperature depencence were assigned 

to specific transitions by considering their qualitative change with temperature and 
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the established energy 

splittings (see Table 6). 

These assignments, al- 

though based mainly on 

those lines whose tem- 

perature dependences 

could be measured ac- 

curately, established 

the energy level scheme 

on a firmer ground. 

The results obtained 

are consistent with 

those of Kisliuk and 

Krupke (1965).   For the 

N, pair, four ground 

state levels and the four 

excited state levels 

were established. 

Twelve lines were as- 

signed to transitions 

between various sets 
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Figure 29.   Relative Intensities of Fourth Nearest 
Neighbor Pair Lines in Ruby 

of levels in this system.   One of them, the 6978. 4Ä line, was not assigned by pre- 

vious workers. 

The more closely spaced levels belonging to the N, pair system made accurate 

intensity measurements more difficult for these lines.   For this system, only three 

of the four levels of the ground state and three of the six levels of the excited state 

were firmly fixed.   The other levels established by Kisliuk and Krupke are marked 

by K.   Also, only twelve transitions were assigned within the N, system where 

Kisliuk and Krupke assigned eighteen. 

At least seven lines not assigned previously were observed near the R lines 

(see Table 6).   These lines are too closely spaced to obtain accurate intensity 

measurements.   However, by virtue of their general change with temperature and 

their energy splittings compared with the ground states of the pair systems, it 

seems quite reasonable to assign at least three of these lines to specific transitions. 

These transitions establish a new excited state level in the N, pair system which 

falls between the R. and R, metastable levels and is marked by a D in Figure 30. 

This is consistent with the observation by Daly (1961) of fluorescence at the N, line 

while exciting at a frequency between the R. and R, lines.   The position of this 

new level may be useful in explaining the energy transfer between single ions and 

pairs as discussed in the following section. 
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9.2 Energy Transfer Between Single-Ion and Pair Systems.   Relative Intensities of the R and N Lines 

As mentioned in Section 2, the transfer of energy from single ions to pairs 
has been observed in various ways.   Schawlow and co-workers (1959) first sug- 
gested the presence of energy transfer from single ions to pairs because the in- 
crease in the relative intensity of the N2-line to the R.  line as a function of con- 
centration was observed to be greater than linear above about 0. 3% chromium. 
Wieder and Sarles (1961) excited a sample of heavily-doped ruby with the R, 
emission of a ruby laser and observed the fluorescence in the N lines thus ex- 
plicitly demonstrating the em   gy transfer from single ions to pairs.   Imbusch 
(1966) investigated this energy transfer by measuring the lifetimes at the R and 
N lines.   He concluded that the energy transfer comes from the main body of 
chromium ions and not just from the ions located near the pairs.   He also found 
that this transfer becomes very efficient at concentrations of about 1.0% Cr20,. 

The relative intensities of the R., R,, N,, and N, lines shown in Figure 27 
also contain information about the coupling of the single ion and pair systems. 
These curves for the two samples are indicauve of the temperature and concen- 
tration dependence of the energy transfer mechanism.   The fact that the departure 
from thermalization occurs at a higher temperature in the 0. 94% sample than in 
the 2.1% sample and that for each line the amount of deviation from thermaliza- 
tion is greater in the less doped sample shows that the coupling of the R and N 
systems is greater for the more heavily doped sample.   The deviation from ther- 
malization occurs at about 68'K for the 2.1% sample and 91'K for the 0. 94% sam- 
ple.   The intensities of the lines within each pair system are observed to remain 
thermalized even at low temperature, thus giving additional evidence of the exist- 
ence of separate systems. 

One possible mechanism which can explain the observed characteristics of the 
energy transfer between the R, N.,   and N, systems is cross-relaxation, which 
implies that a transition in one direction in one system is accompanied by a transi- 
tion in the opposite direction in another system.   Any energy mismatch of the two 
transitions can be balanced by phonon processes.   The level in the N, pair system 
which was found between the Rj  and R, excited levels could be used with minimum 
energy mismatch in cross-relaxation between single-ion and pair systems.   We 
also notice that the N.  line was observed in fluorescence by Daly (1961) when ex- 
cited at a level slightly above the R, level.   This result is consistent with the ex- 
citation measurements reported in Section 7.   This level could play a role in the 
energy transfer between the R and the N.  systems with minimum energy mis- 
match.   The nature of this transfer mechanism has been investigated by Imbusch 
(1966) who noted some experimental findings of its quadrupole-quadrupole character. 
Our experimental evidence that the R and N levels are thermalized over a range of 
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temperatures is an additional proof that the transfer is nonradiative. 

Consider the simplified model of cross-relaxation between two systems of 

ions shown in Figure 31 where systems A and B represent the R and N systems, 

respectively.   The rate equations for the populations of the various levels can be 

written as follows (Seigman,  1964): 

N2 - WNj - A21N2 +  n^^L-N^^k 

N 1  " N. (108) 

n,   =  - n. A'     - njN, -^ +  N,^ -^X 

n1   = (109) 

In the above equations, the assumptions have been made that the radiationless 

decay from the absorption band in system A to level 2 is extremely fast and that 

system B is pumped only through cross-relaxation from system A.   Cross-relaxation 

between the two systems in the simple scheme shown in Figure 31 can take place 

only with the assistance of phonons of energy equal to the energy gap between 

level 2 of system A and level 2 of system B, designated  ^F,,.   Because of this 

.__. 

RELAXATION 

IX 

SYSTEMS 
(nIONS) 

Figure 31.   Cross-relaxation Between Two Fluorescent Systems 
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emission and absorption of phonons concurrent with the cross-relaxation process, 

we may expect that 

!*r       .*WKT (110) 
u cr 

The more complicated scheme having an additional level 3 in system B with about 
the same energy of level 2 of system A would require the presence of phonon ex- 
citation and relaxation processes between levels 2 and 3 of B, resulting in a sim- 
ilar temperature dependence of the cross-relaxation probabilities. 

Equations (108) and (109) can be solved for equilibrium conditions with the as- 
sumptions that N.   - N and n.   ~ n.   The results are 

N, = 

r.r 

(A21 + ^ wcr) (A21 +  ucr)-^ucrwc 

(A21 + ^ w'cr)(A21 +  wcr)-^wcrwc 

(111) 

_2 = 21 + N     gr 
n,      «^        n  « 2        cr cr 

(112) 

The intensity of a fluorescence line is proportional to the population of the 
level from which it originates.   Thus, Eq. (112) should explain the relative inten- 
sity curves shown in Figure 27.   At high temperatures, the observed thermaliza- 
tion of the R and N levels, as seen in Figure 27, implies that A'21 << w'cr ü . 
In Eq. (112), the second term is predominant.   Substituting Eq. (110) into 

Eq. (112) gives (for high temperatures) 

HA 
n 

-AE2^KT 
(113) 

This indicates that the ratio  In/I« will be proportional to a Boltzmann factor at 
high temperatures as observed experimentally.   It also predicts that IpA™ should 
be greater for the less concentrated sample; this concurs with the experimental 

results. 
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At low temperatures,  «'     is expected to be very small and the first term in 

Eq. (112) is predominant.   In this region,   Ip/Ivj will be proportional to 

N,      A' 
—ä =-Jl . (114) 
n2      wcr 

The temperature variation in this region may be considered to be due mainly to the 

variation of w . The relevant times for the cross pumping can be seen from Fig- 

ure 27 to be in the order 

(R1-*N1)>Tcr(R1-N2)>Tcr(R2^N1)>rcr(R2^N2). (115) Tcr 

where T'     = w    .   The above relation implies that, at low temperatures, the N, er        cr i 
level is pumped less than the N, level; this agrees with the dependence of the 

Lj   /L.    ratio on temperature (see Figure 27).   This relation also implies that the 

pumping of the N levels through the R, level is more efficient than pumping through 

the R.  level. 

In the above considerations, it is assumed that direct pumping of the N levels 

from the absorption bands affects both N levels by the same amount.   Evidence of 

direct pumping from the bands is found from fluorescent lifetime measurements 

and is discussed in the next section. 

10.  RESULTS AMD DISCUSSION OF FLUORESCENT LIFETIME MEASUREMENTS 

Fluorescence decay measurements were made on three ruby samples from 

13'K up to 700,K.   Measurements were made at the R.  line of a sample with 

0.03% chromium (No.  1 in Table 5) and at the R,, R2, N,, and N2 lines and the 

7750 A band in the 0. 94% and 2.1% samples listed as Nos.  2 and 3 in Table 5, 

respectively.   The comparison of the results for the three samples gives more 

information about the energy transfer from single ions to pairs. 

The experimental apparatus used for these measurements was described in 

Section 4.    The time resolution of the apparatus was about 13 (isec.   Five pictures 

were taken of each fluorescence decay and an average decay time was determined. 

10.1   Experimental Results 

The measured lifetimes at the R. line of the 0.03% sample are listed in 

Table 18.   They are plotted versus temperature in Figure 32 along with the results 

obtained by Nelson and Sturge (1965) for very thin, dilute samples with negligible 
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reabsorption lengthening. The rapid decrease in the lifetime above 300*K is due 
to the increasing importance of vibronic processes. Below this temperature the 
lifetimes of the 0.037« sample are observed to be lengthened due to reabsorption 
(Varsanyi et al.,  1959). 

Table 18.   Fluorescent 
Lifetimes at the R. Line 
in Ruby with 0.03%Cr 

TCK) TR   (msec) 
Rl 

14 10.57 
52 10.98 
80 9.95 

104 9.06 
129 7.60 
148 6.74 
166 6.40 
185 5.64 
250 4.44 
260 4.15 
300 3.90 
406 2.27 
540 0.72 
694 0.08 

The decay times measured at the R., R,. N., and N, lines of the 2.1% and 
0. 94% samples are listed in Tables 19 and 20, respectively.   They are shown 
plotted versus T in Figure 33, 

For temperatures in the thermalization range all the lines present a purely 
exponential decay with the same time constants.   For the 2.1% sample all the life- 
times coincide and increase from 0.04 msec at 700*K to 2 msec at 350*K and de- 
crease as the temperature is lowered further.   For the 0. 94% sample all the life- 
times coincide and increase from 700'K to a maximum of 3. 5 msec at 250'K and 
decrease slightly as the temperature is lowered further. 

At temperatures lower than the one at which thermalization ceases (68'K for 
2. 1% sample and 91 *K for 0. 94% sample) the R lines continue to present a purely 
exponential decay whereas the N lines present an initial rise in their fluorescence. 
The time t at which the maximum occurs increases as the temperature is low- 
ered and is larger for the 0. 94% sample.   The values of t are given in Table 21. 
The experimentally observed decay times, shown in Figure 33 for Nj and N, at 
low temperatures, are the decay times of the tail occurring after the initial rise. 
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Figure 32.   Fluorescent Lifetimes at the Rj Lines 
of Ruby (3. 76 mm) with 0.0 3%Chromium.   The re- 
sults shown for negligible reabsorption are from 
the data of Nelson and Sturge (1965) 

The lifetimes at the band 
near 7750 A are also listed in 
Tables 19 and 20 and are 
shown in Figure 34.   Above 
400'K the lifetimes coincide 
with those at the R lines. 
Below this temperature a 
double decay is observed in 
the 0. 94% sample with the 
longer lifetime equal to that 
at the R lines.   For the 2.1% 
sample an initial rise in the 
fluorescence is observed 
with the tail of the fluores- 
cence showing a decay time 
equal to the lifetime at the 
R line.   Also in this case 
tmax increases as the tem- 
perature is lowered (see 
Table 21).   The decay times 
shown in Figure 34 for the 
2. 1% sample at low temper- 
atures are the decay times 
of the fluorescence tail. 

Figure 35 shows typical 
pictures for the various types 
of decays.   The results of the 

lifetime measurements shown in Figures 32 to 34 are consistent with results ob- 
tained previously by Tolstoi and Tkachuk (1959).   The change in the lifetime at the 
R lines with concentration is consistent with the results reported by Deutschbein 
(1962) and by Brown (1964) at 300,K and 77,K. 

10.2  Interprelalion of Results 

The results of the lifetime measurements give further information about the 
energy transfer from single ions to pairs.   The fact that for both heavily doped 
samples all the lifetimes coincide at high temperatures where pure exponential 
decays were observed indicates that the upper levels of the various transitions 
are in thermal equilibrium.   The deviation of the decays of the N lines and 
7750 A band from pure exponentials at low temperatures indicates that thermali- 
zation no longer exists.   These observations are consistent with the results of the 
relative intensity measurements discussed in the previous section. 
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Table 19.   Fluorescent Lifetimes in Ruby with 2.1% Cr 

TCK) Tp    (msec) 
Rl 

Tp    (msec) 
R2 

TN    (msec) TN   (msec) ^7750A(rnsec) 

!      10 0.63 1.48 0.93 0.66 
|      13 0.59 1.49 0.84 0.60 

i      39 0.69 0.69 1.35 0.41 0.66 
55 0.66 6.73 1.10 0.83 0.70 

i      73 0.60 0.63 0.98 0.79 0.67            | 

1      84 0.64 0.62 0.86 0.75 0.69            1 
1    107 0. 71 0.76 0.79 0.73 0.65 
'    123 0,78 0.80 0.82 0.76 0.75            | 

140 0.81 0.74 0.75 0.70            I 
166 0.94 0.95 0.88 0,95 0.87 
178 1.04 1.06 1.04 0.97 0.97            i 
207 1.23 1.23 1. 17 1.23 1.13            | 
231 1. 33 1.29 1.28 1.2 1.22            j 
251 1. 33 1.37 1.32 1.26 
281 1.63 1.62 1.55 1.6 1.41 
298 1.63 1.71 1,49 1.55 1.53 
300 1.85 1.85 1.75 1.61 
405 1.87 1.85 1,90 1.80 
6 37 1.16 1.17 1.1 1.00            | 
712 0.04 0.04 0.04 0.04            i 

Table 20.   Fluorescent Lifetimes in Ruby with 0. 94% Cr 

T(0K) Tp    (msec) 
Rl 

Tn    (msec) 
R2 

TN    (msec) TV,   (msec) 
"2 

T7750A (msec) 

15 2.53 2.50 2.84 2.73 1.29. 2.17 

i       37 2.56 2,56 2.85 2.63 1.30, 2  31 
65 2.60 2.60 2.83 2.76 1.62, 2 61 

1       81 2.60 2.63 2.81 2.76 1.70, 2 56 
|       93 2.60 2.68 2.85 2.66 1.68, 2 40 

104 2.61 2.6 2.80 2.82 1.71, 2 44 
114 2.61 2.73 2.89 2.82 1.89, 2 58 
128 3.00 3.03 2.96 3.00 2.05, 2 87 

{    140 3.00 3.00 2.88 2.9 1.72, 2 88 
j    160 3.06 3,11 2.91 2.92 2.03, 3  18 

181 3.20 3.17 2.91 2.90 1.95, 2  96 
207 3. 32 3.30 3,03 2.99 2.06, 3 25 
235 3.42 3.38 3.31 3.25 1.78, 3  15 

!    252 3.56 3,57 3.34 3.33 1.93, 3 41   | 
1    296 3.21 3.22 3.00 3.05 1.92, 3 21 

350 3.68 3.68 3.32 3.22 2.00, 3  12 
i    400 2,81 2.86 2.70 2.77 2.25 

450 2.08 2.03 2.02 2.00 1.90 
I     500 1.47 1.50 1.50 1.50 1.44 

578 0.52 0.52 0.42 0.52 0.60 
670 0. 17 0.22 0.16 0.16 0.14 



; 

.    ■       .l' 

90 

too 

»0 

to 

10 

I 

0.8 
► o 

0.1- 

01- 

00«- 

OOf- 

001 

I      I    I   I I I III I      I    I   I I I 11 

o       o ooco 
no ^D0 

o0 

e  o 

*   o  0o 
00« 

Otl*Cr 
aO«4«Cr 

o  . 

i     i    i   i i 1111 -i i__i ■ ■ ■ ■ ■ 
10 100 

TPK) 
1000 

100 

90 

to 

10 

09 

01 

009 

00« 

—I 1    I   I  I I il| I 1—I   I  I I I l 

I    R, 

> o 

0 01 

a       a oocP 
(Xj00ocPa0o 

o« 
o0 

00 

02l%Cr 
o094%Cf 

-I 1—I i  I I I 11 1 I     I    I   I  I I I 
10 100 

TPK) 
1000 

»0 

90 -     N, 

to 
i I  o 

10 

09 

Ot 

01 

009- 

00«- 

001. 

I        I     I    I   I Mil 

o       a aiWAioo0    a   P 

.o# o 

0oo0<> 

Ott«Cr 
aOM«Cr 

I        I      I    I   I   I 1 I i I        I I    l   > i-iX 
100 WOO 

100 

90 

20 

l0r. 

OS 

§   02 

01 - 

009- 

00»- 

001 

—I 1—I   I I I III 1 1—I—I I I I 

N« 

, 0        oaa»*°°DtPDOo 

00° 

0e ooo 

02l%Cr 
a094%Cr 

10 
I       I     I   I  I I I 11 1 i-i   I   i I I I 

too tooo 
TPtO 

Figure 33.   Fluorescent Lifetimes at the R and N Lines in Ruby with 2.1% Chromium 
(4. 26 mm) and 0. 94% Chromium (0. 97 mm).   For the N lines below lOO'K for the 
0. 94% sample and ITK for the 2.1% sample the experimental points are the decay 
times after an initial rise in fluorescence 
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Sample 
(%  Cr) 

2.1 

0.94 

Table 21.   Measured Values of tmax 

TCK) 

10 
80 

300 

15 
77 

102 
112 

N, 

0.11 X 10 
0 
0 

-3 

0.27X 10"* 
0.25 X lO-3 

0. 14X 10-3 
0.14X IP'3 

Accuracy:  ±0.03 X lO"3 sec 

lmax (sec) 

N- 

0.07X 10' 
0 
0 

0.26X 10-f 
0.25 X lO"3 

0.10X lO-3 

0 

91 

7750A 

0.03X 10'3 

0.03X lO-3 

0 

Double 
Decay 

10.0 r 1 1    i I ' •    '«"in 

Figure 34.   Fluorescent Life- 
times at the 7750Ä Band in 
Ruby with 2,1% Chromium 
(4.26 mm) and 0.94% Chro- 
mium (0. 97 mm).   Below 
300*K the experimental points 
for the 2.1% sample are the 
decay times after an initial 
rise in fluorescence.   The 
0. 94% sample has a double 
decay below 400*K 
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(a) 

(b) 

Figure 35.    Examples 
of Different Types of 
Decays:   (a)   Pure 
Exponential Decay, 
(b) Initial Rise, 
(c) Double Decay. 
The pulse duration 
used to obtain these 
pictures was about 
13 usec 

(c) 
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The thermal dependence of the lifetimes of heavily doped ruby in the tempera- 
ture range where the systems are thermalized can be explained as follows.   Con- 
sider the two fluorescence systems interacting through cross-relaxation shown in 
Figure 31.   The rate equations for the populations of these levels were given in 
Eqs. (108) and (109) as 

N, = WN - A^N, +   n, ü w'     - N, « 'zr'z n cr       2    cr 

h,   = - n-A'     - n    N w/     +  N    W 2 2   21 2   n     cr 2    cr (116) 

where the assumptions have again been made that   Nj  ~ N   and nj  ~ n.   Taking 
the time at the end of the exciting pulse to be t = 0, the Laplace transforms of 
these equations for t > 0 are 

SN2 - N2 (0) 

Sn2   - n2 (0) 

/3fl2 +  P'. cr n2 

Per N2 " «"2 (117) 

where 

a * U «'     + A' .  = p'^ +  A' n     cr 21      'cr 21 

21   "   Per +   A21 0  =  "„ +   A,,   =   p._ +   A cr 
(H8) 

p      = w ^cr        cr 

p'      = w'     ü ^cr er   n 

The Laplace transform of n, is Ti,. 

The value of n, at the end of the exciting pulse is n2(0). 

Equations (117) can be solved to give 

^    _  N2(0) (S+o)+   njWp'cr   _  N2(0) (S+ a) + n2 (0) p^cr 

2   "     (S+a)(S+ß) -PcrP'cr (S-Sj) (s-s2) 

_  N2(0)pnr +   n2(0)  {S+ 0) =   N2(0)Prr + n2(0) (S+ /3) 
2 (S+a)(S+/3) -pcrp'cr (S-S,) (s-s2) 

(119) 

. 
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where S, and S, are the roota of the equation 

<S + ar) (S + 0) - pcr p'cr = S2 +   (« + /» S + (orß - pcr p'cr) = 0 (120) 

This has the solution 

(a + g) * J(a + <3)2 - 4 {aß - pcr p'cr) 
2 

(121) 

The right-hand sides of Eq. (119) can be separated into two parts by means of 

partial fractions.   The results are 

W, 
N2(0)(S1 + ») + n2(0) Per 

Sl -S2 

N2(0) (Sz + a) + n2(0) P'cr 

S^S, 

S2-Sl 
1 

s -s. 

JJ    _ n2(0)(Si+ P) +N 
2 L      si"S2 

, ! n2(0)(S2+ P)+ N 

[ S2-Sl 

2(0>Pcr 

2<0)Pcr 

1 
s -s 1 

s -s. 

The inverse Laplace transforms of these equations are 

N   (t)   -  N2<0)(Si^)+  n2(0)PVr       Sjt 
2 SJ-S2 

N2(0)(S2+ a) +   n2(0)p^r        S2t 
S2 " Sl 

n   (t)   =   "2(0) (Sl+ ß) +  N2(0) per      /I* 
Sl-S2 

S,t 
+   n2(0)(S2+ g) +N2(0)   Pcr     eS>2 

V^i 

(122) 

(123) 
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Now consider the situation when the radiationless transitions between the 

excited levels are much more probable than radiative transitions to the ground 

state, that is, 

Per' Per  ^ A21 •   A' 
(124) 

21 

In this case S.  and S, can be found expanding the radical in Eq. (121). 

S a - (<*+ ffl ± {«+ ß)   \i .. 2 A'8ipcr+ Ajipcr 1 
2 2 L (a+ ß)2 J 

.    s    2,     /A/21 Per •'•   A21 Pcr\ 
1 "     \ pcr +  Per ) 

S2--(P'er+   Per) 

Substituting these values into Eq. (123) gives 

N   (t)   ■["N2(0)p/cr+ n2(0)p'cr 
2 p       +  p' cr       ^ or 

rn2(0) p'cr - N2 (0) pcr 

Per +   P'cr 

n2(t) 

t 
■ ["2(0) Per "I- N2( 

j Per     P er 

.-Pt 

-(p     + p'   ) t 

(0) Pci 

| N2 (0) pcr  - n2 (0) p'cr 

P      + P' rer     ^cr 

.-Pt 

- (p     + p'   ) t 

(125) 

(126) 

where 

=   A/21 Per +   A21 Per 
p'     + P Fcr     Kcr 

(127) 

If a Boltzmann distribution has been established in the two metastable levels 

by the time t = 0, then 
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n2(0)       Per       n 
(128) 

Substituting this into Eq. (126) gives 

N2(t)   =  N2(0)  t'P* 

n2(t)   =   n2(0)  e pt (129) 

where p is given by (127).   This shows that levels in thermal equilibrium decay 

with the same decay time.   This common decay time can be written as 

AE22/KT 

P  = 1 
T 

JL 
T« n     AE22/KT 

l + N e 
TO AETTTKT   ' 
R   1 + a e 1 + N e 

(130) 

where 

-1        A/ 
TN    =  A21   ' 

T
-1

   =  A TR A21 

Using Eq. (128), Eq. (130) can also be expressed as 

.L 
T 

n2(0) N2(0) 
TN   N2(0)+ n2(0) TR N2(0)+ n2(0) 

Thus, 

TR+N 

nR(0) +   nN(0) 
TR 'N K       ITR        nR(0)     TN   I 

(131) 

Thus, the lifetime of the coupled system will depend on concentration and 

temperature.   The intrinsic lifetimes of the N,  and N2 lines at 77*K are 1. 3 msi 

and 1.1 msec, respectively (Imbusch,   1966).   These lifetimes are even smaller 

between WO'K and IGO'K.   On the other hand the R lifetime is larger and goes 

from 2 msec at 400'K to 4. 2 msec at lOO'K (Nelson and Sturge,   1965).   As the 

temperature is lowered nN increases and the lifetime of the coupled R+N states 

comes closer to the intrinsic values of the N states; this explains the decrease of 
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the lifetimes in the ^O'K to 100*K range (see Figure 33).   It also explains why the 

sample with less concentration has a smaller decrease after its maximum; this is 

because more of the population resides in the R levels in this sample than in the 

more heavily doped sample. 

The behavior of the lifetimes at temperatures lower than the one at which 

thermalization ceases may be explained by using the rate equations given in (116) 

by letting «'     ~ 0. 

N2   "   "  ("cr +   A2l)  N2 + 

ucrN2-A21  n2 

WN (132) 

(133) 

Again taking the time at the end of the pulse to be  t = 0, the solution for Eq. (132) 

at  t > 0   is: 

N2(t)   =  N2(0) e 
p,t 

(134) 

where  p3  =  «cr +  A21 . 

Substituting this into Eq. (133) and taking the Laplace transform gives 

Sn?-n?(0)  = ^rN8(0)    -A'     n7 
2       2 S + pj 21     2 

or 

n,   = 
rii(0L   + P3 N2 (0) 

S + A^j (S + pj) (S + A'2l) 

Taking the inverse Laplace transform of this expression gives 

n2(t)   = 
2 P3A21 

fA 21*        H.rN2(0)    ^ 

P3 " A 21 
(135) 

Two cases are of interest; 

A.   Initial Rise 

If the pulse is short enough a maximum can occur for n, (t) at a time t 

after the end of the pulse.   This is found by setting 



. 

n» 

"Z^max   =  0 

^(W) (o) + j^xüäiH! 
2 P3 - A'21 h») 

-A'     t A21   max 

+  ^rP3N^(o)   ^PaWx 3 0 
P3 " A2l 

A'     n   /nv x   ^rA,2iN2(0) 
.-(PB-AzO^ax        A31n2(0)+       P,-A'2. 

P3-"21 
^f- N2(0) 

or 

max 
__J   ln FjA^     A'21 (p3 - A'21)    /n2(0)\ 

^,-P3   "   [    P3     ' P3wcr        ^     \N2<0V 
(136) 

The condition of obtaining an initial vine can be determined by finding n, at 

the end of the pulse.   This will be the slope • f tho initial decay which will be a 

positive number ior an initial rise and an biHvc number otherwise. 

n2(0)  =   -n2(0)A'21 +  *crK2(Q) (137) 

Thus the condition for an initial rise is 

'      <   "crN2(0) 
21 n2(0) 

(138) 

B.    Double Decay 

A21   >  pj.     n2(0)   >     c,r    f 
A21      P3 

In this case Eq. (135) reduces to 

n2(t)   =   Ae 
-t/r N t/T 

+   Be (139) 

-1 -1 where A and B are both positive,   T^    = A',,   and  rZ    = p. 
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The lifetime of the R levels in the 2. 1% and 0. 94% samples at low tempera- 
ture is shorter than its intrinsic value (Nelson and Sturge,  1965).   This fact is due 
to the presence of energy transfer even at low temperatures as confirmed by the 
smaller value that this lifetime has at high concentration.   At high temperatures 
the cross-relaxation processes are active only in creating a thermalization condi- 
tion and the measured lifetime is the lifetime of the coupled systems.   On the other 
hand, at low temperatures where the R and N systems are decoupled,   TR tends 
to ^w     + Ao.V1,   where«      now directly affects the lifetime.   Disregarding \   er 2iJ cr 
reabsorption effects, the transfer efficiency near lO'K is about 80% for the 2. 1% 
ruby and about 20% for the 0 94% ruby where 

r,  - TR~TR    , (140) 
TR 

and Tp is found from the data of Nelson and Sturge (1965) shown in Figure 32. 
Note that this transfer efficiency includes energy transfer from the R levels to 
all other excited levels. 

The behavior of the N decays at low temperatures, where an initial rise is 
observed, can be explained as due to the presence of the conditions of Case A 
above.   For both samples using only the first term in the square brackets in 
Eq. (136) we find values for t        bigger (within one order of magnitude) than 
those given in Table 21.   These values are given In Table 22.   The second term 
in the brackets is negligible for both samples under the assumption that the N 
levels are pumped only through the R levels.   The consideration of this first term 
gives the right trends for the dependence of ^max on Temperature and concentration. 
To come closer to the experimental value, however, the second term in the brackets 
of Eq. (136) must be considered.   The presence of direct pumping of the N levels 
from the absorption bands can actually make this term relevant, increasing the 
value of n2(0).   The difference in the values listed in Tables 21 and 22 is considered 
as experimental evidence of the relevance of direct pumping at low temperatures. 
Notice also that for a 2.1% sample the decays after the ris« have the lifetimes of 
the N levels, whereas for the 0. 94% sample the decays after the rise have the 
lifetimes of the R levels.   This is due to the fact that for t large enough, only the 
exponential with the longer lifetime persists. 

For the band near 7750Ä the decay times for both samples coincide with the 
decay times for the R and N lines in the thermalization range.   At lower tempera- 
tures in the 2.1% sample an initial rise in fluorescence is observed with the subse- 
quent decay having the R lifetime.   For the 0. 94% sample a double decay is ob- 
served at the band with the longer decay time being equal to the R lifetime. 
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Table 22.   Theoretical Predictions for t max 

Sample 
i% Cr) 

TCK) Line P3(sec-l) A'21 (sec-l) W <sec>* 
Nl 1.67X 103 0.60 X103 0.91 X lO"3 

10 N2 1.67X 103 1.11 x 103 0.73X lO-3 

7750A 1.67X 103 0. 77X 103 0.86X lO"3 

2.1 

Nl 1.67X 103 1.02 X103 0.30X lO-3 

73 N2 1.67X 103 1.26X 103 0.68X lO-3 

7 750 A 1.67X 103 0.59X 103 0.96X 10"3 

15 
Nl 

N2 

0.40X 103 

0.40X 103 

0.60 X103 

1.11 X 103 

2.00X 10"3 

1.44X lO-3 

0.94 

81 
Nl 

N
2 

0.38 X 103 

0.38 X 103 

1.02 X 103 

1.26X 103 

1.53X 10"3 

1.35X 10"3 

't .     t in^l 
max      A'21 - P3 P3 

_L 

These results indicate that the initial level of the band is in thermal equilib- 
rium with the initial levels of the R, N,, and N,  systems at high temperatures 
but not at low temperatures.   The observed characteristics of the fluorescence 
decay fall into Case A for the 2.1% sample and into Case B for the 0. 94% sample. 

For the 2. 1% sample (taking the shorter decay for the 0. 94% sample as the 
intrinsic lifetime of the band) the consideration of the first term in the brackets of 
Eq. (136) gives for t   -^ a value about 30 times larger than the experimental value. 
This seems to imply that for the band the direct pumping is very relevant at low 
temperatures.   This is also in agreement with the fact that the band and the R  sys- 
tem decouple at a higher temperature than the R and N  systems (see Figures 33 
and 34).   As concentration decreases the ratio N^W/n^fO) becomes larger, but 
u      for the R-» band transfer is smaller.   Apparently, as concentration goes 
from 2. 1% to 0. 94%« the decrease in w      exceeds the increase in the N2(0)/n2(0) 
ratio shifting the conditions from Case A to Case B.   A similar effect was found 
by Imbusch who observed a double decay for the N levels of a 0. 2% ruby and. 
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consistent with our measurements, a fluorescence rise for the same levels in a 

1% ruby (Imbusch,  1966). 

10.3 Selective Lifetime Experiments 

Selective lifetime measurements were also made on the 2.1% sample (No.  3 
in Table 5) at 300,K and 78*K.   The experimental arrangement described in Sec- 
tion 4, 5 was used for these measurements.   The FX-33 flashtube with a 100 ^f 
capacitor provided an excitation pulse of 150 ^sec duration at wavelengths selected 
by the Engis monochromator.   The McPherson monochromator was used to monitor 

the fluorescence decay at the R,, Nj,   and N2 lines and at the 7750 A band while 
the sample was pumped iA the two large absorption bands, the B lines, and the 

"pair band." 
The results of these measurements are reported in Table 23.   At the two 

temperatures investigated there seem to be no significant differences in decay 
times when pumping in the various absorption regions.   The information of interest 
in these measurements is obtained in the type of fluorescence decay which is ob- 
served, that is, double decay, initial rise, or pure exponential.   The low fluores- 
cence intensity encountered in these experiments made it necessary to use a long 
excitation pulse to obtain sufficient energy input.   This long pulse caused all the 
decays to appear as pure exponentials and thus no useful information was obtained. 
It should be noted, however, that the Rj line was observed to be pumped through 

the "pair band." 

Table 23.   Selective Lifetimes in Ruby with 2. 1% Cr 

Pump 
Band 
(h 

T = 78'K T = 300,K                          | 

T«1 
(msec) (msec) (msec) 

T7750A 

(msec) (msec) (msec) (msec) 

T7750Ä 

(msec) 

3400 

4100 

j 4775 

| 5550 

0.67 

1.03 

1.05 

1.03 

1.00 

0.70 
0.83 

0.85 

0.70 

0 67 

0 78 

0 72 

0  77 

1.64 

1.56 

1.48 

1.44 

1.56 

1.58 

1.40 

1.54 

1.50 

1.64 

1.44 

1.42 

1.40 

1.62 

1.32 

1.34  1 



102 

II. RESULTS AND DISCUSSION OF RE ABSORPTION EXPERIMENTS 

The fluorescence spectrum of heavily doped ruby was described in Section 6. 
The changes in this spectrum were studied when the fluorescence from one ruby 
sample was passed through a similar non-fluorescing piece of material before 
being measured.    This experiment had the purpose of studying the effects of re- 
absorption on the different lines of the spectrum, especially on those lines which 
originate from the pairs of Cr      ions.   The effects of reabsorption on such lines 
can be used to bring further information on the assignment of the transitions and 
the consistency of the energy level scheme.   It has also been found here that re- 
absorption may have some effects on the linewidths and relative intensities of 
fluorescent lines and may throw light on the interaction mechanisms between such 

+ 3 systems as single and pair Cr     ions in ruby. 
Jekeli (1965) has recently reported on reabsorption studies of ruby with 1% 

(atomic) Cr    ,    He saw no effects on the N. and N. lines due to reabsorption, 
but observed that the R.  and R- lines were self-reversed after the exciting radi- 
ation had traveled through only a small amount of material. 

The effects of reabsorption on all the fluorescence lines of ruby with 2. 1% 
chromium were studied at 70*K, at 125*K, and at 307*K.   The fluorescence spec- 
trum at each temperature was compared to the spectrum which resulted from pass- 
ing the emission through a second sample of 3. 25-mm thickness.   The R.  and R, 
lines were observed to be self-reversed in agreement with Jekeli's (1965) work. 
In general the widths and intensities of the other spectral lines were changed but 
the effects of the reabsorption were different for each line and varied with temper- 
ature.   The results can be explained by considering the absorption cross sections 
for the lines, the populations of the various energy levels, and the dynamics of the 
excitation of these levels. 

The experimental apparatus used for the measurements was the continuous 
fluorescence equipment described in Section 4 with the monochromator set for a 
resolution of 0. 75 A. 

For observation of the reabsorbed spectra two samples were mounted on the 
cold finger of the cryostat with their c-axes oriented in the same direction.   One 
sample was exposed to the exciting radiation; the second sample was placed be- 
tween the first sample; and the monochromator and shielded from the exciting 
radiation.   Thus, the fluorescence from the first sample had to pass through 
3. 25 mm of non-excited material before being detected.   The 2.1% ruby samples 
that were used were cut from the same region of the same boule.   They are listed 
as sample Nos.  5 and 6 in Table 5. 
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11.1   Experimental Results 

The results of these measurements made at 307*K are shown in Figure 36. 

The R lines at this temperature are both self-reversed and are affected almost 

equally by the presence of the second sample.   The N lines are both broadened 

in the reabsorbed spectrum and have much smaller decreases in intensity than 

the R lines. 

Figure 37 shows the results obtained at IZ5*K.   The R lines are slightly less 

self-reversed than they were at room temperatur  ,   The N lines are both greater 

in the reabsorption spectrum than in the fluorescence spectrum at this tempera- 

ture considering the respective backgrounds.   Along with the R and N lines the 

numerous other pair lines are visible at this temperature.   In general reabsorp- 

tion causes a slight broadening and enhancement of these lines relative to the 

background at this temperature. 

The results of these measurements near TO'K are shown in Figure 38.   The 

self-reversal of both the R lines is greater than at either of the higher tempera- 

tures.   Also, the amount of enhancement of both the N lines is greatest at this 

temperature.   The enhancement of the other pair lines is smaller at this temper- 

ature in the presence of the second sample and some of them show a loss in inten- 

sity in the presence of the second sample. 

Tables 24 and 25 list the reabsorption data of the R and N lines.   The reab- 

sorption ratios shown in the first table are the peak height of each reabsorbed line 

divided by the peak height of the same line in fluorescence multiplied by a factor 

for normalizing the two backgrounds.   Thus the smaller numbers indicate a greater 

intensity loss due to reabsorption.   Numbers greater than one indicate an enhance- 

ment of the line due to reabsorption. 

The linewidths of the N lines are shown in the second table.   For both lines, 

at all three temperatures, the reabsorbed linewidth is greater than that of the 

fluorescent line.   Also for both lines the relative difference in linewidths is great- 

est at ^S'K. 

The fluorescence and reabsorbed spectra were also observed at wavelengths 

out to 8000 A.   An attempt was made to observe the effect of reabsorption on vi- 

bronic bands.   However, due to the complexity of the spectrum in this region only 

the 7076 A vibronic band could actually be measured at 12S*K and 70,K.   It ap- 

peared unaffected by reabsorption.   The band at 7750 A was observed to be greater 

in reabsorption than in fluorescence. 

■■■■■ i' 
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Figure 36.    Fluorescence and Reabsorbed Spectra of Ruby with 2. 1% Chromium 
Near 300'K 
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Figure 37.   Fluorescence and Reabsorbed Spectra of Ruby with 2.1% Chromium 
Near 125*K 
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Figure 38.   Fluorescence and Reabsorbed Spectra of Ruby with 2,1% Chromium 
Near IS'K 
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Table 24.   Reabsorption Ratios Ira/If 

T CK) R2 Rl N2 Nl 

307 

125 

70 

0.07 

0.08 

0.01 

0.07 

0.16 

0.06 

0.68 

1.45 

1.82 

0.90 

2.22 

2.33 

Table 25.    Linewidths 

TCK) 

N2 
Nl 

AXf AXra 
AXra-

AAf. 
AXf 

AXf AXra 
AXra - AXf 

AXf 

307 

125 

70 

10.2 

2.4 

1.8 

11.8 

3.4 

2.0 

0.2 

0.4 

0.1 

14.0 
3.5 

3.4 

16.0 
4.3 

3.9 

0.1 

0.2 

0.1 

11.2 Discussion of Reabsorption Effects 

The effects which the second sample has on the fluorescence from the first 

sample can be divided into two categories.   The first consists of the effects arising 

from the absorption of the radiation as it passes through the material.   The second 

consists of the effects arising from the redistribution and possible re-emission of 

the absorbed energy. 

The effects in the first category are exemplified for a typical fluorescence 

(normalized) line in Figure 39.   After passing through a material of thickness d, 

the intensity of the line is decreased by a factor of e"Q'*v'   .   Here a(v) is the 

absorption coefficient and equals naiv) where n is the number of ions in the initial 

state of the absorption transition and a(v) is the absorption cross section.   The 

intensity of the line is decreased to a different extent at each point due to the de- 

pendence of the absorption cross section on frequency.   This frequency selective 

intensity decrease has two results.   First, the linewidth at half maximum in- 

creases as the amount of reabsorption increases.   Second, when a(v)d becomes 

greater than one, self-reversal begins.   This condition also applies to a Gaussian 

line shape (Jekeli,   1965). 
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Figure 39.   Shape of a Reabsorbed Line.   The shape of ß(v) is 
assumed to be the iame as that of the fluorescence line with 

max 0.15 

The magnitude of these effects of reabsorption for a specific line depends on 
the following factors: 

(1) The concentration of the type of ions from which the line originates. 
(2) The distance the fluorescence travels through the unexcited material. 
(3) The absorption cross section. 
(4) The population of the lower level of the transition. 

Factors (1) and (2) are independent of temperature but both (3) and (4) may be tem- 
perature dependent.   The neak absorption cross section increases as temperature 
is lowered and its halfwidth becomes smaller. 

In purely electronic transitions we expect the integrated absorption cross sec- 
tion to be constant at all temperatures as verified by Nelson and Sturge (1965) for 
ruby R lines.   So we expect, in general, greater reabsorption at low temperature. 
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This effect has produced observed lengthening of the R lines' fluorescent lifetime 
(Varsanyi et al.,  1959).   The population of the lower level of the transition will 
depend on temperature if the level is part of a manifold of levels in thermal equi- 
librium.   In this case population changes tend to cause fluorescence lines termi- 
nating on the ground state to show increasing reabsorption as temperature is low- 
ered while those terminating on higher levels show decreasing reabsorption as 
temperature is lowered. 

The second category of reabsorption effects involves the re-emission of the 
absorbed energy at frequencies other than that «f the original line.   The fluores- 
cence line originating from a certain level may be reabsorbed and re-emitted by 
the second sample at different frequencies from the same or, in the case of an 
effective energy transfer, from another fluorescent level.   Vib.'onic transitions 
may also decrease the amount of re-emission in a specific no-phonon line.   li the 
material has two or inore energy level systems, similar results are obtained if a 
fluorescence line associated with one system is reabsorbed by a transition of the 
same energy in the other system instead of by resonant reabsorption.   The mag- 
nitude of these reabsorption effects depends on the probabilities for the various 
transitions involved.   This can be a function of temperature in various ways de- 
pending on the type of transitions, that is, radiationless, vibronic, or cross- 
relaxation.   The amount of vibronic loss decreases with decreasing temperature. 

If the upper levels involved in a reabsorption transition are part of a manifold 
of states in thermal equilibrium, then a high frequency line, when reabsorbed, 
may actually be used by the second sample to pump optically the lower frequency 
lines of the same manifold.   This effect, which is more enhanced at low tempera- 
tures when all the population drops into the lower metastable level, produces an 
apparent loss for the fluorescent signal at high frequency and an increase of the 
fluorescent signals at lower frequencies.   It may happen that all the effects favor- 
ing the re-emission at a particular frequency may compensate and even overcome 
the reabsorption losses; in such a case, a fluorescence line may appear enhanced 
in the reabsorption spectrum. 

Two points in the above discussion should be re-emphasized.   First, 
fluorescent lines terminating on the ground state should, in general, be more 
affected by reabsorption than lines not terminating on the ground state.   Second, 
in the reabsorbed spectrum each line is the superposition of the original fluores- 
cence line attenuated by the second sample and of the emission from the second 
sample at the same frequency.   The attenuation a line experiences increases the 
width of the line, whereas the additional energy emitted by the second sample 
produces the opposite effect. 
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11.3 Interpretation of Results 

Let us now apply the conclusions of the previous section to the specific case 
of heavily doped ruby using the energy level diagram as shown in Figure 30.   The 
R lines are most affected by reabsorption and are the only lines that are self- 
reversed.   The presence of more single ions than pairs is one reason why the 
R lines show greater reabsorption effects than the rest of the lines.   Both R line 
transitions have the ground state as their lower level and thus will be reabsorbed 
relatively strongly at all temperatures.   The upper levels of their transitions are 
thermaliz4d and the R, level is slightly higher than the R.  level.   Thus, some 
of the reabsorbed R, energy may be transferred to the R,  level and re-emitted, 
causing the reabsorption loss of R, to be greater than that of R..   This effect is 
greater at lower temperatures where more of the population will drop into the 
lowest level.   Both lines transfer energy to the pair systems, which adds to their 
reabsorption loss.   Again this loss increases as temperature is lowered, as was 
seen in Section 9.   These fluorescence lines may, however, increase with respect 
to the background at lower temperatures because of the smaller probability for 
vibronic emission.   These two factors seem to balance each other in the tempera- 
ture interval from SOO'K down to 125*K.   The energy transfer process dominates 
and the reabsorption losses increase from 125*K to 70*K. 

Since the N lines both have as their lower levels one of the upper components 
of an exchange split ground state manifold, we expect them to be less reabsorbed 
at lower temperatures where the population of these levels decreases.   At the 
same time, at low temperatures their upper levels become more populated since 
they are the lowest components of the excited state manifolds favoring the pump- 
ing of the N levels due to more energetic reabsorbed lines.   Both these facts will 
cause any reabsorption losses to decrease as the temperature is lowered.   The 
energy transler from single ions to pairs tends also to increase the N line emis- 
sion at the expense of the R line emission in both the fluorescence and reabsorbed 
spectra.   TMR effect also increases as temperature is lowered in the ^omperature 
range investigated.   At low temperatures the N lines are actually enhanced in the 
reabsorbed spectrum due to the dominance of this energy transfer.   Since some of 
the energy of the N, line can be transferred to the N.  line, the reabsorption ratios 
for the N.  line are greater than those for the N, line. 

As mentioned before, the widths of the N lines are greater in reabsorption 
than in fluorescence and the relative amount of broadening for both lines is great- 
est at 125*K.   This indicates an increase in the attenuation of these lines between 
30TK and IZS'K, which may be attributed to an increase in absorption cross sec- 
tion at the central frequency.   The decrease from IZS'K down to 70*K may be due 
to the decrease in the lower level population or to the increase in fluorescence 
intensity at lower temperatures. 
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The temperature behavior of the reabsorption ratios of the other pair lines 

can be explained by considerations similar to those discussed above.   For example, 
0 

two lines in the N,  pair system (6948,6 and 6964.7 A), which in fluorescence 

originate from the uppermost state of the N.   system and terminate respectively 
-I on the ground state and on a state 33 cm     above the ground state, present greater 

reabsorption at 70oK than at 1250K, due to the transfer of their reabsorbed ener- 
0 

gies to lower energy levels. At both temperatures the 6948. 6 A line is more re- 

absorbed than the 6964. 7 A line because the former fluorescence line terminates 

on the ground state and the latter one terminates on a higher level. 

The vibronic band at 7076 A was also measured at 125'K and IQ'K and found 

to be unaffected by reabsorption, as expected. *   However, the band near 7750 A 

was more intense in the reabsorbed spectra than in fluorescence.   This is attrib- 

uted to the transfer of energy from the single ion levels to the band which was ob- 

served by lifetime measurements and excitation measurements. 

12.  SUMMARY AND CONCLUSIONS 

An extensive spectroscopic investigation was conducted on heavily doped ruby. 

Absorption, excitation, continuous fluorescence, and pulse fluorescence measure- 

ments were made.   The changes in the widths, positions, intensities, and lifetimes 

of the R., R,, N,, and N, lines were measured at numerous temperatures from 

13eK up to 700"K.   Measurements were also made of the lifetimes at the 7750 k 

band, of the intensities of all the lines of the second and fourth nearest neighbor 

pairs, and of the effects of reabsorption on the fluorescence spectrum.   The re- 

sults of these experiments are now summarized and conclusions, which can be 

drawn from these results, are discussed.   Finally, several suggestions for fur- 

ther work in this area are mentioned. 

12.1  Summary of Results 

The various investigations discussed in Sections 5 through II led to the follow- 

ing results: 

(1) A great deal of structure was reported in the absorption spectrum of 

heavily doped ruby near the S lines, the B lines, and the "pair band."    Much of 

this structure has not been reported previously. 

(2) The excitation spectra of heavily doped ruby showed the N lines to 

be pumped through the "pair band, " the R lines, and at wavelengths slightly less 

than the R lines. 

*Since low energy absorption vibronics disappear at low temperatures due to 
the lack of phonons for absorption, the reabsorbing sample is transparent to the 
low energy fluorescence vibronics at these temperatures. 
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(3) The continuous fluorescence measurements showed a very complex 
spectrum consisting of pair lines, a multiple ion band and vibronics.   The vibronics 
were the most important emission process at high temperatures and the N lines 
were the dominant spectral feature at low temperatures. 

(4) The energy level diagrams for the two established pair systems were 
constructed and numerous lines were assigned to transitions between levels in 
these systems.   These results were consistent with previous investigations but 
one new level was established and four new lines were given assignments. 

(5) The single-ion and the two-pair mctastable levels were all observed 
to be in thermal equilibrium at high temperatures and to decouple at low tempera- 
tures.   The temperature at which the levels decouple and the amount of deviation 
from thermalization were both greater for the less concentrated sample indicating 
that the probability for energy transfer between these levels is greater for more 
concentrated samples. 

(6) A cross-relaxation process was proposed as the means of energy 
transfer between the R and N systems.   In the scheme used this process pro- 
duces thermalization of the R and N levels at high temperatures and allows con- 
tinuous pumping from the R to the N levels at low temperatures.   It was also 
established that the pumping efficiency is greater for the N, than for the N.  level 
and that pumping from the R, level is greater than pumping from the R.  level. 

(7) Tie results of lifetime measurements made at the R and N lines 
and at the band near 7750 A were consistent with the results of intensity measure- 
ments in that all the decays were pure exponentials with the same decay time in 
the range of thermalization.   The observations of initial rises in fluorescence and 
double decays, when the systems were decoupled, were indicative of the concen- 
tration and temperature dependence of the energy transfer process.   The rate 
equations used to explain the relative intensity measurements were also used to 
explain the results of the lifetime measurements.   Evidence was given for the 
presence of a certain amount of direct pumping from the absorption bands to the 
N levels and to the band at 7750 A at low temperatures. 

(8) The thermal dependence of the widths of the R and N lines deter- 
mined experimentally was explained by considering microscopic strain, direct 
phonon processes, and Raman scattering processes.   The thermal dependence of 
the positions of the R and N lines was explained by considering the continual 
absorption and emission of virtual phonons by an impurity ion.   A Debye distribu- 
tion of phonons was used with different Debye temperatures for the line broaden- 
ing processes and the lineshift processes.   The broadening processes for the 
R lines were also explained using a different Debye temperature than that used 
for the N lines.   For the direct process contribution to the broadening of the 
N lines only phonon transitions in the ground state manifolds with the selection 
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rule AS = * 2  were found to be important. 
(9)  The changes in the fluorescence spectrum of heavily doped ruby were 

studied when the emission from one sample was passed through a similar nonfluo- 
rescing piece of material before being measured.   Reabsorption was seen to affect 
all the no-phonon lines in the fluorescence spectrum of heavily doped ruby.   The 
R lines were self-reversed and the N lines enhanced due to reabsorption.   The 
intensities of the numerous other pair lines were also affected by reabsorption; 
some increased, others decreased, consistently with the energy level schemes 
constructed previously for the single ion and pair systems and with the observed 
energy transfer between these systems.   The reabsorbed lines were all observed 
to be broadened due to the frequency dependence of the absorption cross section. 
No effects of reabsorption were observed on the vibronics.   The band near 7750 A 
was enhanced by reabsorption due to the energy transfer to it from the single-ion 
levels. 

12.2  Discussion of Results and Conclusions 

The results listed in the previous section indicate the wide variety of informa- 
tion obtainable from spectroscopic investigations of paramagnetic ions in crystals. 
Knowledge was obtained about the environment of the impurity ion, the vibrations of 
the host lattice, and the quantum electronic aspects of the whole system. 

The high intensity of the S and B lines and their satellite lines in the absorp- 
tion spectrum of ruby with 2.1% Cr shows one important reason for the study of 
heavily doped materials.   The increased intensity facilitates the analysis of the 
results.   This is due to the fact that the large number of absorbing centers com- 
pensates for the weakness of those transitions which are forbidden by the selection 
rules.   These results can be correlated, in principle, with results obtained using 
the new experimental technique of excited state absorption.   In these experiments 
on ruby, spin allowed doublet-doublet transitions are observed instead of the spin 
forbidden quartet-doublet transitions appearing in the ground state absorption 
spectrum. 

Also the knowledge of pair effects gained from the study of heavily doped 
crystals is of practical importance even though most crystals used in device 
applications are lightly doped.   In Section 6 it was seen that pair lines may appear 
in the fluorescence spectrum of ruby with 0.03% Cr.   Thus, ion pairs may provide 
a loss mechanism for crystals used as lasers. 

An important conclusion to be drawn from the results of the fluorescence work 
is the validity of a model of ruby which allows for the existence of individual opti- 
cally active systems of single ions and pairs, the relevance of the various systems 
being determined by the concentration of chromium.   This follows from the obser- 
vation that lines within each system remain thermalized at low temperatures but 

.1 
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they are not thermalized with lines belonging to other systems. 
Another important conclusion is the validity of a cross-relaxation model for 

the interaction between the single-ion and pair systems.   This model predicts the 
thermalization observed at high temperatures and the pumping of the lower levels 
at low temperatures.   The observed thermalization at high temperatures of levels 
belonging to different systems indicates the nonradiative character of the interac- 
tion.   A radiative energy transfer would take too long to permit thermalization. 
Further evidence in favor of the cross-relaxation model is found from the fluores- 
cent lifetime measurements.   This model explains the observed temperature and 
concentration dependence of the various lifetimes observed in both the high and 
low temperature ranges. 

The results obtained in this work show the importance of studying energy 
transfer in crystals over a wide range of temperatures, rather than at two or 
three temperatures as it is usually done.   The energy transfer may depend on 
temperature in such a way that different results are obtained at high temperatures 
(for example, thermalization) and at low temperatures (pumping of the lower levels). 

The results of this work also show the importance of correlating lifetime and 
intensity measurements.   The same physical model should be used in explaining 
the results of the two types of measurements.   The mathematical expressions ob- 
tained from the theoretical model should be solved under equilibrium conditions 
to explain the results of intensity measurements and under dynamical conditions 
to explain the results of lifetime measurements. 

The use of different Debye temperatures in explaining the observed thermal 
dependence of the widths of the R and N lines indicates that the effective phonon 
distributions are different for Raman scattering by single ions and by pairs.   Sim- 
ilarly, the lineshift processes have different effective phonon distributions than the 
line broadening processes.   The different values of M-  used for the two samples 
investigated indicate that the coupling of the active ions to the lattice increases 
with concentration.   The results of the linewidth and lineshift studies also show 
the relevance of direct processes and can be used to determine the presence of 
specific types of processes [for example, Orbach processes (Yen et al.,  1965)]. 
An indication of the lifetimes of certain states can also be obtained from these 
measurements.   The selection rule AS = ± 2 obtained for the ground state mani- 
folds of the pair systems implies long lifetimes for levels S = 1  of the N,  system 
and for S = 2 of the N, system and the feasibility of the use of these levels for 
submillimeter maser action (Strain,   1963). 

The model used for ruby with interacting single-ion and pair systems is con- 
sistent with the results of the reabsorption experiments.   Energy transfer may 
cause an enhancement of some of the reabsorbed lines.   Reabsorption itself has 
the greatest effect on lines terminating on the ground state.   Due to energy 
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transfer, however, fluorescence lines not terminating on the ground state may be 
significantly changed in the reabsorbed spectrum.   Also, the width of a reabsnbed 
line, as well as its intensity, is important since it may give an indication of the 
extent of reabsorption even for a line whose intensity is enhanced. 

12.3 Implications (or Further Work 

The results obtained in this investigation suggest several interesting topics 
which could be the subject of future work: 

(1) A rigorous theoretical explanation of the coupling of the ion pairs is 
needed to successfully explain the excited state splittings and the magnitudes of J. 

(2) More experimental work using samples with a wider range of concen- 
tration is needed to firmly establish the nature of the coupling mechanism between 
single ions and pairs (Imbusch,   1966). 

(3) The regions near the B and S lines in the absorption spectrum of 
heavily doped ruby should be investigated further to determine the possible vibronic 
or pair nature of the numerous transitions observed in these regions.   Also the 
absorption "pair band"  should be further studied to establish the nature of the 
transitions giving rise to it. 

(4) Excitation experiments should be performed using greater resolution 
in order to better ascertain the pumping processes which excite the N lines, es- 
pecially by pumping in the pair band and at wavelengths slightly shorter than the 
R lines.   Low emission intensities may, however, prove to be a problem in this 
work. 

(5) The origin of the fluorescence band near 7750 A should be better 
established and the vibronic spectrum of heavily doped ruby should be determined. 
Also the satellite lines appearing near the R lines of heavily doped ruby in both 
absorption and fluorescence should be given assignments. 

(6) A quantitative explanation of the relative intensity measurements 
should be attempted using the cross-relaxation model developed in Section 9. 

(7) It would also be interesting to perform reabsorption measurements 
similar to those described in Section 11 using pulsed excitation.   This would indi- 
cate the effects of reabsorption on fluorescence lifetimes. 

(8) Lifetime measurements at some of the most prominent pair lines 
other than Nj and N2 (for example, 6948.6 X, 6989.4 X,  7001.8 A, and 7058. 2 A) 
should be made.   This would give further confirmation of their assignment to spe- 
cific pair systems and of the energy transfer from the R to the N systems. 

It is obvious that even with the voluminous amount of literature available on 
ruby there is still a great deal which is not understood about this material and 
which could be the subject of further fruitful studies. 



_ 

I 

117 

Acknowledgments 

The author wishes to acknowledge the help he received from Dr. B. DiBartolo, 
Dr. C.S. Naiman, and Mr. B. Birang of Mithras Inc., Cambridge, Massachusetts. 

References 

Bak, T.A., ed. (1964> Phonona and Phonon Interactions. W.A. Benjamin, Inc. 
New York, Introductory lectures on the free phonon field, by H. Jensen, p. 1, 

Brown, G.C. (1964) Measurement of Relaxation Times of Paramagnetic Ions in _ ignei  
Crystals:  Ruby, Tech Rpt No. AF-111, Johns Hopkins University, Carlyle Bar- 
ton Laboratory. 

Burns, G., and Nathan, M. (1963) Quantum efficiency of ruby, J. Appl. Phys. 
34:703. 

Clogston, A.M., Emission Spectrum of Exchange Coupled Chromium Ions in Ruby. 
Bell Telephone Laboratories, unpublished report. 

Cohen, M.G., and Bloembergen, N. (1964) Magnetic- and electric-field effects of 
the B^ and B, absorption lines in ruby, Phys. Rev.  135:A950. 

Czerny, M., and Turner, A.F.  (1930) Über den A stigmatismus bei Spiegels- 
pektrometem, Z. Physik 6|:792. 

Daly, R.T. (1961) Paper No. TB16. Fluorescence of the Cr"'"1"1' Pair Spectrum in 
Synthetic Ruby, presented at the Optical Society of America Meeting in Pittsburgh, 
Penn. 

Deutschbein, O. 
5:722. 

(1932) Linienhafte Emission d.   Chromphosphore I, Ann. Physik 



1 

I 

118 

Raf«r«nc«t 

Deutschbein, O. (1962) Radiative and Non-Radiative Transitions in Rubies, report 
from the Centre National D'Etudes Des Telecommunications. 

Dexter, D. L. (1958) Theory of optical properties of imperfections in nonmetals, 
in Solid State Physics, edited by F. Seitz and D. Turnbull, Academic Press Inc., 
New York, Vol. 6, p. 404. 

Dodd, D.M., Wood, D.L., and Barns, R.C. (1964) Spectrophotometric determina- 
tion of chromium concentration in ruby, J. Appl. Phys.  35:1183. 

Geschwind, S., and Remeika, J.P. (1962) Spin resonance of transition metal ions 
in corundum, J. Appl. Phys. 33 (Suppl.):370. 

Gill, J.C. (1962) Spin-lattice relaxation of chromium ions in ruby, Proc. Phys. Soc. 
(London) 79:58. 

Griffith, J.S. (1961) The Theory of Transition-Metal Ions. Cambridge University 
Press, Cambridge, p. 52. 

Heitler, W. (1954) The Quantum Theory of Radiation, Oxford University Press, 
London, p. 54. 

Imbusch, G.F., Yen, W.M., Schawlow, A.L., McCumber, D.E., and Sturge, M.D. 
2       4 (1964) Temperature dependence of the width and position of the   E ->  A, fluores- 

3+ 2+ cence lines of Cr       and V      in MgO, Phys. Rev. 133t;A1029. 

Imbusch, Q.F. (1966) Energy Transfer in Ruby, Paper No. 7B-5 presented at the 
Quantum Electronics Meeting in Phoenix, Arizona. 

Jacobs, S.F. (1956) Spectra and Zeeman Effects of Ruby Single Crystals at Low 
Temperatures, doctorate thesis, Johns Hopkins University, Baltimore, Md. 

Jekeli, W. (1965) Self-reversal of R lines in red ruby, J. Opt. Soc. Am. 55:1442. 

Kaplyanskii, A., and Prevuskii, A. (1962) Strain induced splitting of the U-band 
4 +3 and the John-Teller effect in excited   T, state of Cr      ions in ruby, Soviet 

Phys. -Doklady 7:37. 

Kisliuk, K., and Krupke, W.F. (1963) Biquadratic exchange energy in ruby -- 
0.5% Or-03t Appl. Phys. Letters 3:213. 

Kisliuk, P., Schawlow, A.L., and Sturge, M.D. (1964) Energy levels in concen- 
trated ruby, in Quantum Electronics, edited by P. Grivet and B. Bloembergen, 
Columbia University Press, New York, Vol. 3, p. 725, 

Kisliuk, K., and Krupke, W.F. (1965) Exchange interactions between chromium 
ions in ruby, J. Appl. Phys.  36:1025. 

Kittel, C. (1956) Introduction to Solid State Physics, John Wiley and Sons Inc., 
New York, p. 128. 

Kittel, C. (1963) Quantum Theory of Solids, John Wiley and Sons Inc., New York. 

Krishnan, R.S. (1947) Raman spectrum of alumina and the luminescence and 
absorption spectra of ruby. Nature 160:26. 

Kumit, N.A., Abella, I.D., and Hartmann, S.R. (1966) Photon echoes in ruby, 
in Physics of Quantum Electronics, edited by P. L. Kelley, B. Lax, and 
P.O. Tannewald, McGraw Hill Book Company Inc., New York, p. 267. 

Kushida, T., Emission Properties of Satellite Bands Near the R Lines of Ruby. 
unpublished. 

Linz, A., and Newnham, R.E. (1961) Ultraviolet absorption spectra in ruby, 
Phys. Rev.  123:500. 



■■   .        ■ ,.- 

119 

References 

Louiseil, W. (1964) Radiation and Nolae in Quantum Electronics. McGraw-Hill 
Book Company Inc., New York, p.  195. 

Low, W. (1960) Absorption Lines of Cr+3 in Ruby, J. Chem. Phys.  33:1162. 
4 2 Margerie, J. (1962) Identification des Composantes de la Transition    A, -►  F. 

du Rubis, Compt. Rend. 255;1598. 

McClure, D. (1959) Electronic Spectra of Molecules and Ions in Crystals, Academic 
Press Inc., New York, p. 137. 

McClure, D.S. (1962) Optical spectra of transition-metal ions in corundum, 
J. Chem. Phys.   36:757. 

McCumber, D.E., and Sturge, M.C. (1963) Linewidth and temperature shift of the 
R lines in ruby, J. Appl. Phys. 34:1682. 

Misu, A. (1964) Emissions of ruby, J. Phys. Soc. Japan 19:2260. 

Mollenauer, L.F. (1965) Exchange-Coupled Chromium Ion Pairs in Ruby, doctorate 
thesis, Stanford University, Palo Alto, California. 

Naiman, C.S., and Linz, A. (1963) The ultraviolet absorption spectra in ruby, 
reprinted from the Proceedings of the Symposium on Optical Masers, Polytech- 
nic Institute of Brooklyn. 

Nelson, D.E., and Sturge, M.D. (1965) Relation between absorption and emission 
in the regions of the R lines of ruby, Phys. Rev. 137;A117. 

Orbach,  R. (1962) Spin-lattice relaxation in solids,  in Fluctuation. Relaxation and 
Resonance in Magnetic Systems, edited by D. ter Haar, Plenum Press, New York, 
p. 219. 

Posener, D.W. (1959) The shape of spectral lines:   Tables of the Voigt Profile 

Australian J. Phys. 12:184. 
r 2 

e"^   dy 
2 j/      i2' a   + (v-y) 

-so 

Pringsheim, P. (1949) Fluorescence and Phosphorescence, Interscienc« Publishers 
Inc., New York, p. 641. 

Schawlow, A.L., Wood, D.L., and Clogston, A.M. (1959) Electronic spectra of 
exchange-coupled ion pairs in crystals, Phys. Rev. Letters 3;271. 

Schawlow, A. L., and Devlin, G.E. (1961) Simultaneous maser action in two ruby 
sateJite lines, Phys. Rev. Letters 6?96. 

Siegman, A.E. (1964) Microwave Solid State Masers. McGraw Hill Book Co. Inc., 
New York, p. 235. 

Statz, H., Rimai, L., Weber, M. J., and DeMars, O.A. (1961) Chromium ion pair 
interactions in the paramagnetic resonance spectrum of ruby, J. Appl. Phys.  32 
(Suppl.):218S. -^ «, 

Strain, R.J. (1963) Submillimeter Wave Quantum Electronics Using Ion Pairs in 
Ruby, doctorate thesis. University of Illinois, Urbana, Illinois. 

" + ? Sugano, S., and Tanabe, Y. (1958) Absorption spectra of Cr J in AlJOy Part A. 
Theoretical studies of the absorption bands and lines, J. Phys. Soc. Japan 
2^:880. 

Sugano, S., and Tsujikawa, I. (1958) Absorption spectra of Cr 3 in A1203, Part B. 
Experimental studies of the Zeeman effect and other properties of the line spectra, 
J. Phys. Soc. Japan 13:899. 



I 
1 mi. .ill.. 

120 

References 

Sugano, S.. and Peter, M. (1961) Effect of configuration mixing and covalency on 
the energy spectrum of ruty; Phys. Rev.  122:381. 

Tolstoi, N.A., and Tkachuk, A.M. (1959) Investigation of Ihe spectral distribution 
of the luminescence .1 .cay time of ruby by the pulse Taumeter method. 
Opt. Spectry. (USoR) 6:427. 

Tolstoi, N.A., Shun'-Fu, Liu, and Lapidus, M.E. (1962) Luminescence kinetics 
of chromium luminors, HI, Ruby, Opt. Spectry. (USSR) 13:133. 

Tolstoi, N.A., and Abramov, A.P. (1963) Luminescence 1-inetics of chromium 
phosphors, VII.   The interaction of chromium ions, Opt. Speotry. (USSR) 14:365. 

Varsanyi, F., Wood, D.L., and Schawlow, A.L. (1959) Self-absorption and trap- 
ping of sharp-line resonance radiation in ruby, Phys. Rev. Letters 3:544. 

Wieder, I., and Sarles, L.R. (1961) Scattering of resonance radiation in ruby, . 
Advances in Quantum Electronics, edited by J. Singer, Columbia University 
Press, New York, p. 214. 

Wieder, I., and Sarles, L.R. (1961) Stimulated optical emission from exchange- 
coupled ions of Cr 3 in AKO,, Phys. Rev. Letters 6:95. 

Wyckoff, R.W.G. (1948) Crystal Structure, Interscience Publishers Inc., New York, 
Vol. n, p. 7. 

Yen, W.M., Scott, W.C., and Schawlow, A.L. (1964) Phonon-induced relaxation 
In excited optical states of trivalent praseodymium in LaF,, Phys. Rev.  136;A271. 

Yen, W.M., Scott, W.C., and Scott, P.L. (1965) Correlation of the Orbach relax- 
3+ ation coefficient with optical linewidths:  LaF3:E      , Phys. Rev. 137:A1109. 



*■ -lünnam 

I 

UnclaaBlfled 
Security Classification 

DOCUMENT CONTROL DATA • IU.D 
(Security ctatsification of title, body of abtlract and indexing a notation must be entered when the overall report i» clouified) 

r. ORICINATINC ACTIVITY (Corporate aalkoii 

Hq AFCRL. OAR (CRW) 
United States Air Force 
Bedford. Massachusetts 

2a.   REPORT SECURITY CLAMiriCATION 

Unclassified  
IK   OROUR 

S.   REPORT TITLE 

The Interaction of Chromium Ions in Ruby Crystals 

4.   DESCRIPTIVE NOTES (Type of repott aid inctutive dales) 

Scientific Report.   Interim. 
S.   AUTHORTS,» (Last none, first none, mitiat) 

POWELL, Richard C. 

i.   REPORT DATE 

December 1966 
7a.  TOTAL NO. OF PAGE» 

130 
TS    NO. OF REPS 

59 
•a CONTRACT OR GRANT NO. 

b. PROJECT AND TASK NO.     5620-05 

c. DOO ELEMENT 61445014 

d. ODD SUBELEMENT 681301 

•a   ORIGINATOR'S REPORT NUMBERTS; 

AFCRL-66-830 
PSRPNo. 290 

»fc.   OTNEW AlfOWT NOfSj (Amy other numbers 

AFCRL-66-830 

Ihatmay be 

W.   AVAILABILITY/LIMITATION NOTICES 

Distribution of this document is unlimited. 

IX.   S^ONtORINO MILITARY ACTIVITY 

Hq AFCRL. OAR (CRW) 
United States Air Force 
Bedford, Massachusetts 

11.   SUPPLEMENTARY NOTES 

13.   ABSTRACT 

Absorption, excitation, continuous fluorescence, and pulse fluorescence meas- 
urements were made on ruby samples with 0.94% and 2.1% Cr+3 in the temperature 
range from 4. 2*K up to 700*K.   The widths, positions, intensities, and lifetimes of 
the R and N fluorescence lines were determined at numerous temperatures. 

The results for the temperature dependence of the linewidths are explained in 
terms of microscopic strains, Raman scattering of phonons by the impurity ions, 
and direct phonon processes.   The results for the lineshifts with temperature are 
due to the absorption and emission of virtual phonons. 

Ratios of the intensities of the Rj, R2, and N2 lines to the Nj line are propor- 
tional to the relation exp( - AE/(KT)] at high temperatures but not at low tempera- 
tures, indicating that energy transfer between single-ion and double-ion systems is 
temperature and concentration dependent.   The temperature dependence of the rela- 
tive intensity ratios of the no-phonon lines is used to construct energy level diagrami 
for two pair systems and to assign the lines to specific transitions. 

The observed lifetimes of the R and N lines coincide in the temperature range 
where the systems are thermalized and the observed decays are pure exponentials. 
At temperatures where the systems are decoupled, an initial rise in fluorescence 
is observed at the N lines.   The subsequent decay has the lifetime of the R lines for 
a 0.94% sample and the lifetime of the N lines for a 2.1% sample.   These results 
are also explained in terms of energy transfer from single ions to pairs. 

The effects of reabsorption on the fluorescence spectrum are also discussed. 

A 
•"    1473 IM    '*" 

Unclas«ifl*d 
Secwiiy UMäHcÜtÜ 

i 



■ 

^■»■«•(WWiMrtÜl 

TInnlaHHifled  
Security CUssificaiioo 

KIV «OROt 

Ruby 
Quantum Electronics 
Energy Transfer 
Linewidths 
Lifetimes 
Pair Effects 
Spectroscopy 
Reabsorption 

INSTRUCTIONS 

I.  ORIGINATING ACTIVITY:   Ealer (be MM «ad miitn» 
ol Ike comraclor, mbcomraclor, grantee, Departawal o( 
Defeaae activity or other orgaaiialioii (corporalt author) 
iaaaing the report. 

la.   REPORT SECURITY CLASSIFICATION:   Eater tbe over- 
all aecarity claaailicatioa ol the report,   ladkate whether 
"Reatricted Data" ia included.   Marking ia to he ia accord- 
aace with appropriate aecarity regulation». 

26.  GROUP:  Aatoaialic dowagrading ia apecilied ia DoD 
Directive S200.10 and Anted Forcea Indaalrial Manual. 
Eater the group number.   Alao, «dien applicable, ahow that 
optioaal marking» have been uaed (or Croup 3 aad Crou). 4 
aa aalboriaed. 

i. REPORT TITLE: Ealer the cnnplete report title ia all 
capital leltcra. Tille» ia all caaea »hould be unclaaailicd. 
If a Meaaiaglul title cannot be aelect.-d without claaailica- 
tioa, ahow title claaailicatioa ia all capitala in pareatbeai» 
imnrdiately iollowing the title. 

4.   DESCRIPTIVE NOTES:   II appropriate, eater the ty^e ol 
report, e.g., inlrrim, progreaa. 
Give the lacluaive dale 
covered. 

e lyoe i 
auauaanr, annual, or liaal, 
a apecilic reporting period ia 

5. AUTHOR(S):   Enter the n»mH») ol aatboda) aa ahowa oa 
or in the report.   Eater laal name, lirat name, aiiddle initial. 
II military, ahow rank aad breach ol aervice.   The name ol 
the principal aathar ia aaabaolute minimum rrquirrmrnt. 

6. REPORT DATE:   Eater the date ol the report aa day, 
month, year, or month, year.   II morr thaa oae date appear» 
oa the report, aae date ol publu »lion. 

7a.   TOTAL NUMBER OF PACES:  The total page count 
»hould lollow »nrmal pagiaatioa pfocedurea, i.e., eater the 
number ol pagn contaiaiag lalormatioe. 

76.   NUMBER OF REFERENCES:   Eater the total aamher ol 
ralereacea cited ia the report. 

Sa.  CONTRACT OR GRANT NUMBER:   II appropriate, aatar 
Ike applicable number ol the coauact or gram under which 
the report waa written. 

•6. tr, • U. PROJECT NUMBER: Eater the .ppropriatr 
military departawal identilicalioa. »ach aa pro|ect number, 
aabpra|*ct number, ayatam number», leak aamher, etc. 

9a.  ORIGINATUR'S REPORT NUMBER<S):   Eater the olli- 
rial report aamher by which the docimeat will be ideatilied 
aad coalrelledby the originaiiag activity.  Thia aamher maal 
ha aai^aa to thia report. 

9k OTHER REKNIT NUMBERS): II the lapon haa haea 
aaaignad aay other report number» bilker by ikr origiaalor 
ar by ike «ponMrA alao eater thia aamhaeUI. 

10. AVAILABILITY/LIMITATION NOTICES: Enter any limi- 
tatiooa on lunber diaaeminatioo ol the report, other than thoae 
imposed by aecurity claaailication, using standard alatementa 
auch aa: 

(1) "Quslided requeatera m«y obtain copiea ol thia 
report from DOC," 

(2) "Foreign announcement and diaaemination ol thia 
report by DDC ia not authoriied." 

(3) 'HI, S. Governmenl agencie» may obtain copiea ol 
thia report directly from DDC.  Other qualified DDC 
uaera »hall requeal through 

(41 U. S. military agencie» may obtain copiea ol thia 
report directly from DDC.  Other qualified uaera 
ahall request through 

(S)   "All diatribution of thia report ia controlled, 
fied DDC uaera ahall requeat through 

Qoali- 

II the report haa been farniabed to the Office ol Technical 
Nerv ire». Department of Commerce, lor aale to the public, indi- 
cate thia faci aad eater the price, if kaowa. 

11. SUPPLEMENTARY NOTES:  Uae for additional eiplaaa- 
tory note». 

12. SPONSORING MILITARY ACTIVITY:   Enter the name of 
the drpartmrntsl project office o. laboratory aponaoring (pay- 
tag for) the reaearch and development.   Include addreaa. 

13.   ABSTRACT:   Ealer aa abatract giving a brief aad factual 
aammary of the document indicaiive of the report, avea 
though it may alao appear alaewhere ia the body ol the lech- 
airal report.  II addiiioaal apace ia required, a continuation 
aheet ahall be allaohed. 

It ia highly deairahle that the abatract ol claaaified re- 
port» ha aaclaaaified.   Each paragraph of the abatract ahall 
end with aa iadicalioa of the military aecwity claaailicatioa 
ol the inloramlioi. in the paragraph, repreaeated aa <TSl, IS), 
(Cj. or (Vk 

There ia ao limitation oa the learh ol the abatract.   How- 
ever, the auggealed leagth ia Irom lb to 22S word». 

14.   KEY RORDS:   Kev word» are techaically meaningful trrmi 
or abort phraaea thai rharaclerite a report aad may be aaed aa 
ladci eatriea for cataloging the report.   Key worda maal ha 
aelected so that ao aecarity claaalficalioa ia required. Identi- 
fier», aach a» eqaipmaal BHidel deawa«io4, trade »saw, mili- 
tary protect rode name, aaoaraphic locatiaa. may ha used aa 
key worda bat will he faDowad by aa ladicaioa ol tachairal 
coateit.   The aaaignmeat of liaka, ralea, aad weigkt» ia 

UocUaa 
Security Tfax-ficaiion 


